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IMPORTANT, PLEASE READ CAREFULLY 

 
➢ To be able to make a meeting online, login via https://zoom.us/join site, enter ID instead 

of “Meeting ID or Personal Link Name” and solidify the session. 

➢ The Zoom application is free and no need to create an account. 

➢ The Zoom application can be used without registration. 

➢ The application works on tablets, phones and PCs. 

➢ Moderator - responsible for the presentation and scientific discussion (question-answer) 

section of the session. 
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➢ You should be able to use screen sharing feature in Zoom. 

➢ Attendance certificates will be sent to you as pdf at the end of the congress. 
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congress program. 
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Digit Length Aware Radix Sort With Thread 

Level Parallelism For Biomedical Data Pipelines 
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Considering Tourism, Transport, Agriculture 

And Environment Policies With Moora Method 

Bilge Nur Güneş 

Bahar Sennaroğlu 
Marmara University 
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The Effect Of Information Measures On 
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Topological Piston Bowl Optimization And 
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Süleyman Şenyurt 

Selinay Günsever 
Ordu University 

Ruled Surfaces Generated By Linear 

Combinations Of Frenet Frame Vectors Along 

The B-Pedal Curve 

Süleyman Şenyurt 

Selinay Günsever 
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New Families Of Pedal Curves Constructed By 

The Frenet Frames Of Parallels Of Space Curves 

And Their Geometric Characterizations 
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AUTHOR AFFILITION ABSTRACT TITLE 

Emine Su Turan 

Rozelin Aydın 
Çukurova University 

Multidimensional Effects Of Agricultural 

Residue Burning On Climate, Air Quality, 

Soil, And Public Health 

Yılmaz Mert 
Sivas University of Science 

and Technology 

Thermodynamic Evaluation Of Inert Versus 

Energetic Binders On The Performance 

Parameters Of Cl-20/Nona Based 

Insensitive Explosives 

Arda Nuşirevan Toprak 

Ozan Okudan 

Gökhan Demirdöğen 

Yildiz Technical University 

A Taxonomy Of Dispute Causes In Urban 

Regeneration Projects: An Expert-

Validated Approach 

Ali Sercan Karakaş 

Nuri Murat Yağmurlu 
Inonu University 

Investigation Of The Numerical Solution Of 

The Prototype Heat Transfer Equation 

Using The Galerkin Method 

Semra Taşdurmazlı 

Tülin Özbek 

Luís D. R. Melo 

Yıldız Technical University 

Activity Of The Bacteriophage-Derived 

Endolysin Chapk Against Planktonic And 

Biofilm Mrsa 

Sadettin Yavuz Uğurlu Akdeniz University 

Pdb-Quantifier: Reference-Based Protein 

Structure Quality Assessment And 

Prioritization Via One-Class Learning 

Özgür Umut Pirinç 

Emirhan Aydin 

Fatma Günseli Çiklaçandir 

Izmir Katip Çelebi University 

Explainable Ensemble Learning With 

Advanced Feature Engineering For Medical 

Insurance Cost Prediction 

Ismail Aykut Karamanli  Yozgat Bozok University 

Numerical Analysis Of The Mechanical 

Behavior For Strut-Based Lattice Structures 

Designed For Biomedical Applications 
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Izettin Gücüm 

Derya Deliktaş 

Kütahya Dumlupnar 
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Machine Learning Approaches For Disaster 

Aid Call Detection In Social Media 

Abdussamet Çalışkan 

Süleyman Şenyurt 
Ordu University 

Circles And Conical Geodesics In 

Riemannian Manifolds 

Veli Bahadır Can 

Cemal Özcan 

Fatma Günseli Çiklaçandir 

Izmir Katip Çelebi University 
Unsupervised Anomaly Detection In Web 

Server Logs Using Isolation Forest 

Elif Sarigöde 

Semra Taşdurmazli 

Tülin Özbek 

Yıldız Teknik University 

The Potential Use Of Bacteriophage 

Receptor-Binding Proteins In The Rapid 

Diagnosis Of Bacterial Pathogens 

Emrullah Küçük 

Bülent Gürsel Emiroğlu 
Kırıkkale University 

Energy Efficiency And Pue Optimization In 

Data Centers: A Review Of Artificial 

Intelligence-Based Cooling Management 

Systems 

Emrullah Küçük 

Bülent Gürsel Emiroğlu 
Kırıkkale University 

Incident Management And Automated Fault 

Detection In Distributed Data Center 

Infrastructures: A Machine Learning-Based 

Anomaly Detection Approach 

Mehmet Arif Saltan 

Tuğberk Kablan 

Mustafa Yasir Akın 

Milli Savunma University 

Design of an Optimized Medium-Altitude 

Rocket System for Payload Deployment 

Missions 

Ufuk Karadavut 

Ömer Sözen 

Tolga Karaköy 

Sivas University of Science 

and Technology 

Effectiveness Of Regression Analysis In  

Determining Relationships Between 

Characters 

Ömer Sözen 

Ufuk Karadavut 

Tolga Karaköy 

Sivas University of Science 

and Technology 

Determination Of Relationships Among 

Yield Traits In Some Chickpea Varieties By 

Correlation And Path Analysis 
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AUTHOR AFFILITION ABSTRACT TITLE 

Mert Berke Yavçın 

Gözde Altuntaş 

Bülent Bostan  

Gazi University 

Effect Of Cr And Ni Additions On The 

Electrical Conductivity And 

Microstructural Characteristics Of Vim-

Produced 30mn Steels 

Deniz Reyhaniye 

Dursun Ekren 

Iskenderun Technical 

University 

Effect Of Surfactants On Electrochemical 

Energy Storage Properties Of Nickel Oxide 

(Nio) 

Burhan Şahin 

Neslihan Kuru 

Hatice Belikirik 

Begün Ataç 

Ankara Yıldırım Beyazıt 

University 

Aileron-Driven Energy Harvesting For 

Self-Powered Sensing Using A Radial-

Array Teng 

Öznur Bekdemir 

Mehmet Milli 

Bolu Abant Izzet Baysal 

University 

Universal Design In Bioinformatic: An 

Accessible Sequence Visualization 

Framework For Researchers With Color 

Vision Deficiency 

Emre Aydoğdu 

Irmak Sude Topçu 

Derya Deliktaş 

Kütahya Dumlupnar 

University 

A Multi-Objective Genetic Algorithm 

Approach For The Warehouse 

Storage Location Assignment Problem In 

The Ceramic Industry 

Nasibe Tekiner Aydın 

Ali Nihat Gökyiğit Botanical 

Garden Application And 

Research Center 

Evaluation Of In Vitro Antagonistic 

Activity Of Bacterial Biocontrol Agents 

Against Fusarium Tricinctum In Zinnia 

Elegans Jacq. 

Deniz Kalfazade 

Hande Sezgin 

Ipek Yalcin-Enis 

Istanbul Technical University 
Assessment Of Microfiber Release From 

Natural Fiber-Based Bedding Sheets 

Kardelen Pekgöz 

Maryam Sodagar 

Ipek Yalcin-Enis 

Hande Sezgin 

Istanbul Technical University 

Ud Tapes From Untreated Bamboo Fibres 

For Thermoplastic Composites: Mechanical 

Performance And Benchmarking Against 

Flax 
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AUTHOR AFFILITION ABSTRACT TITLE 

S.Rajeswari 

Saranathan College Of 

Engineering, Trichy, 

Tamilnadu, India 

Smart Surgical Care Using Ad Hoc 

Networks: A Wireless Approach 

For Pre-Operative Planning And Post-

Operative Monitoring 

Babita Gupta Integral University 
Revolutionizing Cancer Diagnosis: The 

Potential Of 3d Printed Nanosensors 

Sabrina Roguai Abbes Laghrour University 

Spray Pyrolysis Deposition And 

Characterization Of Zno And La-Doped 

Zno Thin Films For Photocatalytic 

Applications 

Aya Chelh 

Houda Siah 

Meryem Sabri 

Hamid Ez-Zahraouy 

Mohammed V University In 

Rabat 

Compressive Strain Effects On The 

Photocatalytic And Optoelectronic 

Properties Of Csinbr₃ For Efficient 

Hydrogen Production: A Dft Study 

Nouzha Baki Senhaji 

Houda Elyacoubi 

Atmane Rochdi 

Ibn Tofail University 

Structure-Based Discovery Of A Novel 

Phenylpropanoid-Derived Cyp51 Inhibitor 

Against Fusarium Oxysporum: Insights 

From Molecular Docking And Antifungal 

Target Analysis 

Sami Melik 

Sara Khelil 

Tallal Abdel Karim Bouzir 

Mohamed Khider Biskra 

University 

Noise-Induced Psychological Distress In 

Hospitals: Architectural Interventions For 

Healthier Environments 

Sami Melik 

Sara Khelil 

Tallal Abdel Karim Bouzir 

Mohamed Khider Biskra 

University 

Healthcare Soundscapes And Patient 

Satisfaction: Integrating Acoustic Design 

Into Medical Architecture 

Sami Melik 

Sara Khelil 

Tallal Abdel Karim Bouzir 

Mohamed Khider Biskra 

University 

Hospital Soundscapes And Patient 

Wellbeing: Architectural Approaches To 

Acoustic Stress Management 
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AUTHOR AFFILITION ABSTRACT TITLE 

Eman Naeem 

Syed Makhdoom Hussain 

Danish Riaz 

Zubair-Ul-Hassan Arsalan 

Muhammad Adnan Khalid 

Muhammad Amjad 

Adan Naeem 

Government College 

University 

Supplementation With Iron Oxide 

Nanoparticles Improves Growth 

Performance And Carcass Composition In 

Cyprinus Carpio Fingerlings 

Kampalli Praveen Kumar 

Afroz Alam 

Sujatha Peela 

Ambedkar University 

Deep-Learning Drug–Target Interaction 

Prediction Of Resveratrol Against Five 

Colorectal Cancer–Relevant Protein 

Targets 

Kampalli Praveen Kumar 

Afroz Alam 

Sujatha Peela 

Dr. B. R. Ambedkar 

University 

Applicability-Domain-Stratified Machine 

Learning For Dietary Polyphenol Colorectal 

Cancer Drug Target Interaction Prediction: 

Graph Neural Networks And Random 

Forest Baselines On A 10-Target Panel 

Tanzeela Riaz 

Muqaddas Ashraf 

Tanzeela 

Matloob Ahmad 

Government College 

University 

Catalytic Multicomponent Synthesis Of 

Imidazopyrimidine Derivatives 

Aminu Ibrahim Bello 

Salihu Salisu 

Yahaya Riko Yunusa 

Bashir Abdulkadir 

Umaru Musa Yaradua 

Unıversıty 

Tackling Neonatal Sepsis In Nigeria To 

Reduce Neonatal Morbidity And Mortality: 

A Call To Action 

Valery V. Belakhov Israel Institute Of Technology 

Discovery Of New Group Of 

Organofluorine Derivatives Of Heptaene 

Macrolide Antifungal Antibiotic 

Amphotericin B 

Hassane Abd-Dada 

Said Bouda 

Sadik Dani 

Atman Adiba 

Abdelmajid Haddioui 

Sultan Moulay Slimane 

University 

Assessment Of Genetic Diversity In 

Moroccan Euphorbia Resinifera 

Through Integrated Morphological And 

Biochemical Profiling 

Adamu, U.O. 

Haruna, M.K. 

Nuhu, AM. 

Abutu, S.R. 

Baraya, K.Y. 

Kaduna State University 

Supramolecular Techniques: A Novel Tool 

For The Conjugation And Functionalization 

Of Bimeetallic Nanoparticles For Targeted 

Drug Delivery Against Onchocerciasis (A 

Review) 
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AUTHOR AFFILITION ABSTRACT TITLE 

Liu Yang 
Dalian University Of 

Technology 

Comparative Study On The Performance Of 

Hydrodynamic Viv Suppression Devices 

For Submarine Pipelines: A Numerical 

Simulation Approach 

M.Varshana Deepa 

K.Priyanka 

S.Shapna 

 K.Varshitha 

D.Ragavarshini 

S.Dhanavanthari 

Rmk Engineering College 
Matrices In Data Science And Machine 

Learning 

El Mostafa Benharaf 

Kaoutar Ouahibi 

Erradi El Mostafa 

Ayoub Cherrat 

Abdellah Zeroual 

Mohammed El Idrissi 

Sultan Moulay Slimane 

University 

A Photovoltaic Studies Of Quinoxaline-

Based Sensitizers For High-Performance 

Dye- Sensitized Solar Cells 

Soufiane Ziani 

Driss Khattach 

Jamila Abderbi 

Zahra Zerrouqi 

Mohammed 1st University 

Contribution Of Gis To Hydrogeological 

Mapping: The Case Of The Triffa Plain 

(Eastern Morocco) 

Elabbari Chaimaa 

Pr. Labjar Najoua 

Chikh Lamiae 

Pr.El Hajjaji Souad 

Mohammed V University In 

Rabat 

Reducing Soil And Water Contamination 

Through Improved Nitrogen Fertilizer 

Management 

Oluwadamilola Peace Agoi 

Moses Adeolu Agoi 

Samuel Olayiwola Ajaga 

Oluwanifemi Opeyemi Agoi 

Federal University Of 

Agriculture Abeokuta 

Sustainable Innovation Pathways For Food-

Tech Start-Ups In Global Agriculture 

Said Elanzaoui University Ibn Zohr 

Eco-Friendly Treatment Of Water 

Contaminated With Dyes Using Adsorbents 

Derived From Sawdust 
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Integrative Network-Based Bioinformatics 

Approaches In Fish Genomics: From 

Genome Duplication To Functional Insights 

Abdulkadir Çiltaş 

Esraa Sayed Al-Soughaier 
Atatürk University 

Omics-Based Approaches In Fish Stress 

Biology: Integrating Molecular Responses 

Into Systems-Level Insights 

Emine Özlem Dengiz Samsun University 
Design And Fabrication Of A Tape Casting 

Unit 

Ihsan Nalkiran 
Recep Tayyip Erdoğan 

University 

Evaluation Of The Binding Interaction 

Between Arctigenin And Tak1 

Ihsan Nalkiran 
Recep Tayyip Erdoğan 

University 

In Silico Insights Into The Binding Potential 

Of Cardamonin Targeting Focal Adhesion 

Kinase 

Bahadır Furkan Kinaci 

Zeynep Suden Kerimoğlu 
Karabuk University 

The Effect Of Layer Thickness Variation 

On Mechanical Properties Of Materials 

Produced With 3d Printers 

Bahadır Furkan Kinaci  

Eyyüp Taşkaya 
Karabük University 

Obtaining Stretch Data Using Molecular 

Dynamics Analysis Applications, Literature 

Overview 

Merve Levent 

Aytaç Gören 
Dokuz Eylül University 

Mechanical Performance Of Carbon Fiber 

Reinforced Polymer Composites Used In 

Automotive Suspension Arms And The 

Effect Of Material Selection On Component 

Service Life 

Sıtkı Akıncıoğlu Düzce Universitesi 

The Effect Of Heat Treatment And 

Structural Density On The Tribological 

Behavior Of 3d Printed Pla: An Industrial 

Design Perspective 
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Uğur Taşci 

Sevinç Kurt 

Volkan Aylikci 

Dursun Ekren 

Nuray Küp Aylikci 

Iskenderun Technical 

University 

Superparamagnetic Behaviour Of 

Hydrothermally Synthesized Peg400 

Coated Magnetite (Fe3O4) Nanoparticles 

Berat Görmez 

Halil Hakan Açıkel 
Erciyes University 

Numerical Investigation Of The Cooling 

Performance Of Lithium-Ion Batteries 

Gülistan Okutan Siirt University 

Investigation Of Some Properties Of Edible 

Films And Solutions Obtained From 

Different Starch Sources 

Enis Muhammet Gül 

Fatma Tugce Senberber Dumanlı 

Emek Moroydor Derun 

Yildiz Technical University 

Efficacy On Congo Red Photodegradation 

Of Sonochemically Synthesized Cobalt 

Aluminates 

Muhammed Onay 
Malatya Turgut Özal 

University 

Transformation Of Agricultural Waste Into 

Value-Added Nanoadsorbents: Wastewater 

Treatment With Multifunctional Zno-Ak 

Nanocomposite 

Hatice Dağ 

Figen Erdem Erişir 

Ökkeş Yilmaz 

Firat University 

Antioxidant Activity And Some 

Biochemical Properties Of Methanolic 

Extracts From Sunflower, Corn, And Olive 

Oils 

Pelin Gökfiliz 

Güven Özdemir 
Ege University 

Preliminary Screening Of Endophytic Fungi 

From Posidonia Oceanica For Extracellular 

Protease And Tyrosinase Production 

Memduh Karalar 
Zonguldak Bulent Ecevit 

University 

Examination of Reinforced Concrete Beams 

with Bottom Ash and Fly Ash for Flexural 

and Crack Failure 
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Yasin Altunbaşak 

Ibrahim Özçelik 
Sakarya University 

Mitre Att;Ck-Based Analysis Of Industrial 

Control Systems Datasets 

Gürkan Soy Manisa Celal Bayar University 

Two-Dimensional Borophene: Properties, 

Synthesis Strategies, Energy Applications 

And Future Perspectives 

Birgül Karaçayır 

Alev Taşkın 
Yildiz Technical University 

An Ai-Based Demand Forecasting 

Approach For Tracking High-Value 

Products And Preventing Counterfeiting 

Cemile Sevde Bozkurt 

Ebru Efeoğlu 

Kütahya Dumlupınar 

University 

Boosting Algorithms And Shaps-Based 

Feature Analysis In Industrial Equipment 

Fault Detection 

Berfin Kılınç Kırıkkale University 

Trichoderma Spp. As A Multifunctional 

Agent In Sustainable Agriculture: The 

Triple Effect On Plant Pathogens, Pests, 

And Plant Development 

Kadir Ziya Yamay 

Kenan Tüfekci 
Bursa Uludağ University 

Design Of A Rapid Tensioner For Low-

Strength Hyperelastic Polymer Materials 

Yunus Emre Yalçin 

Burcu Demirelli Okkaliğlu 
Yalova University 

Gender Prediction From Turkish 

Handwriting: A Comparative Analysis Of 

Convolutional Neural Networks And Data 

Augmentation Strategies 
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Fawzya Ewiss 

Salah Hajismail 

Ankara Yıldırım Beyazıt 

University 

Owner-Driven Reconstruction As A 

Strategy For Accelerating Housing 

Recovery In Gaza 

Hayat Himed 

Reguia Zeguerrou 

Mohammed Faci 

Messaoud Roumani 

Mohammed 

Mesnoua 

Scientific And Technical 

Research Center On Arid 

Regions (Crstra) 

Solar Radiation And Heat Stress Effects On 

Date Fruit Quality: Evidence From ‘Ghars’ 

Cultivar In Southern Algeria 

Barizomdu Tina Pii 

Christianah Chinenye Aniobi 

Kehinde Ezekiel Ajibulu Ajayi, 

Morenike Grace 

Kafayat Abosede Oyelakin 

Bamidele 

Olumilua University Of 

Education 

Health Risk Assessment Of Microplastics 

In Treated And Untreated Water From Ekiti 

State And Ondo State Water Works, Nigeria 

Esan A T. O.  

Ajibulu K. E 

Adebayo O. L 

Osasona I 

Olanipekun A.D 

Bamidele Olumilua University 

Of Education 

Quantum Mechanical Studies And Monte 

Carlo Simulations On The Corrosion 

Inhibitive Potentials Of Some Imidazole 

Derivatives 

Pii, Barizomdu Tina 

Ajayi, Morenike Grace 

Aduloju, Mobolaji Omiye Esan, 

Timothy Oluwaseun 

Bamidele Olumilua 

University Of Education 

Survey Of Common Pesticides Used For 

Food Storage Within Makurdi, Benue State, 

Nigeria. 

Munevver Pazharbek 
Saken Seifullin Kazakh Agro-

Technical University 

Sensitivity Analysis Of Aerodynamic Drag 

Coefficient On Performance Efficiency In 

Formula 1 Vehicle Dynamics 

Munevver Pazharbek 
Saken Seifullin Kazakh Agro-

Technical University 

Effect Of Ice Surface Temperature On 

Frictional Coefficient And Energy 

Efficiency In Figure Skating Motion 

M. O. Aduloju 

P. S. Ajobiewe 

C. C. Aniobi 

Bamidele Olumilua University 

Of Education 

Quality Assessment Of Commonly 

Consumed Soft Drinks And Energy Drinks 

Available In Ikere Ekiti, Nigeria 
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K. E. Ajibulu 

T. O Esan 

Y. B. Oladimeji 

B. T. Pii  

Bamidele Olumilua University 

Of Education 

Synthesis, Characterization And 

Antibacterial Study Of Metal (Ii) 

Complexes Derived From Ethylenediamine 

And P-Chloroacetophenone 

Samira Boumous 

Zouhir Boumous 

Hamou Nouri 

University Of Souk Ahras 

Advanced Modeling And Integration Of 

Wind And Photovoltaic Energy Systems 

For Smart Grid Applications 

Amina Essalihi 

Abdellah Idrissi Azami 

Oumaima Bouchra 

Khadija Khadiri 

Zineb Khadrouf 

Hassan Ghazal 

Mehdi Karkouri 

Hassan Ii 

University Of Casablanca 

Characterization Of Recurrent Genetic 

Variants In The Moroccan Population 

Using Genomic Data 

Alemu Mitiku Workie 

Mollalgn Haile Takele 
Bahir Dar University 

Fixed-Point Approximation For 

Generalized Non-Expansive Mappings In 

Banach Space 

Zahra Bellil 

Assia Mairi 

Dassine Bellil 

Salima Kendi 

Abdelaziz Touati 

Université De Bejaia 

Non-Typhoid Salmonella In Farm Animals 

And Their Food Products In The Middle 

East And North African Countries: A 

Systematic Review 

Adan Naeem 

Syed Makhdoom Hussain 

Danish Riaz 

Zubair-Ul-Hassan Arsalan 

Muhammad Adnan Khalid 

Muhammad Amjad 

Eman Naeem 

Government College 

University 

Dose-Dependent Effects Of Zinc Oxide 

Nanoparticles On Growth, Carcass 

Composition, And Digestibility In 

Cirrhinus Mrigala 
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Mounia Mezouara 

Yassine Mouniane Youssef 

Aboussaleh 

Driss Hmouni 

Ibn Tofail University 

Functional Foods In Diabetes Management: 

Therapeutic Potential Of Coriandrum Sativum, 

Ficus Carica, And Camellia Sinensis 

Darkaoui Najoua 

Rajae El Brahimi 

Université Sidi Mohamed 

Ben Abdellah 

Eco-Epidemiology And Spatio-Temporal 

Distribution Of Phlebotomine Sand Flies 

(Diptera:Psychodidae) In The City Of Fez: 

Assessment Of Risk Factors For Cutaneous 

Leishmaniasis 

Slimane Fizazi 

Mohamed El Amine Guerbazi 

Adel Chine 

Abdallah Mohammedi 

Khalid Faiza 

Alaeddine Zereg 

Nadhir Lebaal 

University Of Batna 1 

Recent Applications Of Pem Fuel Cells In 

Healthcare Facilities: Opportunities And 

Challenges 

Mohammed Ouali 

 Mahfoud Touhari 

Mohamed Teldjoun 

Khemis Miliana University 

Influence Of Building Height On The Seismic 

Mechanical Behavior Factor And Nonlinear 

Response Of Reinforced Concrete Frame 

Structures 

Ouassila Riouchi 

Khalid Elkalay 
Cadi Ayyad University 

Invisible Plastic Pollution: Implications Of 

Microplastics For Human Health 

Ouassila Riouchi 

Khalid Elkalay 
Cadi Ayyad University 

Microplastics And Human Health: An 

Emerging Environmental Threat 

Fatima-Ezzahra Jaayefar 

Jamila Dahmani 
Ibn Tofail University 

Data Capitalization Of Corrigiola 

Telephiifolia Pourr: Ethnopharmacological 

And Toxicological Valorization Of A 

Medicinal Plant From The Moroccan Central 

Plateau 

Fatima-Ezzahra Jaayefar 

Jamila Dahmani 
Ibn Tofail University 

Data Capitalization Of Artemisia 

Absinthium L.: Socio-Economic And 

Therapeutic Valorization Of A Medicinal Plant 

In The Moroccan Central Plateau 
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Ayşe Cemre Çakici 

Cemile Beren Piri 

Seda Çekiç Toroslu 

Etimesgut Bilim Ve Sanat 

Merkezi 
Textile-Based Atmospheric Fog Harvesting 

Ümit Can 

Müjde Ince 
Munzur University 

Stress Detection In Turkish Social Media 

Posts Using Berturk 

Merve Balaban 

Şule Azime Yeniçeri 

Ebru Akkemik 

Siirt University 

Investigation Of The Antimicrobial, 

Antioxidant, And Dna Protective Activities 

Of Leaf Extract Of Damar Otu (Plantago 

Lanceolata) Under In Vitro Conditions 

Hasan Arslan 

Sami Dölek 

Berfin Kılınç 

Kırıkkale University 

The Effects Of Potassium Silicate 

Application On Germination Parameters Of 

Azkan Chickpea Cultivar (Cicer Arietinum 

L.) Under Salt And Fusarium Oxysporum F. 

Sp. Ciceris Stress In Kırıkkale Conditions 

Rümeysa Şahin 

Alev Taşkın 
Yildiz Technical University 

A Review Of Artificial Intelligence-Based 

Methods For Operation Sequence 

Prediction In Manufacturing 

Beyzanur Inan 

Canan Şamdan 

Eskişehir Osmangazi 

University 

Synthesis And Characterization Of Coxoy-

Loaded Catalysts For Hydrogen Production 

By Nabh₄ Hydrolysis 

Çiğdem Özdemir 

Cevza Candan 

Banu Nergis 

Istanbul Technical University 

Uv Protection Performance Of Umorfil®-

Based Knitted Fabrics For Individuals With 

Sensitive Skin 

Aybüke Sevimli 

Gülin Feryal Ural 
Başkent University 

Prioritization Of Error Types In Cable/Wire 

Harness Production Processes Using Multi-

Criteria Decision-Making Methods 
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Nazlıcan Açiksöz Durmuş 

Atike Ince Yardimci 

Zeynep Ciğeroğlu 

Uşak University 

Electrospun Pectin/Peo Nanofibers 

Reinforced With Green-Synthesized 

Zno@Fa Nanoparticles And Quince Seed 

Gel: A Multifunctional Active Coating 

For Improved Fruit Quality And Extended 

Shelf-Life Grape 

Hakan Keskin 

Fatih Selimefendigil 

Manisa Celal Bayar 

University 

Thermoelectric Material Selection And 

Heat Exchanger Optimization For 

Exhaust Waste Heat Recovery 

Orkun Özener 

Doğuş Özkan 

Kübra Kurtoğlu Sontay 

Altuğ Muslu 

Göktuğ Karaca 

Yıldız Technical 

University 

Investigation Of The Effect Of Different 

Vane Angles Of A Radial Swirler On 

Combustor Liner Temperature 

Gamze Tabak 

Kürşat Kenan Kalkan 

Mustafa Sözen 

Ortaç Çetintaş 

Faruk Çolak 

Zonguldak Bülent Ecevit 

University 

Comparison Of The Morphological 

Characteristics Of The Northern And 

Southern Populations Of Microtus 

Obscurus (Mammalia: Rodentia) 

Dilan Çakmaz Aydın 

Deniz Bingöl 
Kocaeli University 

Comparison Of Environmental Sample 

Preparation Methods For Icp-Ms Analysis 

Fatih Gültekin Karabük University 

Applications Of Machine Learning 

Methods In Medical Imaging: 

A Bibliometric Analysis 

Fatih Gültekin Karabük University 

A Comparative Analysis Of Machine 

Learning Algorithms For Predicting 

Recurrence Of Differentiated Thyroid 

Cancer 

Lokman Yünlü 

Mehmethan Köşger 

Serkan Ateş 

Mehmet Akif Ersoy 

University 

Prony Hydraulically Controlled Brake 

Test Kit 
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Alaaddin Toprak 
Eskisehir Osmangazi 

University 

Investigation Of The Seismic Behavior Of 

Buildings With Different Types Of 

Buckling Restrained Steel Braces 

Buse Eryaş 

Kadir Erkan 
Yildiz Technical University 

Creating 3d Digital Twins Using Ai-Based 

Building Detection 

Ahmet Gökdemir 

Güray Karakaya 
Gazi University 

Analysis Of The Architectural Features, 

Building Materials, And Construction 

System Of The Hejaz Railway Medina 

Station 

Ahmet Gökdemir 

Müjdat Erdemir 
Gazi University 

Examination Of Haydarpaşa Station Within 

The Scope Of The Hejaz Railway Project 

Halil Yasin Zengin 

Sedanur Bilgin 

Mustafa Aktaş 

Gazi University 
Thermodynamic Analysis Of A Climatic 

Room With Waste Heat Recovery 

Nour Al Ejel 

Sedanur Bilgin 

Mustafa Aktaş 

Gazi University 

Investigation Of Sustainable Thermal 

Insulation Technologies In The Design Of 

A Refrigerated Display Cabinet 

Nuri Yıldırım Karadeniz Teknik University 

A Chemistry-Oriented Bibliometric 

Analysis Of 1,2,4-Triazole Derivatives 

With Anticancer Activity 

Nuri Yıldırım Karadeniz Teknik University 

Synthesis Of Chalcone Derived Dinitrile 

Compounds And Elucidation Of Their 

Structures By Spectroscopic Methods 
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Sarra Djihane Sebaa 

Mustapha Bouakkaz 
Amar Telidji Laghouat 

Convformer Vs. Densenet121: A Hybrid 

Cnn-Transformer Outperforms A Standard 

Cnn On Nih Chest X-Ray 

Rawia Nasri 

Regaya Ksiksi 

Najet Srairi-Abid 

University Of Tunis El Manar 
Synthesis And Antitumoral Activity Of A 

New Decavanadate Compound 

Ramza Rahat Hashmi 

Amit Singh 

Vivek 

Rahmuddin Khan 

Sharda College Of Pharmacy 

Corosolic Acid Loaded Nanoemulsions: An 

Assessment Of Improved Effectiveness 

Against Mcf-7 Breast Cancer Cells 

S. Dharani 

S. Selvam 
S. Vellaichamy Nadar College Protein Folding Prediction With Ai 

Ardelean Ioana Maria 

Petre Izabella 

Iurciuc Mircea 

Mercioni Marina 

Chiu Bogdan 

Petre Ion 

University Of Medicine And 

Pharmacy Timisoara 

The Effects Of Zinc Supplementation 

During Pregnancy: A Clinical Study On The 

Role Of Micronutrients In Maternal–Fetal 

Outcomes 

Slimane Fizazi 

Mohamed El Amine Guerbazi 

Adel Chine 

Abdallah Mohammedi 

Khalid Faiza 

Alaeddine Zereg 

Nadhir Lebaal 

University Of Batna 1 

3d Cfd Study Of A Pemfc With Symmetric 

V-Tapered Flow Channel: Effects Of Flow 

Arrangement And Humidification 

Bhupal Arya 

Amrita Kumari 

Jogendra Kumar 

Quantum University 

Uttarakhand 

Design And Performance Analysis Of 

Wireless Networks Using Embedded 

Machine Learning–Based Cyber Threat 

Detection And Mitigation Mechanisms 

Muhammad Daud Kandhro 

Zohaib Ali 

Khushbu Rajput 

Sumera Dero 

University Of 

Sindh 

Mathematical Formulation And Theoretical 

Analysis Of Tuberculosis Transmission 

Using Clinical Data 
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Vanitha Sri. T 

Sarukesh.K 

Suresh.K 

Abinaya.S 

Bharath Institute Of Higher 

Education And Research 

A Comprehensive Review of Azadirachta 

indica and Acalypha indica: Phytochemistry 

and Medicinal Applications 

S. Reashmi 

S. Selvam 

Kamaraj College Of 

Engineering And Technology 

Green It Revolution: Building Sustainable 

Digital Systems 

B.Kopika 

J. Jeyavarshana 

S. Selvam 

S. Vellaichamy Nadar College 
Artificial Intelligence And The Rise Of 

Self-Created Languages 

S. Dharani 

S. Selvam 
S. Vellaichamy Nadar College 

Ai Agents And Auto Gpt-Style Autonomus 

Systems 

M.Dharani 

S. Selvam 
S. Vellaichamy Nadar College Science Of Sleep: Why We Need It 

M. Dhinesh Kumar 

S. Selvam 

S. Vellaichamy Nadar 

Colllege 

The Fear Factor How Emotions Dictate 

Financial Risk Tolerance 

Shafiqul Islam 

Md Abdullah 

Md. Motaher Hossain 

Nabida Tabassum 

Shahida Afrose 

Niyaz Mahmud 

Mubasshir Ahmad Kha 

Md Abi Hujaifa Alshanin 

Meherun Nesa 

University Of Rajshahi 

Profiling Apigenin-Binding Proteins Via 

Systematic Proteomics And Bioinformatics: 

Implications For Drug Discovery From 

Hyptis Suaveolens 
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Abstract 

Diesel particulate filter (DPF) regeneration is often limited under urban and low-load driving 

conditions because exhaust gas temperatures may remain below the effective soot oxidation 

range. In this study, a CeO₂-based catalytic washcoat was experimentally developed to promote 

low-temperature soot oxidation on cordierite DPF substrates. CeO₂, Ce–ZrO₂, and Ce–MnOₓ 

washcoat formulations were prepared by a wet-chemical sol–gel/impregnation route using 

cerium nitrate as the main precursor, followed by dip-coating, drying, and calcination. The 

calcination window was selected according to DSC–TGA analysis of the dried precursor 

system, which indicated major organic removal and nitrate decomposition between 230 and 

410 °C; therefore, 550 °C for 2 h was selected as the baseline treatment. Coated DPF segments 

were characterized by XRD, SEM-EDX, and Raman spectroscopy, while catalytic activity was 

evaluated by TGA-based soot oxidation tests using N330 carbon black under synthetic air. The 

optimized Ce–MnOₓ/CeO₂ washcoat produced a uniform catalytic layer with an average 

thickness of 8.6 ± 1.4 µm and a washcoat loading of 21.3 ± 1.1 g L⁻¹. XRD confirmed the 

fluorite CeO₂ phase with no major secondary crystalline impurities, while SEM-EDX mapping 

showed homogeneous Ce and Mn distribution along the DPF channel walls. Compared with 

the uncoated DPF reference, the optimized coating reduced the soot oxidation onset temperature 

from 468 ± 9 °C to 376 ± 7 °C, T50 from 598 ± 11 °C to 489 ± 8 °C, and the DTG peak 

temperature from 621 ± 10 °C to 506 ± 8 °C. After thermal aging at 750 °C for 6 h, 

approximately 74% of the T50 improvement was retained. These results demonstrate that CeO₂-

based washcoats can provide a practical route for lowering DPF regeneration temperature 

without modifying the filter substrate geometry. 

Keywords: Diesel particulate filter; CeO₂ washcoat; soot oxidation; low-temperature 

regeneration; Mn-doped ceria; thermal aging., 
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DİZEL PARTİKÜL FİLTRELERİNDE DÜŞÜK SICAKLIK REJENERASYONUNUN 

CEO₂ ESASLI KATALİTİK KAPLAMALARLA İYİLEŞTİRİLMESİ 

 

 

 

 

 

Özet 

Dizel partikül filtresi (DPF) rejenerasyonu, egzoz gazı sıcaklıklarının etkin kurum oksidasyon 

aralığının altında kalabilmesi nedeniyle kentsel ve düşük yük sürüş koşullarında sıklıkla 

sınırlanmaktadır. Bu çalışmada, kordiyerit DPF altlıkları üzerinde düşük sıcaklıkta kurum 

oksidasyonunu teşvik etmek amacıyla CeO₂ esaslı katalitik bir washcoat deneysel olarak 

geliştirilmiştir. CeO₂, Ce–ZrO₂ ve Ce–MnOₓ washcoat formülasyonları, ana öncül olarak 

seryum nitrat kullanılarak ıslak kimyasal sol–jel/impregnasyon yöntemiyle hazırlanmış; 

ardından daldırma kaplama, kurutma ve kalsinasyon işlemleri uygulanmıştır. Kalsinasyon 

aralığı, kurutulmuş öncül sistemin DSC–TGA analizine göre belirlenmiştir. Bu analiz, başlıca 

organik gideriminin ve nitrat bozunmasının 230–410 °C arasında gerçekleştiğini göstermiştir; 

bu nedenle temel işlem koşulu olarak 550 °C’de 2 saat kalsinasyon seçilmiştir. Kaplanmış DPF 

segmentleri XRD, SEM-EDX ve Raman spektroskopisi ile karakterize edilmiş; katalitik 

aktivite ise sentetik hava ortamında N330 karbon siyahı kullanılarak TGA temelli kurum 

oksidasyon testleriyle değerlendirilmiştir. Optimize edilmiş Ce–MnOₓ/CeO₂ washcoat, 

ortalama 8,6 ± 1,4 µm kalınlığa ve 21,3 ± 1,1 g L⁻¹ washcoat yüklemesine sahip homojen bir 

katalitik tabaka oluşturmuştur. XRD sonuçları, belirgin ikincil kristalin safsızlıklar olmaksızın 

florit CeO₂ fazını doğrulamış; SEM-EDX haritalaması ise DPF kanal duvarları boyunca Ce ve 

Mn elementlerinin homojen dağıldığını göstermiştir. Kaplanmamış DPF referansı ile 

karşılaştırıldığında, optimize edilmiş kaplama kurum oksidasyon başlangıç sıcaklığını 468 ± 9 

°C’den 376 ± 7 °C’ye, T50 değerini 598 ± 11 °C’den 489 ± 8 °C’ye ve DTG pik sıcaklığını 621 

± 10 °C’den 506 ± 8 °C’ye düşürmüştür. 750 °C’de 6 saatlik termal yaşlandırma sonrasında, 

T50 iyileşmesinin yaklaşık %74’ü korunmuştur. Bu sonuçlar, CeO₂ esaslı washcoat 

kaplamaların filtre altlık geometrisini değiştirmeden DPF rejenerasyon sıcaklığını düşürmek 

için uygulanabilir bir yaklaşım sunabileceğini göstermektedir. 

Anahtar kelimeler: Dizel partikül filtresi; CeO₂ washcoat; kurum oksidasyonu; düşük sıcaklık 

rejenerasyonu; Mn-katkılı seryum; termal yaşlanma. 
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Abstract 

Solid-state hydrogen storage based on metal hydrides is a promising route for safe and compact 

hydrogen utilization; however, limited surface activity, slow diffusion kinetics, and weak 

mechanical integrity still restrict practical implementation. In this study, La–Ti alloy-based 

metal hydride discs were experimentally developed through an integrated synthesis, hot-

pressing, and hydrothermal carbonization strategy to improve hydrogen storage capacity, 

surface functionality, and structural durability. La–Ti alloy nanoparticles were first synthesized 

by a co-precipitation/reduction route using lanthanum nitrate and titanium isopropoxide as 

starting precursors. The obtained powders were consolidated into dense cylindrical discs by hot 

pressing at 600 °C under 70 MPa for 1 h. Subsequently, the discs were treated by hydrothermal 

carbonization in 0.5 M glucose solution at 200 °C for 8 h, followed by KOH activation under 

nitrogen to generate a porous carbon-modified surface. Structural, surface, and mechanical 

properties were examined by XRD, SEM-EDX, AFM, FTIR, Raman spectroscopy, BET 

analysis, Vickers hardness, and compression testing. Hydrogen storage performance was 

measured using a Sieverts-type apparatus at 298 K and 80 bar. The hot-pressed La–Ti disc 

showed a density of 5.82 ± 0.05 g cm⁻³, Vickers hardness of 231 ± 11 HV, and compressive 

strength of 421 ± 16 MPa. After HTC treatment, a continuous carbon-rich surface layer with an 

average thickness of 1.28 ± 0.16 µm was obtained. BET surface area increased from 7.4 m² g⁻¹ 

for the hot-pressed disc to 94.6 m² g⁻¹ after HTC/KOH activation, while pore volume increased 

to 0.42 cm³ g⁻¹. The hydrogen uptake capacity improved from 1.22 wt.% for the uncoated hot-

pressed La–Ti disc to 1.84 wt.% for the HTC-modified disc. After 10 absorption/desorption 

cycles, 95.3% of the initial capacity was retained. These results indicate that hydrothermal 

carbon coating can effectively enhance the surface-controlled hydrogen storage behavior of 

mechanically robust La–Ti metal hydride discs. 

Keywords: La–Ti alloy; metal hydride; solid-state hydrogen storage; hydrothermal 

carbonization; hot pressing; carbon coating. 
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GELİŞTİRİLMİŞ HİDROJEN DEPOLAMA PERFORMANSI İÇİN HİDROTERMAL 

KARBONLA MODİFİYE EDİLMİŞ La–Ti METAL HİDRÜR DİSKLER 

 

 

 

 

 

 

Özet 

Metal hidrürlere dayalı katı hâl hidrojen depolama, hidrojenin güvenli ve kompakt şekilde 

kullanımı için umut verici bir yöntemdir; ancak sınırlı yüzey aktivitesi, yavaş difüzyon kinetiği 

ve zayıf mekanik bütünlük, pratik uygulamaları hâlen kısıtlamaktadır. Bu çalışmada, hidrojen 

depolama kapasitesini, yüzey fonksiyonelliğini ve yapısal dayanıklılığı artırmak amacıyla La–

Ti alaşımı esaslı metal hidrür diskler; bütünleşik sentez, sıcak presleme ve hidrotermal 

karbonizasyon stratejisiyle deneysel olarak geliştirilmiştir. La–Ti alaşımı nanoparçacıkları ilk 

olarak başlangıç öncülleri olarak lantan nitrat ve titanyum izopropoksit kullanılarak birlikte 

çöktürme/indirgeme yöntemiyle sentezlenmiştir. Elde edilen tozlar, 600 °C sıcaklıkta, 70 MPa 

basınç altında 1 saat süreyle sıcak preslenerek yoğun silindirik diskler hâline getirilmiştir. 

Ardından diskler, 200 °C’de 8 saat süreyle 0,5 M glikoz çözeltisi içerisinde hidrotermal 

karbonizasyona tabi tutulmuş; bunu, gözenekli karbonla modifiye edilmiş bir yüzey oluşturmak 

amacıyla azot atmosferi altında KOH aktivasyonu izlemiştir. Yapısal, yüzey ve mekanik 

özellikler XRD, SEM-EDX, AFM, FTIR, Raman spektroskopisi, BET analizi, Vickers sertliği 

ve basma testi ile incelenmiştir. Hidrojen depolama performansı, 298 K ve 80 bar koşullarında 

Sieverts tipi bir düzenek kullanılarak ölçülmüştür. Sıcak preslenmiş La–Ti diskin yoğunluğu 

5,82 ± 0,05 g cm⁻³, Vickers sertliği 231 ± 11 HV ve basma dayanımı 421 ± 16 MPa olarak 

belirlenmiştir. HTC işlemi sonrasında, ortalama kalınlığı 1,28 ± 0,16 µm olan sürekli ve 

karbonca zengin bir yüzey tabakası elde edilmiştir. BET yüzey alanı, sıcak preslenmiş disk için 

7,4 m² g⁻¹ iken HTC/KOH aktivasyonu sonrasında 94,6 m² g⁻¹ değerine yükselmiş; gözenek 

hacmi ise 0,42 cm³ g⁻¹ seviyesine ulaşmıştır. Hidrojen alım kapasitesi, kaplamasız sıcak 

preslenmiş La–Ti disk için 1,22 wt.% iken HTC ile modifiye edilmiş disk için 1,84 wt.% 

değerine yükselmiştir. On absorpsiyon/desorpsiyon çevrimi sonrasında başlangıç kapasitesinin 

%95,3’ü korunmuştur. Bu sonuçlar, hidrotermal karbon kaplamanın mekanik açıdan dayanıklı 

La–Ti metal hidrür disklerin yüzey kontrollü hidrojen depolama davranışını etkili biçimde 

geliştirebildiğini göstermektedir. 

Anahtar Kelimeler: La–Ti alaşımı; metal hidrür; katı hâl hidrojen depolama; hidrotermal 

karbonizasyon; sıcak presleme; karbon kaplama. 
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Özet 

R, açık kaynaklı ve istatistik odaklı bir programlama dili olarak sağlık bilimlerinde yüksek 

boyutlu verilerin analizinde esnek ve güçlü bir platform sunmaktadır. R üzerine inşa edilmiş 

olan Bioconductor ise genomik ve moleküler biyoloji verilerinin analizine yönelik kapsamlı 

paket koleksiyonları sağlayarak tekrarlanabilir ve standartlaştırılmış biyoinformatik iş 

akışlarının geliştirilmesine olanak tanır. Bu çalışmada, R ve Bioconductor’un sağlık 

bilimlerindeki kullanılabilirliği ve etkinliği, akciğer adenokarsinomu (LUAD) RNA-Seq 

verileri üzerinden değerlendirilmiştir. Çalışma kapsamında, TCGA veri tabanından elde edilen 

ham sayım verileri TCGAbiolinks paketi kullanılarak R ortamına aktarılmıştır. Ardından, 

DESeq2 paketi ile tümör ve normal doku örnekleri arasındaki diferansiyel gen ekspresyon 

analizleri gerçekleştirilmiştir. Elde edilen anlamlı genler, clusterProfiler paketi aracılığıyla 

fonksiyonel zenginleştirme analizine tabi tutulmuş ve hücre siklusu, DNA replikasyonu ve 

hücresel proliferasyon gibi temel biyolojik süreçlerin öne çıktığı belirlenmiştir. Bu bulgular, 

analiz edilen genlerin kanser biyolojisi ile güçlü ilişkiler taşıdığını göstermektedir. Sonuç 

olarak, bu çalışma R ve Bioconductor’un sağlık bilimlerinde veri odaklı analizler için güçlü, 

esnek ve tekrarlanabilir bir altyapı sunduğunu ortaya koymaktadır. Ayrıca, biyoinformatik iş 

akışları sayesinde klinik ve moleküler verilerin entegre biçimde analiz edilebildiği ve bu 

yaklaşımın translasyonel kanser araştırmalarında etkin biçimde kullanılabileceği gösterilmiştir. 

Elde edilen sonuçlar, açık kaynaklı biyoinformatik araçlarının yalnızca veri analizi için değil, 

aynı zamanda karar destek sistemlerinin geliştirilmesi ve prognostik biyobelirteçlerin keşfi 

açısından da kritik bir rol oynadığını vurgulamaktadır. 

Anahtar Kelimeler: Akciğer adenokarsinomu, RNA-Seq, diferansiyel gen ekspresyonu, 

biyoinformatik, prognostik biyobelirteç 
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DIFFERENTIAL GENE EXPRESSION ANALYSIS IN LUNG ADENOCARCINOMA 

USING R/BIOCONDUCTOR 

 

 

 

 

Abstract 

R, as an open-source and statistics-oriented programming language, provides a flexible and 

powerful platform for analyzing high-dimensional data in health sciences. Bioconductor, built 

on R, offers a comprehensive collection of packages for the analysis of genomic and molecular 

biology data, enabling the development of reproducible and standardized bioinformatics 

workflows. In this study, the usability and effectiveness of R and Bioconductor in health 

sciences were evaluated using RNA-Seq data from lung adenocarcinoma (LUAD). Within the 

scope of the study, raw count data obtained from The Cancer Genome Atlas (TCGA) were 

imported into the R environment using the TCGAbiolinks package. Differential gene 

expression analysis between tumor and normal tissue samples was then performed using the 

DESeq2 package. The significantly expressed genes were subjected to functional enrichment 

analysis using the clusterProfiler package, revealing that key biological processes such as cell 

cycle regulation, DNA replication, and cellular proliferation were prominently enriched. These 

findings indicate a strong association between the identified genes and cancer biology. In 

conclusion, this study demonstrates that R and Bioconductor provide a robust, flexible, and 

reproducible infrastructure for data-driven analyses in health sciences. Furthermore, 

bioinformatics workflows enable the integrated analysis of clinical and molecular data, 

supporting their application in translational cancer research. The results highlight that open-

source bioinformatics tools play a critical role not only in data analysis but also in the 

development of decision support systems and the discovery of prognostic biomarkers. 

Keywords: Lung adenocarcinoma, RNA-Seq, differential gene expression, bioinformatics, 

prognostic biomarker 
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Özet 

Bu çalışmada, Bucak (Burdur) yöresinde bitki örtüsü dinamikleri, Normalized Difference 

Vegetation Index (NDVI) kullanılarak çok zamansal olarak analiz edilmiş ve elde edilen 

bulgular topoğrafik özellikler ile arazi kullanım yapısı bağlamında değerlendirilmiştir. Bu 

kapsamda, 2015, 2020 ve 2025 yıllarına ait Landsat 8 ve Landsat 9 uydu görüntülerinden NDVI 

değerleri üretilmiş ve zamansal değişim analizi gerçekleştirilmiştir. NDVI verileri, Sayısal 

Yükseklik Modeli (DEM) ve arazi kullanım/arazi örtüsü (LULC) verileri ile entegre edilerek 

zonal istatistik yöntemleri kullanılmıştır. Analiz sonuçları, bitki örtüsü yoğunluğunun mekânsal 

olarak heterojen bir dağılım sergilediğini ve topoğrafya ile arazi kullanım türlerine bağlı olarak 

belirgin farklılıklar gösterdiğini ortaya koymuştur. Doğal alanlarda daha yüksek NDVI 

değerleri gözlenirken, yapay yüzeylerde düşük ve negatif değerlere yakın değerler 

belirlenmiştir. Yükselti ile NDVI arasındaki ilişkinin doğrusal olmadığı, orta yükselti 

kuşaklarında göreli artışlar gözlenmesine karşın yüksek kesimlerde bitki örtüsü gelişiminin 

sınırlı olduğu tespit edilmiştir. Zamansal değişim analizi, 2015–2020 döneminde belirgin 

değişimlerin gerçekleştiğini, 2020–2025 döneminde ise daha stabil bir yapı oluştuğunu 

göstermiştir. Elde edilen bulgular, NDVI analizinin topoğrafik ve arazi kullanım verileri ile 

birlikte değerlendirilmesinin, yarı kurak geçiş bölgelerinde bitki örtüsü dinamiklerinin daha 

doğru yorumlanmasına katkı sağladığını ortaya koymaktadır. Bu yaklaşım, çevresel izleme, 

sürdürülebilir arazi yönetimi ve mekânsal planlama çalışmalarına önemli bir bilimsel altyapı 

sunmaktadır. 

Anahtar Kelimeler: NDVI, Uzaktan Algılama, CBS, Arazi Kullanımı, Vejetasyon Değişimi 
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TOPOGRAPHY AND LAND USE IN A SEMI-ARID TRANSITION ZONE: A CASE 

STUDY OF BUCAK (BURDUR), TÜRKIYE (2015–2025) 

 

 

 

 

Abstract 

This study investigates vegetation dynamics in the Bucak (Burdur) region using multi-temporal 

Normalized Difference Vegetation Index (NDVI) analysis and evaluates the results in relation 

to topographic conditions and land use patterns. NDVI values were derived from Landsat 8 and 

Landsat 9 satellite images for the years 2015, 2020, and 2025, and a temporal change analysis 

was conducted. The NDVI dataset was integrated with Digital Elevation Model (DEM) and 

Land Use/Land Cover (LULC) data, and zonal statistics were applied to assess spatial 

relationships. The results reveal that vegetation density exhibits a heterogeneous spatial 

distribution and varies significantly depending on both topography and land use types. Higher 

NDVI values were observed in natural areas, while built-up surfaces showed low and near-

negative values. The relationship between elevation and NDVI was found to be non-linear, with 

relative increases at mid-elevations and limited vegetation development at higher altitudes. 

Temporal analysis indicates that significant changes occurred during the 2015–2020 period, 

whereas a more stable pattern was observed between 2020 and 2025. The findings demonstrate 

that integrating NDVI with topographic and land use data provides a more comprehensive 

framework for interpreting vegetation dynamics in semi-arid transition zones. This approach 

offers valuable insights for environmental monitoring, sustainable land management, and 

spatial planning applications. 

Keywords: NDVI, Remote Sensing, GIS, Land Use, Vegetation Change 
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Abstract 

In recent years, neutrosophic sets are widely used to model uncertainty in multi-criteria 

decision-making problems. Among various decision-making approaches, TOPSIS has attracted 

significant attention due to its practicality and effectiveness in ranking alternatives according 

to their distances from ideal and non-ideal solutions. The literature contains numerous improved 

versions of the classical TOPSIS method, incorporating information measurement tools such as 

entropy and similarity measures, as well as different distance measures. This study aims to 

examine the impact of various mathematical tools used in neutrosophic TOPSIS approaches on 

decision outcomes. In this context, different distance measures, including Euclidean and 

Hamming distances, as well as information measurement tools such as entropy and similarity 

measures, have been incorporated into the TOPSIS method. To ensure a fair and consistent 

comparison, the criterion weights and decision matrix are kept constant in all methods, thus 

isolating and evaluating methodological differences. Based on a decision problem defined 

according to the proposed framework, the study aims to determine the extent to which the 

choice of distance and information measurement tools affects the ranking of alternatives. 

Furthermore, the results obtained from different approaches are analyzed comparatively in 

terms of stability and consistency. It is emphasized that even under the same conditions, 

different extended neutrosophic TOPSIS methods can lead to different decision outcomes. 

Therefore, the selection of mathematical tools in neutrosophic decision-making processes is of 

great importance. This study offers implications for decision problems under uncertainty and 

contributes to a better understanding of the impact of methodological choices in multi-criteria 

decision-making processes. 

Keywords: Neutrosophic Sets, TOPSIS, Decision Making 
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Özet 

İnsan doğası gereği, doğada meydana gelen bir olay ilgisini çektiğinde bu olayı neden-sonuç 

ilişkisi içerisinde varoluşsal olarak sorgulamış ve araştırmıştır. Meydana gelen bu olayın somut 

bir şekilde incelenebilmesi için onun bir matematiksel olarak formülleştirilmesi gerekir. Bu 

formüller oluşturulduktan sonra bu formüller yardımıyla, farklı alt disiplin bilim dallarında 

fiziksel özellikleriyle veya fiziksel özelliklerinden arındırılmış olarak, bu tür olaylar farklı 

teknik ve yaklaşık yöntemlerle çözülebilecek bir problem olarak karşımıza çıkarlar. Bu 

denklemler çoğunlukla adi diferansiyel denklemler, kısmi diferansiyel denklemler veya kesirli 

mertebeden denklemler olarak ele alınıp araştırılırlar. Burada ana hedef belirli başlangıç veya 

sınır değerleri altında ele alınan bu tür problemlerin tam çözümünü bulmaktır. Fakat ele alınan 

her problemin tam çözümü her zaman bulunamayabilir. Tam çözümü olmayan problemlerde 

tam çözüme yakın sonuçlar üretebilecek nümerik yöntemler geliştirilmiştir. Bu çalışmada 

nümerik yöntemlerden biri olan, ağırlık fonksiyonu ile yaklaşım fonksiyonun aynı seçilmesiyle 

uygulanan bir yöntem olan Galerkin sonlu elemanlar yöntemi kullanılacaktır. Seçilen yöntem 

homojen sınır şartları altında analitik çözümü olan ısı iletim problemine uygulanacaktır. 

Galerkin yöntemi, yaygın olarak kullanılan sonlu elemanların uygulanmasında kullanılan alt 

prensip ilkeleri izlenerek uygulanacaktır. Ele alınan ısı iletim probleminin çözümünde yaklaşım 

fonksiyonları olarak son yıllarda popülaritesi artan Hermite B-spline baz fonksiyonlar 

ailesinden kuintik Hermite B-spline baz fonksiyonları kullanılacaktır. Böylece geçmişte çok 

kullanılmış olan Galerkin yönteminin Hermite spline baz fonksiyonlarının uygulanmasına bir 

temel yapıt olması ve sonrasında ele alınacak kısmi diferansiyel denklemlerin uygulanmasında 

rehber olması hedeflenmektedir. 
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INVESTIGATION OF THE NUMERICAL SOLUTION OF THE PROTOTYPE 

HEAT TRANSFER EQUATION USING THE GALERKIN METHOD 

 

 

 

 

Abstract 

Human nature compels us to question and investigate our surroundings existentially within a 

cause-and-effect relationship, drawn to the events occurring in the nature. In order to be able to 

examine an event concretely, it must first be formulated mathematically. Once these formulas 

are created, they are used to design such events as problems that can be solved using different 

techniques and approximation methods, either with their physical properties or stripped of their 

physical properties, in different sub-disciplines of science. These equations are mostly treated 

and researched as ordinary differential equations, partial differential equations, or fractional 

order differential equations. The main objective here is to find the exact solution to such 

problems under certain initial or boundary conditions. However, the exact solution to every 

problem may not always be found. Numerical methods have been developed to produce results 

which are close to the exact solution for those problems without an exact solution. In this study, 

the Galerkin method, one of the numerical methods, is going to be used. This method is applied 

by selecting the same weight function and approximation function. The selected method is 

going to be applied to a heat conduction problem with homogeneous boundary conditions that 

has an analytical solution. The Galerkin method will be applied by following the widely used 

finite element subprinciples. In the heat transfer problem addressed, quintic Hermite B-spline 

basis functions from the Hermite B-spline basis family, which has gained popularity in recent 

years, are going to be used as approach functions. Thus, it is aimed to serve as a fundamental 

work on the application of the Galerkin method with Hermite basis functions, which has been 

widely used in the past, and to guide the application of the partial differential equations to be 

addressed subsequently. 

Keywords: Finite Elements Method, Galerkin Method, Quintic Hermite B-spline basis 

functions, Heat Conduction Equation. 
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Özet 

Metisiline dirençli Staphylococcus aureus (MRSA), sahip olduğu doğal antimikrobiyal direnç 

(AMR) nedeniyle önemli bir terapötik zorluk oluşturmaktadır; bu durum biyofilm yapısında 

daha da şiddetlenmekte ve artmış tolerans, MRSA enfeksiyonlarının tedavisinde kullanılan 

konvansiyonel antibiyotiklerin etkinliğini ciddi ölçüde azaltmaktadır. Bu, alternatif 

antimikrobiyal stratejilere duyulan acil ihtiyacı ortaya koymaktadır. Bu alternatifler arasında, 

bakteriyofaj kökenli endolizinler, eksojen uygulandıklarında hedefli peptidoglikan yıkımı 

yoluyla hızlı ve yüksek derecede spesifik bakteriyolitik aktiviteleri nedeniyle önemli bir ilgi 

görmektedir. Bu çalışmada, bakteriyofaj K kökenli antistafilokokal bir endolizin olan CHAPk 

incelenmiş ve hem planktonik hem de biyofilm formundaki MRSA’ya karşı etkinliği 

değerlendirilmiştir. Rekombinant CHAPk heterolog olarak üretilmiş ve antibakteriyel 

aktivitesi, planktonik MRSA (klinik izolat) üzerinde türbidite azalma testi kullanılarak 

başlangıçta değerlendirilmiştir. Antibiyofilm aktivitesi için, 24 saatlik olgun MRSA 

biyofilmleri 96 kuyucuklu mikroplaklarda oluşturulmuş ve 37 °C’de sürekli karıştırma 

koşullarında 3.2–45.6 μM konsantrasyon aralığında CHAPk ile muamele edilmiştir. 

Biyofilmler 0, 4 ve 24. saatlerde toplanmış, biyofilme bağlı hücreler sonikasyon ile ayrıştırılmış 

ve canlı hücre sayısı mikrodamla ekim yöntemi ile belirlenmiştir. Negatif kontrol olarak 10 mM 

sodyum asetat tamponu (pH 7.0) kullanılmış ve tüm deneyler üç tekrarlı olarak 

gerçekleştirilmiştir. 2.28 μM konsantrasyonda rekombinant CHAPk, planktonik MRSA’yı 

başlangıç OD₆₀₀ değeri 0.5’ten 10 dakika içinde 0.1’e düşürmüştür. Biyofilm deneylerinde ise, 

45.6 μM CHAPk ile 24 saatlik muamele sonucunda biyofilmle ilişkili canlı hücre sayısında 

yaklaşık 3.2 log azalma gözlenmiştir. Elde edilen bulgular, CHAPk’nin MRSA’ya karşı güçlü 

antibakteriyel ve antibiyofilm aktivite sergilediğini göstermektedir. Planktonik hücrelerde 

gözlenen daha yüksek etkinlik, biyofilm mimarisi ve hücre duvarı erişilebilirliğindeki 

farklılıkların endolizin aracılı lizise duyarlılığı etkilemesinden kaynaklanıyor olabilir. 

Anahtar Kelimeler: Metisilin-dirençli S. aureus, faj-kaynaklı endolizin, antibiyofilm 
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Abstract 

Methicillin-resistant Staphylococcus aureus (MRSA) represents a major therapeutic challenge 

due to its inherent antimicrobial resistance (AMR), a problem further intensified in biofilms, 

where increased tolerance severely compromises the efficacy of conventional antibiotic 

therapies used to treat MRSA infections. This underscores the urgent need for alternative 

antimicrobial strategies. Among these, bacteriophage-derived endolysins have attracted 

considerable attention owing to their rapid and highly specific bacteriolytic activity, mediated 

through targeted peptidoglycan degradation upon external application. In this study, we 

investigated CHAPk, an antistaphylococcal endolysin derived from bacteriophage K, to 

evaluate its activity against MRSA in both planktonic and biofilm states. Recombinant CHAPk 

was heterologously expressed, and its antibacterial activity was initially assessed against 

planktonic MRSA (clinical isolate) using a turbidity reduction assay. For antibiofilm 

evaluation, 24 h mature MRSA biofilms were established in 96-well microplates and treated 

with CHAPk at concentrations ranging from 3.2 to 45.6 μM under agitation at 37 °C. Biofilms 

were collected at 0, 4, and 24 h, and sessile cells were recovered by sonication prior to viable 

cell quantification using the microdrop plating method. A 10 mM sodium acetate buffer (pH 

7.0) was used as a negative control, and all experiments were performed in triplicate. At 2.28 

μM, recombinant CHAPk reduced planktonic MRSA from an initial OD₆₀₀ of 0.5 to 0.1 within 

10 min. In biofilm assays, treatment with 45.6 μM CHAPk for 24 h resulted in an approximately 

3.2-log reduction in viable biofilm-associated cells. Collectively, these findings demonstrate 

the potent antibacterial and antibiofilm activity of CHAPk against MRSA. The enhanced 

efficacy observed in planktonic cells likely reflects differences in biofilm architecture and cell 

wall accessibility that influence susceptibility to endolysin-mediated lysis. 

Keywords: Methicillin-resistant S. aureus, phage-derived endolysin, antibiofilm activity 
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Özet 

Bakteriyel patojenlerin özgül ve hızlı tespiti; hastane enfeksiyonlarının önlenmesi ve erken 

evrede kontrol altına alınması açısından oldukça büyük öneme sahiptir. Özellikle artan çoklu 

ilaç direnci gösteren suşların hızlı tanısı uygun tedavinin hızlı bir şekilde uygulanması için 

oldukça önemlidir. Konaklarını yüksek özgüllükle tanıma yetenekleri nedeniyle bakteriyofaj 

kökenli reseptör bağlayıcı proteinlerin (RBP’ler) teşhis probları olarak kullanımı günümüzde 

gittikçe daha fazla ön plana çıkmaya başlamıştır. Bakteriyofajların kuyruk liflerinin veya 

kuyruk iğnelerinin uç kısımlarında bulunan ve hedef bakterinin hücre yüzeyindeki spesifik 

proteinleri, lipopolisakkarit gibi polisakkarit içeren kompleks yapıları ve teikoik asitleri yüksek 

afinite ile tanıyan RBP’ler, hücreye bağlanırlar. Bu konak seçiciliği sayesinde kan gibi 

kompleks biyolojik sıvılardan su ve gıda kaynaklı heterojen örneklere kadar zengin mikrobiyal 

flora içeren ortamlarda bile hedef dışı mikroorganizmaların neden olabileceği çapraz reaksiyon 

engellenerek sadece aranan patojenin tespiti sağlanır ve hatalı sonuçların önüne geçilir. Yapılan 

güncel çalışmalarda Staphylococcus aureus, Salmonella spp. ve Campylobacter jejuni gibi 

patojenlere özgü RBP’lerin floresan proteinler ile füzyon proteinleri olarak sentezlenerek veya 

ELISA yönteminde görev alan antikorlar gibi kullanılarak çeşitli numunelerde 30 dakika gibi 

kısa bir sürede yüksek yakalama verimliliği sergilediği gösterilmiştir. Ayrıca RBP’lerin yüksek 

stabilitesi, rekombinant olarak kolay üretilip saflaştırılabilmesi ve geleneksel antikor tabanlı 

tanı kitlerine göre daha düşük maliyetli olması biyosensör platformlarında kullanılması için 

olanak sağlamaktadır.  Sonuç olarak, RBP tabanlı tanı yöntemlerinin geliştirilmesi, geleneksel 

ve antikor tabanlı tanı yöntemlerinin getirdiği zaman kaybı, yüksek maliyet gibi sorunları 

ortadan kaldırarak patojen tespitinde daha hızlı ve güvenilir bir tanı platformu oluşturmaktadır. 

Bu alandaki çalışmaların artması, RBP tabanlı tanı sistemlerinin saha uygulamalarına 

entegrasyonunu hızlandırarak enfeksiyonun önüne geçilmesinde kritik bir rol oynayacaktır.  

Anahtar kelimeler: Bakteriyofaj, Reseptör bağlayıcı protein, Patojen tespiti 
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Abstract 

The specific and rapid detection of bacterial pathogens is vital for preventing and controlling 

healthcare-associated infections at an early stage. Particularly, the rapid detection of multidrug 

resistant strains is crucial for the effective treatment of patients. Bacteriophage-derived 

receptor-binding proteins (RBPs), which can recognise their hosts with high specificity, have 

become an increasingly popular strategic solution for diagnostic probes. Attached to the distal 

ends of bacteriophage tail fibres or spikes, RBPs recognise specific proteins and carbohydrate-

based structures, such as lipopolysaccharides, and teichoic acids on the surface of target 

bacteria, with high affinity bind to the cell. This host selectivity minimises the risk of cross-

reactivity with non-target microorganisms, in environments with rich microbial flora ranging 

from complex biological fluids such as blood to heterogeneous water and food samples. 

Consequently, the target pathogen is selectively detected, preventing misleading results. Recent 

studies have demonstrated that RBPs specific to pathogens such as Staphylococcus aureus, 

Salmonella spp., and Campylobacter jejuni exhibit high capture efficiency across various 

samples within approximately 30 minutes, when synthesized as fusion proteins with fluorescent 

proteins or utilized as antibody alternatives in ELISA-based assays. Furthermore, the high 

stability and ease of recombinant production and purification of RBPs offer a lower-cost 

alternative to traditional antibody-based diagnostic kits, providing an opportunity to integrate 

them into biosensor platforms. In conclusion, the development of RBP-based diagnostic 

methods addresses the limitations associated with time-consuming and costly conventional and 

antibody-based techniques, providing a fast and reliable method for pathogen detection. 

Increasing research in this field will be essential for preventing infections by ensuring the rapid 

adoption of RBP-based diagnostic systems in practical applications.  

Keywords: Bacteriophage, Receptor-binding protein, Pathogen detection 
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Özet 

Bu çalışma, faydalı yük taşıma ve bırakma görevlerini görevlerini yerine getirmek amacıyla 

tasarlanmış, orta irtifa bandında çalışan optimize edilmiş bir sonda roketi sisteminin kavramsal 

ve detaylı tasarımını sunmaktadır. Tasarım sürecinde aerodinamik yapı, itki sistemi, yapısal 

bütünlük, kurtarma mekanizmaları ve aviyonik alt sistemler bütüncül bir mühendislik 

yaklaşımıyla ele alınmıştır. Roket sistemi, OpenRocket tabanlı uçuş simülasyonları kullanılarak 

modellenmiş; burun konisi geometrisi, kanatçık konfigürasyonu ve kütle dağılımı statik 

kararlılık ve maksimum tepe irtifa hedefleri doğrultusunda optimize edilmiştir. Çalışma 

kapsamında, yaklaşık 3 km tepe irtifaya ulaşabilen ve tepe noktasında kontrollü faydalı yük 

bırakma kabiliyetine sahip modüler bir roket mimarisi önerilmektedir. Çift kademeli kurtarma 

sistemi ve yedekli aviyonik yapı sayesinde görev güvenilirliği artırılmıştır. Elde edilen 

simülasyon sonuçları, geliştirilen sistemin orta irtifa görevleri için uygulanabilir, ölçeklenebilir 

ve sistem seviyesinde optimize edilmiş bir mühendislik çözümü sunduğunu göstermektedir. 
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DESIGN OF AN OPTIMIZED MEDIUM-ALTITUDE ROCKET SYSTEM FOR 

PAYLOAD DEPLOYMENT MISSIONS 

 

 

 

 

Abstract 

This study presents the conceptual and detailed design of an optimized sounding rocket system 

designed to perform payload deployment missions in the medium-altitude range. Using a 

holistic engineering approach, the design process addresses the aerodynamic structure, 

propulsion system, structural integrity, recovery mechanisms, and avionics subsystems. The 

rocket system was modeled using OpenRocket-based flight simulations. Nose cone geometry, 

mass distribution, and fin configuration were optimized to achieve static stability and maximum 

apogee. The study proposes a modular rocket architecture capable of reaching a peak altitude 

of approximately 3 km with a controlled payload release capacity at apogee. Mission reliability 

is enhanced through a dual-stage recovery system and redundant avionics. The simulation 

results demonstrate that the developed system offers a feasible, scalable, and system-level 

optimized engineering solution for medium-altitude missions.  

Keywords: Rocket, Design, Medium Altitude 
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Özet 

Bu çalışmada, vakum indüksiyon ergitme (VIM) yöntemiyle üretilen 30Mn, 30Mn–%1Cr ve 

30Mn–%5Ni alaşımlarının elektrik iletkenlik davranışları incelenmiştir. Döküm sonrası 

numuneler yüzey oksitleri ve heterojenlikleri gidermek amacıyla zımparalama ve mekanik 

parlatma işlemlerine tabi tutulmuş, böylece ölçüm doğruluğunu etkileyebilecek yüzey kusurları 

minimize edilmiştir. Elektrik iletkenliği ölçümleri standart koşullarda gerçekleştirilmiş ve 

sonuçlar %IACS cinsinden değerlendirilmiştir. Mikroyapı incelemelerinde, östenitik matris 

içerisinde karbür fazlarının varlığı tespit edilmiştir. Elde edilen sonuçlara göre, 30Mn, 30Mn–

%1Cr ve 30Mn–%5Ni alaşımlarının elektrik iletkenlikleri sırasıyla yaklaşık 8, 7 ve 4 %IACS 

olarak belirlenmiştir. Alaşım elementi ilavesiyle birlikte iletkenliğin azaldığı gözlenmiştir. Bu 

durum, katı çözelti atomlarının oluşturduğu kafes distorsiyonu ve buna bağlı artan elektron 

saçılması ile açıklanabilir. Özellikle %5 Ni içeren alaşımda, hem yüksek alaşım elementi içeriği 

hem de östenitik fazın stabilizasyonu ile iletkenlikte daha belirgin bir düşüş meydana gelmiştir. 

Bununla birlikte, mikroyapıda gözlenen karbür fazlarının, matris içerisindeki çözünen element 

miktarını kısmen azaltarak iletkenlik üzerinde dengeleyici bir etki oluşturduğu 

düşünülmektedir. Bu iletkenlik değerleri, bakır ve alüminyum gibi geleneksel iletken 

malzemelere kıyasla düşük olmakla birlikte, yüksek dayanım ve aşınma direnci ile birlikte orta 

seviyede elektrik iletkenliği gerektiren uygulamalar açısından önemli bir potansiyel 

sunmaktadır. Bu bağlamda, söz konusu alaşımlar aşınmaya maruz kalan elektriksel temas 

elemanları, direnç kaynak elektrotları, raylı sistem bileşenleri ve statik elektrik boşaltımı 

gerektiren topraklama elemanları gibi mühendislik uygulamalarında değerlendirilebilir. 
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EFFECT OF CR AND NI ADDITIONS ON THE ELECTRICAL CONDUCTIVITY 

AND MICROSTRUCTURAL CHARACTERISTICS OF VIM-PRODUCED 30MN 

STEELS 

 

 

 

 

Abstract 

This study investigated the electrical conductivity behavior of 30Mn, 30Mn–1%Cr, and 30Mn–

5%Ni alloys produced by vacuum induction melting (VIM). After casting, the samples were 

subjected to grinding and mechanical polishing to remove surface oxides and heterogeneities, 

thus minimizing surface defects that could affect measurement accuracy. Electrical 

conductivity measurements were performed under standard conditions, and the results were 

evaluated in %IACS. Microstructure analysis revealed the presence of carbide phases within 

the austenitic matrix. According to the results, the electrical conductivities of 30Mn, 30Mn–

1%Cr, and 30Mn–5%Ni alloys were determined to be approximately 8, 7, and 4 %IACS, 

respectively. A decrease in conductivity was observed with the addition of alloying elements. 

This can be explained by lattice distortion caused by solid solution atoms and the resulting 

increased electron scattering. Particularly in the alloy containing 5% Ni, a more significant 

decrease in conductivity occurred due to both the high alloying element content and the 

stabilization of the austenitic phase. However, it is thought that the carbide phases observed in 

the microstructure have a stabilizing effect on conductivity by partially reducing the amount of 

dissolved elements in the matrix. Although these conductivity values are low compared to 

conventional conductive materials such as copper and aluminum, they offer significant 

potential for applications requiring moderate electrical conductivity along with high strength 

and wear resistance. In this context, these alloys can be evaluated in engineering applications 

such as electrical contact elements exposed to wear, resistance welding electrodes, rail system 

components, and grounding elements requiring static electricity discharge. 

Keywords: Vacuum induction melting (VIM), high manganese steel, electrical conductivity. 
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Özet 

Süs bitkilerinde yaygın olarak görülen fungal hastalıklar, özellikle solgunluk etmenleri, bitki 

gelişimini olumsuz etkileyerek üretim sürecinde ve pazarlama aşamasında önemli kalite ve 

verim kayıplarına neden olmaktadır. Bu hastalıklarla mücadelede kimyasal fungisitlerin yoğun 

kullanımı çevre ve insan sağlığı açısından çeşitli riskler oluşturduğundan, alternatif ve 

sürdürülebilir yaklaşımlara olan ihtiyaç giderek artmaktadır. Bu kapsamda biyolojik mücadele 

ajanları, çevre dostu ve kalıntı riski taşımayan yapıları nedeniyle öne çıkmaktadır. Bu 

çalışmada, yüksek estetik değere sahip bir süs bitkisi olan Zinnia elegans Jacq.’ta solgunluk 

hastalığına neden olan Fusarium tricinctum’a karşı bazı bakteriyel biyokontrol ajanlarının in 

vitro koşullarda antagonistik etki açısından etkinlikleri araştırılmıştır. Bu amaçla dört farklı 

bakteriyel strain (UG 10, UG 22, FDG 37, FDG 118) kullanılmış ve patojene karşı etkileri ikili 

kültür yöntemi ile değerlendirilmiştir. Elde edilen sonuçlara göre, Pseudomonas chlororaphis 

FDG 37 straininin (%76.59) patojen gelişimini diğer strainlere kıyasla daha yüksek oranda 

baskıladığı belirlenmiştir. Diğer bakteriyel strainlerin da patojen gelişimini farklı düzeylerde 

inhibe ettiği, ancak etkinliklerinin daha sınırlı kaldığı tespit edilmiştir. Tüm uygulamaların 

kontrol grubuna göre patojen gelişimini azalttığı belirlenmiştir. 
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EVALUATION OF In Vitro ANTAGONISTIC ACTIVITY OF BACTERIAL 

BIOCONTROL AGENTS AGAINST Fusarium tricinctum in Zinnia elegans Jacq. 

 

 

 

 

Abstract 

Fungal diseases commonly observed in ornamental plants, particularly wilt pathogens, 

negatively affect plant growth and lead to significant quality and yield losses during both 

production and marketing stages. The intensive use of chemical fungicides to control these 

diseases poses various risks to environmental and human health, thereby increasing the need 

for alternative and sustainable approaches. In this context, biological control agents have gained 

prominence due to their environmentally friendly nature and lack of residue risk. In this study, 

the in vitro antagonistic activity of some bacterial biocontrol agents against Fusarium 

tricinctum, the causal agent of wilt disease in Zinnia elegans Jacq., an ornamental plant with 

high aesthetic value, was investigated. For this purpose, four different bacterial strains (UG 10, 

UG 22, FDG 37, FDG 118) were used, and their effects against the pathogen were evaluated 

using the dual culture assay. According to the results obtained, Pseudomonas chlororaphis 

FDG 37 strain (%76.59) exhibited a higher level of suppression of pathogen growth compared 

to the other strains. It was also determined that the other bacterial strains inhibited pathogen 

growth at varying levels; however, their effectiveness was relatively limited. All treatments 

reduced pathogen development compared to the control group. 

Keywords: Antagonistic activity, Biological control, Fusarium tricinctum, Pseudomonas 

chlororaphis, Zinnia elegans. 
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Abstract 

Cancer is a complicated illness with a worldwide impact, requiring ongoing breakthroughs in 

diagnosis and treatment. The application of 3D printing technology is increasingly recognized 

as an innovative tool in cancer diagnosis, offering enormous possibilities in detection and 

surveillance. The study aims to improve early diagnosis and prognosis for patients. 3D printing 

has become more popular for producing precise, customizable nanosensors with high 

sensitivity and specificity. The study covers the latest advances in 3D-printed cancer 

nanosensors. It discusses how inkjet printing, stereolithography, and fused deposition modeling 

can create intricate nanostructures with increased performance. Design and functionalization 

strategies for targeting nucleic acids, proteins, and circulating tumor cells are also covered. 

Nanomaterial-based sensors can detect tumor biomarkers, circulating cells, and extracellular 

vesicles, improving cancer diagnosis and survival. Integrating 3D-printed nanosensors with 

fluorescence, electrochemical, and surface-enhanced Raman spectroscopy allows rapid and 

accurate cancer diagnosis in clinical settings. The publication critically reviews and synthesizes 

previous research to show how 3D-printed nanosensors could improve cancer diagnosis as well 

as personalized therapy. The study explores the capacity of 3D-printed nanosensors to bring 

about significant changes in the field of cancer diagnostics. Using 3D-printed technology and 

additive manufacturing, these sensors provide exceptional sensitivity and specificity for the 

early identification of cancer biomarkers. Their ability to be customized allows for specific 

therapies for various types of cancer, offering substantial progress in precision medicine. The 

paper analyzes the most recent advancements, obstacles, and potential future opportunities of 

3D-printed nanosensors, with a specific focus on their significant impact on transforming 

cancer diagnosis. 
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Abstract 

 

In this study, ZnO and La-doped ZnO (Zn₁₋ₓLaₓO, x=2,5,10,15x = 2, 5, 10, 15x=2,5,10,15 at.%) 

thin films were synthesized on glass substrates using the spray pyrolysis technique. The impact 

of La doping on the structural, morphological, optical, and photocatalytic properties of the films 

was systematically investigated. X-ray diffraction (XRD) patterns revealed that all films exhibit 

a hexagonal wurtzite structure, with preferential grain orientation along the (002) plane for pure 

ZnO and 2%La-ZnO layers. Beyond 5% La doping, the preferential orientation shifted, and the 

crystallite sizes ranged from 10 to 19 nm. Scanning electron microscopy (SEM) images 

indicated that pure ZnO and 2%La-ZnO films were characterized by nanorods distributed 

uniformly on the surface, while films doped with 5%, 10%, and 15% La displayed nanocrystals 

in the form of hexagonal prisms. Optical measurements showed high transparency in the visible 

range (80–90%) across all samples, with a relatively constant optical bandgap of 3.26 eV. The 

photocatalytic performance of the films was evaluated through the degradation of methyl blue 

(MB) under UV light. Among all samples, the 5%La-ZnO thin film exhibited the highest 

photocatalytic efficiency, achieving 95% MB degradation. This enhancement is attributed to 

the optimal structural and morphological changes induced by La doping, which improved 

charge carrier separation and surface reactivity. These findings demonstrate the potential of La-

doped ZnO thin films, particularly with 5% La doping, for advanced photocatalytic applications 

and transparent coatings. The tunability of structural and optical properties via doping further 

highlights their suitability for multifunctional device applications. 
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Abstract  

This study explores the photocatalytic activity of the cesium indium bromide halide perovskite 

(CsInBr₃) and the influence of compressive strain on its physical properties. Using density 

functional theory, the structural, mechanical, electronic, optical, and photocatalytic 

characteristics of CsInBr₃ were studied. The results show that the computed formation energy 

values confirm the enhanced stability of the material under all studied conditions. Moreover, 

the application of the compressive strain at various levels (0%, -2%, -4%, and -6%) significantly 

improves the photocatalytic activity. At-6% of strain, the solar-to-hydrogen (STH) efficiency 

being 25.94%. Furthermore, this study demonstrates that the compressive deformation 

optimizes the electronic properties of CsInBr3, improving charge carrier generation and the 

water-splitting performance of the material. Besides, the CsInBr3 material is also found to be a 

great candidate for CO₂ photoreduction, exhibiting stable photocatalytic activity under a broad 

pH range. These findings bring us a step closer to the development of efficient, low-cost 

perovskite-based photocatalysts for clean hydrogen production and demonstrate the role of the 

compressive strain in optimizing photocatalytic and optoelectronic properties for sustainable 

energy applications. 

 Keywords: Halide perovskite, Photocatalytic efficiency, Compressive deformation, Hydrogen 

production, Water-splitting. 
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Abstract 

The emergence of resistance to azole antifungal agents among pathogenic fungi has become a 

critical concern in human health, veterinary medicine, and agriculture, thereby increasing the 

demand for novel antifungal compounds targeting lanosterol 14α-demethylase (CYP51), a key 

cytochrome P450 enzyme involved in ergosterol biosynthesis. CYP51 catalyzes the oxidative 

demethylation of lanosterol, an essential step for maintaining fungal membrane integrity, 

permeability, and cellular viability. Inhibition of this enzyme disrupts ergosterol production, 

resulting in the accumulation of toxic sterol intermediates and subsequent inhibition of fungal 

growth. Azole antifungals, including fluconazole and itraconazole, exert their activity through 

the coordination of nitrogen-containing heterocycles with the heme iron located within the 

CYP51 catalytic pocket. In the present study, a molecular docking approach was employed to 

investigate the antifungal potential of 4-{2,4-Bis[(3-nitrobenzoyl)amino]phenoxy}phthalic 

acid (C28H18N4O11) against CYP51 from Fusarium oxysporum. The selected compound, 

derived from shikimate and phenylpropanoid pathways, contains multiple aromatic rings and 

nitrogen-bearing functional groups that may enhance ligand–enzyme interactions. Structural 

analyses were performed using crystallographic CYP51 models retrieved from the Protein Data 

Bank, particularly PDB IDs 5TZ1 and 5V5Z. Docking simulations revealed a strong binding 

affinity with a calculated binding energy of −12.5 kcal/mol, suggesting a stable interaction 

within the active site and a potential inhibitory activity superior to several conventional azole 

antifungals. Detailed interaction analysis demonstrated the formation of multiple hydrogen 

bonds, hydrophobic contacts, and π–π stacking interactions with amino acid residues 

surrounding the heme prosthetic group, contributing to the stabilization of the ligand–protein 

complex. These findings indicate that nitrogen-containing phenylpropanoid derivatives may 

represent promising scaffolds for the development of novel CYP51 inhibitors with potent 

antifungal properties. Overall, this study highlights the relevance of combining molecular 

docking, structural biology, and natural product-based drug design strategies to identify new 

broad-spectrum antifungal agents capable of overcoming resistance mechanisms associated 

with current azole therapies. 

Keywords: CYP51, antifungal activity, molecular docking, Fusarium oxysporum, 

phenylpropanoid derivatives. 
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Abstract  

Hospitals are complex acoustic environments where noise levels often exceed World Health 

Organization recommendations by 25–35 dB(A), creating a significant environmental stressor 

for patients, healthcare workers, and visitors. Despite extensive evidence linking hospital noise 

to psychological distress, current design approaches remain dominated by quantitative sound 

pressure level reduction while neglecting perceptual and psychoacoustic dimensions addressed 

by soundscape theory. This systematic literature review synthesizes evidence on the 

relationship between hospital noise and psychological distress, architectural interventions for 

noise-induced stress reduction, the application of ISO 12913 soundscape frameworks in 

healthcare design, and strategies for restorative acoustic environments. Following PRISMA 

2020 guidelines, studies published between 2018 and 2026 were reviewed from Web of 

Science, Scopus, PubMed, and ProQuest, with study quality assessed using ROBINS-I, 

Cochrane risk of bias tools, and GRADE. Findings show that hospital noise is strongly 

associated with sleep disruption, anxiety, depression, and staff burnout, while interventions 

such as sound-absorbing materials, acoustic zoning, noise mitigation systems, biophilic 

soundscape integration, and smart monitoring reduce psychological distress. The review 

demonstrates that integrated architectural approaches based on soundscape theory are more 

effective than isolated noise-reduction strategies, positioning acoustic design as a therapeutic 

component of healthcare architecture. 

Keywords: hospital noise, psychological distress, acoustic design, soundscape, healing 

environments. 
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Abstract  

The acoustic environment of healthcare facilities has a great impact on patient satisfaction, 

comfort, stress reduction, and clinical outcomes. The literature review brings together results 

from 50+ peer-reviewed papers that cover the connections between the soundscapes of 

healthcare environments and the wellbeing of patients. This article will examine and explore 

how acoustic design strategies enhance a hospital environment using a systematic evidence-

based design approach, supported by soundscape theory, acoustic comfort principles and 

salutogenic design approaches. The study findings show that in more than 75% of hospitals, 

noise pollution is above the WHO's recommended limits, which have a negative impact on the 

patients' recovery, their quality of sleep and the productivity of the hospital staff. In contrast, 

acoustically optimized ward environments show pronounced improvements in patient 

satisfaction (p=0.029), hospital stay (13.21±3.57 vs 14.34±3.19 days) and improved 

physiological results such as lower blood pressure and better LVEF. The article suggests an 

integrated approach that connects patients' satisfaction with the healthcare soundscapes using 

architectural solutions such as the use of sound-absorbing materials, acoustic zoning, private 

patient rooms, communication flows among staff, and smart monitoring systems. Evidence-

based design guidelines are provided for pediatric, ICU and critical care settings. This article 

provides a conceptual framework on how to design an acoustic healthcare space that is 

sustainable and patient centric, and pinpoints key areas of research that remain to be explored. 

Keywords: Healthcare soundscapes, acoustic design, patient satisfaction, healing 

environments, salutogenic design. 
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Abstract  

Noise pollution is a significant environmental stressor that can have a detrimental impact on 

patient recovery, employee health and wellbeing, and healthcare outcomes in hospitals. Despite 

the many emerging studies which show acoustic environments are associated with a variety of 

physiological effects, including sleep disruption, cardiovascular dysregulation, higher pain 

perception, longer hospital stays, and staff burnout, acoustic design is not yet fully incorporated 

into the design of a healthcare facility. This is an evidence-informed synthesis of the literature 

from 2018 to 2026, based on PRISMA 2020 standards, and incorporating quantitative, 

qualitative and case-study evidence. Results show a 15–22 dB noise reduction, a 40–45% higher 

sleep quality, a 33% lower salivary cortisol, a 0.8–1.2 d shorter hospital stay, and a 19% lower 

number of postoperative complications when designing wards acoustically. The most effective 

strategies are multi-component strategies: spatial zoning, the use of sound absorbing materials, 

acoustic treatments, staff education, natural soundscapes and biophilic acoustic elements. This 

research gives a strong value to soundscape theory as a valuable tool in the field of healthcare 

architecture design and offers proof that acoustic comfort in architecture is an indispensable 

design criterion next to thermal comfort and IAQ. 

Keywords: Hospital Soundscape, Healthcare Architecture, Acoustic Comfort, Healing 

Environments, Patient Wellbeing. 
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Abstract 

Nanoparticles (NPs) are increasingly recognized as effective feed additives in aquaculture due 

to their high bioavailability, small particle size, and rapid absorption into the bloodstream. This 

study investigated the effects of dietary iron oxide nanoparticles (Fe₂O₃-NPs) on growth 

performance, body composition, and hematological indices in Cyprinus carpio fingerlings. A 

total of 270 healthy C. carpio fingerlings (initial weight: 5.51 ± 0.04 g) were randomly 

distributed into six treatment groups in triplicate, with 15 fish per replicate. Fish were fed a 

canola meal-based basal diet supplemented with Fe₂O₃-NPs at 0 (control, D1), 10 (D2), 20 (D3), 

30 (D4), 40 (D5), and 50 mg/kg (D6) for 70 days.Supplementation with 40 mg/kg Fe₂O₃-NPs 

produced the highest growth performance, including weight gain (278.09 ± 1.35%), specific 

growth rate (1.90 ± 0.01%), and feed conversion ratio (1.25 ± 0.02). Proximate body 

composition was also optimal at this level, with crude protein (18.71 ± 0.09%), ether extract 

(3.29 ± 0.07%), ash (1.15 ± 0.05%), and moisture (76.84 ± 0.07%). Similarly, hematological 

parameters peaked at 40 mg/kg, with RBCs (3.56 ± 0.07 × 10⁶ mm⁻³), WBCs (7.95 ± 0.12 × 

10³ mm⁻³), platelets (67.80 ± 0.08), MCH (56.87 ± 0.04 pg), PCV (27.51 ± 0.56%), MCHC 

(38.46 ± 0.08%), and MCV (189.70 ± 0.69 fL). All NP-supplemented groups showed 

significant improvements (p < 0.05) in the measured parameters compared to the control.Based 
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on these findings, 40 mg/kg Fe₂O₃-NPs is recommended as the optimum dietary level to 

enhance growth, body composition, and hematological status in C. carpio fingerlings. This 

study highlights the potential of nanoparticle-based supplementation to improve fish health and 

productivity. 

Keywords: Nanoparticle; growth performance; carcass; hematology; C. carpio 
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ABSTRACT 

Colorectal cancer (CRC) progression to metastatic disease is driven by aberrant signalling 

through receptor tyrosine kinases, cell-cycle regulators, and matrix-degrading effectors that 

together support tumour growth, invasion, and migration. Resveratrol (3,5,4′-trihydroxy-trans-

stilbene; PubChem CID 445154), a polyphenolic phytoalexin with documented anti-CRC 

activity in cellular models, engages a broad and incompletely defined set of human proteins; 

quantitative ranking of its target preferences therefore remains an open question. In the present 

study, deep-learning drug–target interaction (DTI) prediction was performed using directed-

message-passing graph neural networks (D-MPNN; chemprop v1.6.1) trained independently 

on five CRC-relevant protein targets curated from the ChEMBL database: AKT1 (n = 3,453 

unique compounds), EGFR (n = 10,548), MMP9 (n = 2,130), CDK2 (n = 2,071), and PIK3CA 

(n = 4,922). For each target, models were trained on a random 80/10/10 split with pIC₅₀ as the 

regression endpoint and evaluated on the held-out test set. Models achieved comparable test-

set accuracy across all five targets (R² = 0.586–0.698; RMSE = 0.70–0.87), confirming that 

subsequent comparisons of predicted resveratrol activity reflect genuine target preference rather 

than differential model reliability. Resveratrol was then queried against each trained model 

alongside four reference polyphenols (curcumin, EGCG, quercetin, pterostilbene) to provide 

structural-class context. Resveratrol’s strongest predicted activity was against EGFR (predicted 

pIC₅₀ = 6.09 ≈ IC₅₀ ≈ 810 nM), followed by MMP9 (5.00), CDK2 (4.96), AKT1 (4.29), and 

PIK3CA (3.19). The EGFR-preferential signature is biologically coherent: EGFR is a major 

CRC oncogenic driver linking proliferation and EMT-mediated invasion, and the prediction is 

supported by analogous activity in the structurally related EGCG and quercetin. These data 

deliver a quantitative, reproducible computational ranking of resveratrol’s engagement 

priorities across the CRC oncogenic network and identify EGFR as a candidate mechanistic 

node deserving further investigation. 

Keywords: resveratrol; deep learning; graph neural network; drug–target interaction; 

ChEMBL; colorectal cancer; EGFR; QSAR. 

  

mailto:kampallipraveen@gmail.com
mailto:aafroj@banasthali.in
mailto:drpsujatha@gmail.com


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

32 
 

APPLICABILITY-DOMAIN-STRATIFIED MACHINE LEARNING FOR DIETARY 

POLYPHENOL COLORECTAL CANCER DRUG TARGET INTERACTION 

PREDICTION: GRAPH NEURAL NETWORKS AND RANDOM FOREST 

BASELINES ON A 10-TARGET PANEL 

 

Kampalli Praveen Kumar 

Department of Bioscience and Biotechnology, Banasthali Vidyapith, Rajasthan, India 

Email: kampallipraveen@gmail.com 

ORCID: 0000-0003-1943-0310 
 

Afroz Alam 

Department of Bioscience and Biotechnology, Banasthali Vidyapith, Rajasthan, India 
 

Sujatha Peela 

B. R. Ambedkar University, Srikakulam, Andhra Pradesh, India 

 

ABSTRACT 

Computational drug–target interaction (DTI) prediction is increasingly applied to prioritize 

natural-product chemotypes for downstream investigation, yet two methodological tensions 

remain unresolved. First, classical Random Forest baselines on Morgan fingerprints often 

match or exceed graph neural networks on bioactivity regression tasks. Second, applicability 

domain (AD) analysis the empirical assessment of whether a query molecule lies within the 

chemical space of the training set is rarely reported rigorously, leading to numerically confident 

but biologically meaningless predictions. We address both issues in a unified, reproducible 

pipeline. Directed message-passing neural networks (chemprop) and Random Forest regressors 

on 2,048-bit Morgan ECFP4 fingerprints were trained across ten ChEMBL targets central to 

colorectal cancer pathway biology AKT1, EGFR, MMP9, CDK2, PIK3CA, CDK4, BCL2, 

AURKA, MMP2, GSK3B comprising 33,189 unique IC₅₀-annotated compounds (35,763 

compound–target pairs). Identical 80/10/10 splits with seed 42 enabled head-to-head test-set 

comparison. An 80-compound dietary polyphenol library spanning 13 structural classes was 

screened against all 10 models, generating 1,600 predictions. Each prediction was stratified by 

Tanimoto similarity into reliable (≥ 0.40), borderline (0.30–0.40), or extrapolation (< 0.30) 

categories, with training-set memorizations (similarity ≥ 0.95) excluded. Three findings 

emerge. (i) Only 35% of unfiltered predictions met AD criteria, with 47% extrapolation; three 

targets (CDK4, BCL2, AURKA) yielded zero novel reliable predictions. (ii) Random Forest 

modestly outperformed D-MPNN at aggregate test-set R² (0.699 vs 0.661, ΔR² = −0.038), 

winning on 7 of 10 targets. (iii) Both methods agreed on class-level top hits for 5 of 7 targets 

isoflavones for GSK3B, hydroxylated polyphenols for EGFR, curcuminoids for AKT1 and 

matrix metalloproteinases, hydroxycinnamic acids for MMP2/MMP9/PIK3CA but rarely on 

specific compounds. We argue AD stratification, head-to-head method comparison, and class-

level interpretation should be standard practice for natural-product machine learning. The 

complete pipeline is publicly archived under MIT license. 

Keywords 

applicability domain; QSAR; graph neural networks; Random Forest; cheminformatics; drug–

target interaction; natural products; reproducibility; machine learning. 
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Abstract 

The fused imidazopyrimidine nucleus is an important group of heterocyclic organic molecules. 

Imidazopyrimidine consists of imidazole and pyrimidine rings, both of which naturally occur 

in folic acid and vitamins. Their diverse photophysical and biological properties have attracted 

attention in agrochemicals, organic fluorescent products, pharmaceuticals, and medicinal 

chemistry because of their high pharmacophoric features. As a result, many methods have been 

developed for synthesizing this valuable class of compounds. Among these, multicomponent 

reactions offer the potential to design new, environmentally friendly, and cost-effective 

synthetic processes. However, there is still room for more sustainable and simpler protocols 

using retrievable catalysts or green solvents to produce imidazopyrimidine ring systems 

efficiently. Recently, new mild, efficient, and eco-friendly protocols for synthesizing 

imidazopyrimidine derivatives via multicomponent reactions have been reported, yielding high 

yields and purities. This study summarizes various catalytic multicomponent reaction methods. 

Keywords: Imidazopyrimidine, Catalytic multicomponent synthesis 
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Abstract 

Neonatal sepsis is responsible for significant neonatal morbidity and mortality in Nigeria, 

further elevating the under-five mortality in the country. Despite growing global attention to 

neonatal health, the epidemiological landscape of neonatal sepsis in Nigeria is still unresolved. 

There is a significant variability in reported prevalence across geopolitical zones and healthcare 

settings, similarly, diagnostic criteria also influence outcomes. This review synthesizes 

available evidence on the prevalence, causative organisms, antimicrobial resistance patterns, 

and clinical burden of neonatal sepsis across Nigerian healthcare facilities. The reviewed 

literature indicates a high prevalence of both early-onset and late-onset neonatal sepsis, with 

gram-negative organisms, particularly Klebsiella pneumoniae and Escherichia coli frequently 

implicated, alongside gram-positive pathogens such as Staphylococcus aureus. Alarmingly, 

multidrug-resistant strains have been increasingly reported, raising serious concerns about the 

effectiveness of empirical antibiotic regimens currently in use. Preterm birth, low birth weight, 

prolonged rupture of membranes, and poor aseptic practices in under-resourced facilities are 

the risk factors reported to be further compounding the burden. This review identifies critical 

gaps in surveillance infrastructure, diagnostic protocols, and antimicrobial stewardship 

programs specific to neonatal care settings in Nigeria. The findings also underscore the urgent 

need for strengthened national neonatal sepsis surveillance, context-appropriate antimicrobial 

stewardship, and evidence-based treatment guidelines to reduce preventable neonatal deaths in 

Nigeria. 

Keywords: Antimicrobial resistance, antimicrobial stewardship, disease burden, neonates, risk 

factors, sepsis aetiology. 
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Abstract 

The heptaene macrolide antibiotic amphotericin B, used in the clinic for over 60 years, is still 

considered the “gold standard” of antifungal therapy. This emphasizes its powerful fungicidal 

effect, due to a direct effect on the permeability of the cell membrane (formation of water 

channels) and the induction of reactive oxygen species in the cell. Amphotericin B, when used 

systemically, is active against most yeast-like, filamentous and dimorphic fungi, and unlike 

other polyene macrolide antibiotics, this antifungal agent is used intravenously, which 

significantly increases its therapeutic effectiveness in the treatment of deep mycoses. At the 

same time, the high toxicity (mainly nephrotoxicity) of amphotericin B, low absorption from 

the gastrointestinal tract, a number of adverse reactions, as well as decreased sensitivity to it 

pathogenic fungal microorganisms, stimulated intensive searches for various derivatives of 

amphotericin B. We have shown that as a result of reactions of amphotericin B with base-

protected organofluorine alcohols using Lewis aprotic acids as catalysts, organofluorine 

derivatives of this heptaene macrolide antibiotic (1-3) are formed. 

 

 
As shown by the results of pharmacological tests, the acute toxicity (LD50) of organofluorine 

derivatives of amphotericin B (1-3) was 5-6 times less than that of the parent antibiotic, and 

varied from 1150 to 1175 mg/kg (mice, intraperitoneal). 

Biological studies have shown that organofluorine derivatives of amphotericin B indicated 

pronounced antifungal activity against 33 test cultures of pathogenic fungi belonging to various 

genera. It should be especially emphasized that organofluorine derivatives of amphotericin B 

(1-3) showed high activity against yeast-like fungi of the genus Candida and fungi of the genus 

Aspergillus, and minimum fungistatic concentrations were in range from 0.05 to 6.25 (μg/mL). 

These results are very important because in recent years, resistance of a number of clinically 

isolated strains of these two genera of pathogenic fungi to the action of amphotericin B has 

been discovered. Moreover, yeast-like fungi of the genus Candida and fungi of the genus 

Aspergillus are known to cause severe invasive mycoses (candidiasis and aspergillosis, 

respectively), as well as opportunistic mycoses in AIDS patients, which are characterized by 

high mortality. The additional advanced biological investigations in vivo will reveal therapeutic 

effectiveness organofluorine derivatives amphotericin B (1-3) as promising antifungal agents 

for medical mycology.  

Keywords: Amphotericin B, Organofluorine Derivatives, Toxicity, Antifungal Activity, 

Medical Mycology, Resistance, AIDS Patients 
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Abstract 

Euphorbia resinifera, a succulent species endemic to Morocco, possesses significant biological, 

medicinal, and ecological importance. Characterizing its genetic diversity is imperative for 

establishing robust conservation frameworks and ensuring sustainable exploitation. This study 

investigated biochemical profiles—including total phenolic content, flavonoids, anthocyanins, 

antioxidant activities (ABTS and DPPH), sugars, and proline—alongside seventeen qualitative 

and quantitative morphological parameters encompassing shrub architecture, stem morphology, 

spine characteristics, and reproductive traits across twelve distinct Moroccan populations. 

The findings revealed significant intra-specific variability; notably, variations in shrub diameter 

and stem height highlighted distinct architectural patterns. Populations from the Middle Atlas 

exhibited the highest phenolic concentrations, whereas High Atlas populations demonstrated 

superior levels of flavonoids, anthocyanins, and antioxidant potential. Specifically, specimens 

from Imi n’Ifri (High Atlas) showed elevated sugar and proline levels, suggesting advanced 

physiological adaptations to environmental stressors. The integration of morphological and 

biochemical datasets facilitated precise genotype discrimination, underscores the necessity of 

multifaceted strategies for the conservation and sustainable management of this valuable 

genetic resource. 

Keywords: Euphorbia resinifera, genetic variability, phytochemical profiling, phenotypic 

characterization, conservation biology. 
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Abstract 

Onchocerciasis also known as river blindness is one of the world’s most neglected tropical 

diseases caused by the filarial nematode O. volvulus while the blackfly serves as its vector and 

the intermediate host. Despite tremendous progress through mass drug administration programs 

using ivermectin, numerous limitations like, ivermectin resistance, poor targeted drug delivery, 

side effects and limited microfilaricidal activity have continuously limited the complete 

eradication of onchocerciasis. Latest development in nanotechnology and supramolecular 

chemistry have introduced novel strategies for the development of targeted drug delivery 

systems. Supramolecular techniques involves the use of non-covalent interactions including 

electrostatic interaction, Van der walls forces, and host-guest chemistry to design highly 

functionalized nanomaterials with improved therapeutic efficiency. Bimetallic nanoparticles, is 

made up of two very distinct metallic elements, having a better catalytic, physicochemical and 

biological properties compared with the monometallic nanoparticles. The conjugation and 

functionalization of these nanomaterials via the supramulecular protocols enhances better drug 

loading capacity, biocompatibily, controlled drug release, tissue targeting and hence targeted 

drug delivery. Therefore, his review elucidated this principle of supramolecular chemistry, 

sequential reduction method for the green synthesis of a core-shell bimetallic nanoparticles, 

supramolecular functionalization protocol and their applications in targeted drug delivery 

system against onchocerciasis. Integrating green mamo-synthesis, and functionalization with 

polymeric materials, artificial intelligence and targeted drug delivery system for the eradication 

of onchocerciasis was recommended in this review. 

Keywords: Supramolecular chemistry, Onchocerciasis, Peglation, Functionalization and 

Targeted Drug  
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Abstract 

The continuous advancement of deep-sea petroleum exploration has positioned marine risers 

as indispensable components of subsea production systems. Ensuring the structural integrity of 

these risers is paramount to the sustainable development of the offshore oil and gas industry 

and the preservation of the marine ecological environment. As fluid flows past a cylindrical 

riser, the formation of periodic Karman vortex shedding induces rhythmic oscillatory forces, 

leading to the phenomenon known as Vortex-Induced Vibration (VIV). This mechanism 

represents a primary driver of fatigue damage in submarine pipelines. Consequently, the 

implementation of suppression devices on riser bodies has become a standard engineering 

practice to mitigate VIV and extend the operational lifespan of offshore infrastructure. This 

research initially conducts a comprehensive numerical simulation of flow around a bare 

cylinder to validate the accuracy of the computational model. Key hydrodynamic parameters, 

including lift and drag coefficients, vortex shedding frequencies, Strouhal numbers, and root-

mean-square values of lift, are systematically analysed to identify their correlation with the 

Reynolds number. Furthermore, the vortex shedding patterns under varying Reynolds numbers 

are characterised through the visualisation of vorticity contours. Building upon this foundation, 

four distinct types of VIV suppression devices were selected for comparative modelling. The 

study simulates the variation laws of hydrodynamic coefficients for each device across a range 

of operational parameters. Quantitative comparisons with bare cylinder data reveal that all 

investigated devices exhibit certain suppression effects at low Reynolds numbers. However, the 

efficacy of these suppressors tends to diminish as the Reynolds number increases. Through a 

holistic performance evaluation, it is concluded that one type offers superior overall vibration 

suppression compared to the other three configurations. This study provides valuable technical 

references for the optimised design of VIV suppression systems in polar and deep-water 

maritime engineering. 

Keywords: Marine risers, Vortex-induced vibration (VIV), Numerical simulation, 

Hydrodynamic coefficients. 
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Abstract 

Matrices form the mathematical foundation of data science and machine learning by providing 

an efficient way to represent, process, and analyse large volumes of data. In most data-driven 

applications, datasets are organized in matrix form, where rows represent observations and 

columns represent features. This structured representation enables fast computation and 

simplifies complex operations on high-dimensional data. The objective of the paper is to study 

the matrices are essential for implementing algorithms such as linear regression, logistic 

regression, support vector machines, and neural networks. Model parameters, input features, 

and output predictions are all expressed as matrices or vectors, allowing operations like matrix 

multiplication and transformation to be used for training and prediction. Optimization 

techniques such as gradient descent also rely heavily on matrix calculus to update model 

parameters efficiently. The results show that the data pre-processing and dimensionality 

reduction techniques such as principal component analysis (PCA) and singular value 

decomposition (SVD). These methods help extract meaningful patterns, reduce noise, and 

improve computational performance. As data science and machine learning continue to grow 

across industries, the use of matrix-based methods remains central to building accurate, 

scalable, and intelligent systems. 

Keywords- 

Matrices, Data Science, Machine Learning, Algorithms, Neural Networks, Dimensionality 

Reduction 
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Abstract  

Dye-sensitized solar cells (DSSCs) represent a promising route toward sustainable and low-

cost solar energy conversion. Their overall performance is strongly governed by the electronic 

and optical properties of the photosensitizing dyes. In this context, quinoxaline-based organic 

dyes have emerged as highly attractive materials due to their strong electron-accepting 

character and molecular tunability. These dyes exhibit broad absorption in the visible region 

and pronounced intramolecular charge-transfer behavior. Density functional theory (DFT) and 

time-dependent DFT (TD-DFT) calculations were employed to explore their optical, electronic, 

and photovoltaic properties. TD-DOS analysis reveals a significant contribution of dye frontier 

orbitals near the Fermi level, favoring efficient charge separation. The calculated HOMO–

LUMO alignment with TiO₂ supports fast electron injection and effective dye regeneration [1]. 

High light-harvesting efficiencies exceeding 85% are achieved. The estimated short-circuit 

current density reaches 18–20 mA·cm⁻². Open-circuit voltages are predicted in the range of 

0.70–0.85 V. Favorable charge-transport characteristics lead to fill factors of 0.70–0.78. As a 

result, power conversion efficiencies approaching 9–11% are obtained. These findings 

highlight the strong potential of quinoxaline-based dyes for high-performance DSSCs. Overall, 

this study demonstrates the relevance of advanced molecular design for next-generation 

photovoltaic materials [2]. 

Keywords: Dye-sensitized solar cells, Quinoxaline derivatives, charge-transfer, TD-DFT, 

photovoltaic properties. 
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Abstract 

Geographic Information Systems (GIS) have become essential tools in hydrogeology, enabling 

the integration and analysis of heterogeneous datasets for accurate mapping of aquifer systems. 

GIS facilitates the characterization of aquifer geometry, groundwater flow modeling, and the 

identification of recharge zones, thereby supporting sustainable water resource management. It 

also provides a flexible platform for simulating risks related to pollution and resource depletion, 

enhancing strategic decision-making. The Triffa Plain, located in northeastern Morocco, was 

selected as a case study due to its large spatial extent, the abundance and diversity of available 

data—often in the form of paper-based maps—and its significant hydraulic infrastructure. The 

objective of this study is to develop a digital hydrogeological map of the Triffa Plain using GIS 

techniques. The map was produced using ArcGIS, with data organized and managed within an 

Excel-based database. The resulting hydrogeological map synthesizes key information on 

aquifer extent, geometry, piezometry, as well as hydrochemical and hydrodynamic 

characteristics. This work provides a valuable tool for stakeholders involved in both 

quantitative and qualitative groundwater management, as it enables efficient data integration 

from multiple sources and facilitates regular updating. 

Keywords: Hydrogeological mapping; Geographic Information Systems (GIS); aquifers; Triffa 

Plain; groundwater management; Eastern Morocco. 
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Abstract 

In agriculture, soil and water pollution by nitrates is significantly exacerbated by the excessive 

use of nitrogen fertilizers, which can lead to major environmental impacts such as 

eutrophication, groundwater contamination, and health risks. Several strategies have been 

developed to address these issues by reducing nitrogen inputs while improving nitrogen use 

efficiency and maintaining agricultural productivity. These strategies include adjusting 

fertilizer application rates, using slow-release fertilizers, applying precision fertilization 

tailored to crop needs, introducing nitrogen-fixing crops such as legumes, practicing crop 

rotation, and improving agricultural techniques. These approaches not only help limit nitrogen 

losses to the environment but also enhance the quality of agricultural products and reduce costs 

for farmers. They form part of a broader effort to ensure the sustainability of agricultural 

systems in the face of climate change, balancing productivity, environmental protection, and 

resilience.          

Keywords: Nitrate pollution, Nitrogen fertilizers, Groundwater contamination, Eutrophication, 

Precision fertilization, Sustainable agricultura, Environmental protection, Climate change 

resilience 

 

 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

43 
 

ECO-FRIENDLY TREATMENT OF WATER CONTAMINATED WITH DYES 

USING ADSORBENTS DERIVED FROM SAWDUST  

 

 

Said ELANZAOUI 

University IBN ZOHR, Faculty of sciences, Department of chimistry, Agadir, Morocco. 

ORCID ID: https://orcid.org/ 0009-0000-3412-0121 

said.elanzaoui.10@edu.uiz.ac.ma 

 

 

Abstract 

The contamination of water resources by synthetic organic dyes represents a critical 

environmental challenge due to the persistence and toxicity of these molecules. When 

discharged into the environment, these pollutants can severely degrade water quality, disrupt 

aquatic ecosystems, and pose significant risks to human and environmental health through 

bioaccumulation. Consequently, developing cost-effective and eco-friendly technologies for 

advanced wastewater treatment is of paramount importance. This study focuses on the 

depollution of aqueous media using a sustainable approach: the valorization of forestry by-

products. Specifically, this research investigates the adsorption efficiency of methylene blue 

(MB) dye from aqueous solutions using activated carbon synthesized from sawdust. The 

preparation of this bio-based activated carbon involves specific carbonization and activation 

processes designed to optimize its porous structure and surface chemistry. The adsorption 

capacity of the prepared material was evaluated through a series of batch experiments. The 

study systematically examines the influence of various operational parameters on the adsorption 

process, including contact time, initial dye concentration, solution pH, and adsorbent dosage. 

Kinetic and isothermal models are applied to elucidate the fundamental mechanisms governing 

the transfer of dye molecules from the liquid phase to the solid adsorbent surface. Preliminary 

findings indicate that sawdust-derived activated carbon exhibits a highly developed surface area 

and a strong affinity for methylene blue molecules. The results demonstrate that this low-cost, 

bio-based material serves as a highly effective and sustainable alternative to commercial 

activated carbons. This research not only provides a practical solution for the remediation of 

dye-contaminated industrial effluents, but also promotes the circular economy by transforming 

lignocellulosic waste into valuable materials for environmental protection. 

Keywords: Activated carbon, sawdust, methylene blue, Wastewater treatment 
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Abstract 

Arctigenin is a natural lignan compound derived from Arctium lappa with antiproliferative, 

antioxidant, anti-inflammatory, and anticancer effects in various cancer cells. TAK1 

(MAP3K7) is a key upstream kinase involved in NF-κB and MAPK signaling pathways, and 

its dysregulation is associated with malignancies. TAK1 activity inhibition induces cancer cell 

death, suggesting that TAK1 may be an effective target for cancer treatment.This study aimed 

to evaluate the interaction potential of arctigenin with the TAK1 protein through molecular 

docking analysis. The crystal structure of TAK1 was obtained from the Protein Data Bank 

database. Protein preparation was performed using Discovery Studio and AutoDock Tools by 

removing water molecules and the co-crystal ligand, followed by the addition of polar 

hydrogens and Kollman charges. Arctigenin and Takinib, used as the positive control, were 

downloaded from PubChem and energy minimized before docking analysis. Grid box 

parameters were set at X: 21.278, Y: 24.294, Z: 53.04 with dimensions of 40 Å × 40 Å × 40 Å. 

Molecular docking analyses were performed using AutoDock Vina. The binding energy of the 

Arctigenin–TAK1 complex was -7.6 kcal/mol, while Takinib showed -8.0 kcal/mol. Arctigenin 

formed two conventional hydrogen bonds with TYR106 and GLU105 at distances of 2.81 Å 

and 2.38 Å, respectively. It also showed hydrophobic interactions with LEU163, TYR106, and 

ALA61. Takinib formed multiple conventional hydrogen bonds with SER111, ASN161, 

ASP175, and PRO160, along with hydrophobic interactions. The binding energy of arctigenin 

being close to the positive control indicated stable binding within the active site of TAK1. The 

findings demonstrated that arctigenin has strong binding potential toward TAK1. Its docking 

score being close to the positive control Takinib and its interactions with key active site residues 

suggest that arctigenin may serve as a potential natural TAK1-targeting inhibitor. Further 

experimental studies are required to validate these findings. 

Keywords: Arctigenin, TAK1, Molecular Docking, Takinib 
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Abstract 

Cardamonin is a naturally occurring chalcone isolated from Alpinia katsumadai and Alpinia 

conchigera and is known for its anti-inflammatory, immunomodulatory, and anticancer 

properties. It has shown activity against various cancers, including lung, breast, colon, 

glioblastoma, melanoma, and ovarian cancers. Focal Adhesion Kinase (FAK) is a non-receptor 

tyrosine kinase involved in cell proliferation, survival, intracellular signaling, and angiogenesis. 

FAK stands out as a key player in cancer pathogenesis due to its abnormal activation in various 

cancer types. This study aimed to evaluate the interaction potential of cardamonin with the FAK 

protein through molecular docking analysis. The crystal structure of FAK was obtained from 

the Protein Data Bank. Protein preparation was performed using Discovery Studio and 

AutoDock Tools by removing water molecules and the co-crystal ligand, followed by the 

addition of polar hydrogens and Kollman charges. Cardamonin and Defactinib, used as the 

positive control, were downloaded from PubChem and energy minimized before docking 

analysis. Grid box parameters were set at X: 11.59, Y: 4.82, Z: 23.987 with dimensions of 40 

Å × 40 Å × 40 Å. Molecular docking analyses were performed using AutoDock Vina. The 

binding energy of the Cardamonin–FAK complex was -7.4 kcal/mol, while the positive control 

Defactinib showed -9.4 kcal/mol. Cardamonin formed one conventional hydrogen bond with 

LEU567 at a distance of 2.56 Å and also showed hydrophobic interactions with LEU553, 

LEU567, ALA452, VAL484, and MET499. Defactinib formed multiple conventional hydrogen 

bonds with ASP564, ASN551, LEU567, CYS502, and GLN438, along with hydrophobic 

interactions. These findings indicated stable binding of cardamonin within the active site of 

FAK. The findings demonstrated that cardamonin has binding potential toward the FAK 

protein. Its interactions with key active site residues suggest that cardamonin may serve as a 

potential natural FAK-targeting compound. Further experimental studies are required to 

validate these findings. 
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Özet 

Bu çalışma, otomotiv süspansiyon kollarında kullanılan karbon fiber takviyeli polimer (CFRP) 

kompozitlerin mekanik performansını ve malzeme seçiminin parça ömrü üzerindeki etkisini 

bütüncül bir yaklaşımla incelemektedir. Otomotiv sektöründe artan hafiflik, yüksek dayanım 

ve sürdürülebilirlik beklentileri, geleneksel metal temelli malzemelerin yerine ileri kompozit 

çözümlerin tercih edilmesini hızlandırmaktadır. Bu doğrultuda, yük taşıyan kritik bir yapı 

elemanı olan süspansiyon kollarında CFRP kompozitlerin kullanım potansiyelinin incelenmesi 

önem arz etmektedir. Çalışma kapsamında, literatürde yer alan araştırmalar analiz edilerek 

CFRP kompozitlerin çekme dayanımı, yorulma performansı, rijitlik ve darbe direnci gibi temel 

mekanik özellikleri çok yönlü olarak değerlendirilmiştir. Ayrıca, malzeme seçiminin uzun 

dönemli yapısal performans ve parça ömrü üzerindeki rolü, literatürde yer alan çalışmaların 

karşılaştırmalı analizi ile ele alınmıştır. Elde edilen bulgular, CFRP kompozitlerin yüksek 

mukavemet/ağırlık oranı sayesinde araç kütlesinde azalma sağladığını ve buna bağlı olarak 

yakıt tüketimi ile emisyon değerlerinin düşürülmesine katkıda bulunduğunu ortaya 

koymaktadır. Geleneksel çelik malzemeler ile karşılaştırıldığında, CFRP kompozitler daha 

üstün bir mukavemet/ağırlık performansı sunmakta; ancak maliyet ve geri dönüştürülebilme 

sınırlamaları önemli zorluklar olarak varlığını sürdürmektedir. Ayrıca, yanlış malzeme seçimi 

ve yetersiz tasarım optimizasyonunun yorulma ömrünü ve genel parça dayanımını olumsuz 

etkileyebileceği belirlenmiştir. Sonuç olarak, CFRP kompozitler otomotiv süspansiyon 

sistemleri için mekanik performans açısından önemli avantajlar sunmakla birlikte, malzeme 

seçimi ve tasarım optimizasyonu uzun servis ömrü açısından kritik rol oynamaktadır. Bu 

çalışma, mevcut literatürdeki sınırlılıkları ortaya koymakta ve otomotiv yapısal 

uygulamalarında kompozit malzeme optimizasyonuna yönelik gelecekteki araştırma 

yönelimlerine ışık tutmaktadır. 

Anahtar Kelimeler: CFRP kompozitler, süspansiyon kolu, mekanik performans, otomotiv, 

malzeme seçimi, parça ömrü. 
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Abstract 

This study investigates the mechanical performance of carbon fiber reinforced polymer (CFRP) 

composites used in automotive suspension arms and examines the effect of material selection 

on component service life through a holistic approach. The increasing demand in the 

automotive industry for lightweight, high-strength, and sustainable materials has accelerated 

the adoption of advanced composite solutions instead of conventional metallic materials. In this 

context, the investigation of CFRP composites in load-bearing critical components such as 

suspension arms is of significant importance. Within the scope of this study, existing literature 

is analyzed to evaluate the key mechanical properties of CFRP composites, including tensile 

strength, fatigue performance, stiffness, and impact resistance. The role of material selection in 

long-term structural performance and component service life is further examined through a 

comparative analysis of published studies. The findings indicate that CFRP composites 

contribute to vehicle weight reduction due to their high strength-to-weight ratio, which in turn 

leads to lower fuel consumption and reduced emissions. Compared to conventional steel 

materials, CFRP composites offer superior strength-to-weight performance; however, cost and 

recyclability limitations remain significant challenges. In addition, improper material selection 

and insufficient design optimization may negatively affect fatigue life and overall component 

durability. In conclusion, CFRP composites offer significant advantages in terms of mechanical 

performance for automotive suspension systems; however, material selection and design 

optimization play a critical role in ensuring long service life. This study highlights existing 

limitations in the literature and provides directions for future research on composite material 

optimization in automotive structural applications. 

Keywords: CFRP composites, suspension arm, mechanical performance, automotive, material 

selection, component service life. 
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Özet 

Bu araştırma, endüstriyel tasarım ve ürün geliştirme süreçlerinde yaygın olarak kullanılan 

polilaktik asit (PLA) malzemenin mekanik özelliklerini iyileştirmek üzere, üretim sonrası ısıl 

işlemin ve iç yapısal yoğunluğun 3B yazdırılmış bileşenlerin sürtünme ve aşınma davranışları 

üzerindeki etkisini incelemektedir. Farklı dolgu yoğunluklarına sahip numuneler, malzeme 

ekstrüzyonuna dayalı eklemeli imalat yöntemiyle üretilmiş ve ardından kontrollü soğutma 

koşulları altında farklı ısıl işlem profillerine tabi tutulmuştur. Aşınma direnci ve sürtünme 

katsayısı başta olmak üzere tribolojik performans, kuru kayma koşulları altında 

değerlendirilmiştir. Ek olarak, baskın aşınma mekanizmalarını belirlemek için aşınmış yüzey 

morfolojileri incelenmiştir. Ön bulgular, sıcaklığa bağlı mikroyapısal düzenlemelerin bir 

sonucu olarak ısıl işlemin, üretilen parçaların yapısal bütünlüğünü ve yüzey performansını 

değiştirmede kritik bir rol oynadığını göstermektedir. Ayrıca iç dolgu yoğunluğunun önemli bir 

etkileşim faktörü olduğu ve ısıl işlemin sunduğu yapısal faydaların, parçanın başlangıçtaki 

gözeneklilik durumuna göre değişiklik gösterdiği tespit edilmiştir. Bu çalışmadan elde edilen 

bulgular, mekanik uygulamalar için yazdırma ve son işlem parametrelerinin optimize 

edilmesine yönelik genel bir çerçeve sunmaktadır. 

Anahtar Kelimeler: Eklemeli imalat; 3B baskı; polilaktik asit (PLA); ısıl işlem; tribolojik 

performans; aşınma davranışı; yapısal yoğunluk; endüstriyel tasarım. 
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Abstract 

This research investigates the influence of post-process heat treatment and internal structural 

density on the friction and wear behavior of 3D-printed polylactic acid (PLA) components 

within industrial design and product development contexts. Specimens with varying infill 

densities were fabricated using material extrusion-based additive manufacturing and 

subsequently subjected to different thermal annealing profiles under controlled cooling 

conditions. The tribological performance, specifically wear resistance and coefficient of 

friction, was evaluated under dry sliding conditions. Additionally, worn surface morphologies 

were examined to identify the dominant wear mechanisms. Preliminary findings indicate that 

thermal annealing plays a crucial role in modifying the structural integrity and surface 

performance of the printed parts, largely driven by temperature-induced microstructural 

reorganizations. Furthermore, the internal density acts as a significant interacting factor, 

revealing that the structural benefits of thermal processing vary depending on the initial porosity 

of the printed component. The insights gained from this study provide general guidelines for 

optimizing printing and post-processing parameters for mechanical applications. 

Keywords: Additive manufacturing; 3D printing; polylactic acid (PLA); heat treatment; 

tribological performance; wear behavior; structural density; Industrial design. 
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Abstract 

This study investigates the impact of solar exposure on the quality of ‘Ghars’ date fruits in the 

arid region of Hassi El Garra, Southern Algeria. In the context of climate change and increasing 

heat stress in oasis ecosystems, understanding how microclimatic factors influence fruit quality 

is essential. The methodology consisted of comparing dates collected from bunches oriented 

toward the East and West, focusing on morphological, physicochemical, and phytochemical 

characteristics. Morphological parameters included fruit size, weight, and pulp proportion, 

while physicochemical analyses involved moisture content, pH, ash, and sugar levels. 

Additionally, total polyphenols, flavonoids, and antioxidant activity were evaluated using 

spectrophotometric methods. The results showed no significant differences in morphological 

traits between orientations. However, significant variations were observed in physicochemical 

and phytochemical properties. Dates exposed to the West exhibited lower moisture content, 

higher sugar and mineral concentrations, and increased levels of polyphenols, resulting in 

enhanced antioxidant activity. These findings demonstrate that solar exposure plays a key role 

in modifying fruit composition through dehydration and metabolic responses to thermal stress. 

This study highlights the importance of adapting agricultural practices to climate variability in 

arid environments and provides insights for improving date quality under extreme conditions. 

Keywords: Date palm, Ghars, solar exposure, climate change, antioxidants, Sahara 
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Abstract 

Microplastics have emerged as contaminants of concern in aquatic environments, including 

drinking water, due to their persistence and adverse health effects. This study investigated the 

occurrence, characteristics, and associated health risks of microplastics in treated and untreated 

water from Ekiti State and Ondo State Waterworks, southwestern Nigeria. Four water samples 

were collected using the grab sampling technique in pre-cleaned 1 L glass bottles. Microplastics 

were isolated through chemical digestion and density separation, identified using a binocular 

light microscope, and classified based on morphology and color. Particle size was measured 

with an eyepiece micrometer, and abundance was expressed as particles per liter (P/L). Health 

risks were evaluated using estimated daily intake (EDI), margin of exposure (MOE), target 

hazard quotient (THQ), and incremental lifetime cancer risk (ILCR). Fragments and fibres were 

the dominant microplastic morphologies across contaminated samples, while films were 

detected only in Ondo samples. Treated water from Ekiti contained 14 P/L, whereas treated 

water from Ondo showed higher concentrations (87 P/L). Untreated water from Ondo contained 

21 P/L, while no microplastics were detected in untreated water from Ekiti. Black-colored 

particles predominated across all contaminated samples. Health risk assessment indicated 

higher EDI, THQ, and ILCR values for Ondo treated water, with MOE values below unity, 

implying health risks. In conclusion, the findings demonstrate that treated water is not 

necessarily free of microplastics and may represent an exposure pathway. This study provides 

data on microplastic contamination in Nigerian drinking water and underscores the need for 

continuous monitoring.  

Keywords:  Microplastics, risk assessment; water treatment; estimated daily intake; cancer 

risk 
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Abstract 

Experimental methods have been used to clarify the corrosion inhibition mechanism, they are 

frequently expensive and time-consuming, which makes the search for further options 

necessary. The efficient application of theoretical modeling techniques that properly correlate 

the inhibitors' inhibitory efficacy with their molecular structures and properties has been made 

possible by the advancement of computer software and hardware. The anti-corrosion potentials 

of three imidazole derivatives were investigated using the density functional theory (DFT) 

approach and Monte Carlo (MC) simulation. The energies of the frontier molecular orbitals 

(FMOs) like the lowest unoccupied molecular orbital energy (ELUMO), highest occupied 

molecular orbital energy (EHOMO), energy gap (Eg), number of transferred electrons (ΔN), 

and other reactivity descriptors were computed at DFT/B3LYP/6-31G(d) level of theory.  The 

energy band gaps were as follows: A, 4.50 eV, B, 4.28 eV, and C, 4.23 eV; C > B > A. This 

suggests that molecules C and B would be more effective at preventing rusting on metal 

surfaces than A. The active adsorption sites were discovered to be on heteroatom molecules 

(nitrogen and sulfur), according to Fukui index values. Molecule (A) was found to be the least 

adsorbed when compared to the other derivatives, and the results of calculating the adsorption 

energies show that their relatively low values indicate that the compounds are strongly bound 

onto the surface of Fe through covalent bonding which follows the mechanism of Chemical 

adsorption. 
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Abstract 

The objective of the study was to survey the common pesticides used in postharvest storage of 

agricultural produce within Makurdi, Nigeria and to test the knowledge of the farmers and 

marketers on the health effects of these chemicals. The study provides information on the type 

of pesticides used by farmers, marketers and consumers of stored agricultural food products 

such as cowpea, yam chips, cassava chips, sesame seeds, maize and soybeans being major farm 

produces found within Makurdi and Benue State in general. Selection of 100 respondents were 

done using simple random sampling techniques across five major markets (Modern, Wurukum, 

North bank, Wadata and High level markets) through structured interview schedule. Socio-

economic characteristics of the respondents were analyzed using frequency and percentages. 

Percentages were used to determine the common storage pesticides used within Makurdi, 

storage time, the frequency of customer purchase and perceived health impact of the storage 

pesticides. Data obtained were analyzed using descriptive statistics. The results revealed that 

51% of the respondents were males with 41% between the ages of 30-39. Married respondents 

accounted for 52% and 48% having household sizes of 1-5, only 20% had no form of formal 

education and 75% were marketers. In a multiple response schedule, aluminium phosphate 

tablets ranked 80% for storage pesticide while dichlovos was 60%, DDT 35%. Others such as 

endosulfan, gamalin, carbofuran, carbendazim and permethrin were between 5-15%. 

Furthermore the study revealed the use of many restricted and obsolete pesticides still in use 

within this state and in outrageous quantities which could pose health challenge to consumers 

of these food products. 

Keywords: Postharvest losses, food security, pesticides, storage, agricultural produce. 
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Abstract 

Aerodynamic efficiency plays a critical role in determining the overall performance of Formula 

1 vehicles, where even minor variations in drag can significantly influence lap times, fuel 

efficiency, and competitive outcomes. This study investigates the sensitivity of vehicle 

performance to changes in the aerodynamic drag coefficient (Cd) within the context of Formula 

1 vehicle dynamics. Traditionally, aerodynamic development in motorsport has relied on wind 

tunnel testing and computational fluid dynamics (CFD) simulations to optimize downforce and 

minimize drag. However, modern approaches increasingly integrate data-driven modeling, 

simulation-based optimization, and real-time telemetry analysis to better understand the 

complex interactions between aerodynamic forces and vehicle performance. This research 

applies sensitivity analysis techniques to evaluate how incremental variations in the drag 

coefficient impact key performance indicators such as top speed, acceleration, energy 

efficiency, and lap time under different track conditions. By utilizing simulation models that 

incorporate vehicle dynamics, tire behavior, and power unit characteristics, the study quantifies 

the trade-offs between drag reduction and downforce requirements. High-fidelity simulations 

allow for precise assessment of how aerodynamic adjustments influence straight-line speed 

versus cornering stability. Additionally, the study explores how external factors such as air 

density, track layout, and weather conditions further affect aerodynamic sensitivity. Advanced 

modeling tools and optimization algorithms are used to identify optimal aerodynamic 

configurations for varying race scenarios. The findings demonstrate that small reductions in 

drag coefficient can yield measurable improvements in straight-line performance, but must be 

carefully balanced against potential losses in downforce that could compromise handling and 

cornering efficiency. Despite advancements in simulation and modeling, challenges remain in 

accurately capturing real-world aerodynamic behavior, including turbulence, airflow 

separation, and interactions with other cars. The study highlights the importance of integrating 

experimental validation with computational methods to improve model reliability. Overall, this 

research contributes to a deeper understanding of aerodynamic optimization in Formula 1, 

supporting more efficient vehicle design, improved race strategies, and enhanced performance 

outcomes. 

Keywords: aerodynamic drag coefficient, Formula 1, vehicle dynamics, sensitivity analysis, 

performance optimization, CFD, motorsport engineering 
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Abstract 

Ice surface conditions play a fundamental role in determining performance efficiency in figure 

skating, where precise control, speed, and energy conservation are essential. This study 

examines the effect of ice surface temperature on the frictional coefficient between skate blades 

and ice, and how this relationship influences energy efficiency during skating motion. 

Traditionally, the interaction between blade and ice has been understood through basic physical 

principles involving pressure melting and thin water film formation. However, recent research 

highlights the complexity of this interaction, which is highly sensitive to temperature variations, 

ice quality, and skating technique. This research applies experimental analysis and theoretical 

modeling to investigate how small changes in ice temperature affect frictional forces 

experienced by skaters. By simulating skating motion under varying thermal conditions, the 

study evaluates key performance parameters such as glide distance, speed maintenance, and 

energy expenditure. Lower ice temperatures generally increase hardness and friction, reducing 

glide efficiency, while higher temperatures can create a thicker water layer that may either 

reduce friction or lead to instability due to excessive մակroscopic softness. The study further 

explores how optimal temperature ranges can enhance performance by minimizing energy loss 

while maintaining sufficient नियंत्रण for jumps, spins, and footwork. Energy efficiency is 

assessed through biomechanical modeling, considering the relationship between muscular 

effort and resistive forces acting on the skater. The findings indicate that there exists an optimal 

temperature window where friction is minimized without compromising stability, allowing 

skaters to achieve maximum गनि with reduced energy expenditure. Challenges remain in 

standardizing ice conditions across training and competition environments, as variations in rink 

maintenance, humidity, and usage intensity can influence results. The study emphasizes the 

importance of integrating physical modeling with real-world measurements to improve 

consistency and performance outcomes. Overall, this research contributes to a deeper 

understanding of the physics of figure skating, supporting improved rink management, athlete 

training strategies, and performance optimization. 

Keywords: figure skating, ice temperature, friction coefficient, energy efficiency, 

biomechanics, sports physics, ice dynamics 
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Abstract 

The consumption of soft drinks and energy drinks has increased significantly in recent years, 

particularly among adolescents and young adults. These beverages are widely appreciated for 

their taste, sweetness, and stimulating effects; however, concerns have been raised about their 

chemical composition and potential health implications. This study therefore evaluated the 

quality of some selected soft and energy drinks commonly consumed in Nigeria, in order to 

determine their safety and compliance with established food quality standards. Ten beverage 

samples consisting of five soft drinks (Coke, Fanta, Sprite, Chivita, and Nutri Milk) and five 

energy drinks (Fearless, Climax, Predator, Monster, and Lucozade Boost) were purchased from 

different retail outlets in Ikere-Ekiti. Standard analytical methods were employed for both 

qualitative and quantitative analyses. Qualitative tests were conducted to detect Fehlings Test 

for reducing sugars, alcohol, phosphate, carbon dioxide, and sucrose. Quantitative analyses 

included determination of density, pH, titratable acidity, total hardness, and heavy metal 

concentrations (arsenic, cadmium, chromium, nickel, and lead). The results showed that all 

samples contained reducing sugars and phosphates but no detectable alcohol. The pH values 

ranged from 3.77 to 4.40, confirming the titratable acidity of the beverages ranging from 8.31 

to 19.93%, while density values ranged from 0.7967 to 1.2086 g/mL. Total hardness ranged 

from 40 to 130 mg/L. Trace levels of heavy metals were detected and ranges per metals as 

follows (arsenic 0.005 to 0.037, cadmium 0.005 to 0.021, chromium 0.006 to 0.094, nickel 

0.003 to 0.050, and lead 0.003 to 0.076). The findings indicate that the analyzed beverages 

possess acidic characteristics and contain varying levels of physicochemical constituents and 

trace metals. Although many parameters were within acceptable ranges, certain values 

approached or exceeded recommended safety limits, highlighting the importance of continuous 

monitoring of beverage quality to ensure consumer safety. 
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Abstract 

The study focuses on the synthesis, characterization, and antibacterial study of Metal (II) 

complexes derived from ethylenediamine and p-chloroacetophenone using iron (II) and lead 

(II) metal ions. The Schiff base ligand was synthesized through the condensation reaction 

between ethylenediamine and p-chloroacetophenone under reflux conditions. The resulting 

ligand and its corresponding metal complexes were characterized using various analytical 

techniques, including Fourier Transform Infrared Spectroscopy (FT-IR), Elemental analysis, 

melting point determination, and magnetic susceptibility measurements to confirm coordination 

and complex formation. The FTIR spectrum of the ligand showed a characteristic ν(C=N) 

stretching vibration at approximately 1625 cm⁻¹, confirming the presence of the azomethine 

linkage, upon complexation, both Co(II) and Fe(II) complexes exhibited notable shifts in the 

ν(C=N) band to lower frequency 1608 cm⁻¹. This indicates the involvement of the azomethine 

nitrogen in coordination with the metal center. Appearance of new weak-to-medium intensity 

bands in the 449 – 674 cm⁻¹ range assigned to ν(M–N) and ν(M–O) vibrations, confirming 

metal–ligand bond formation. The observed spectroscopic and physical properties suggested 

that the complexes possess octahedral geometries. The antibacterial activity of the synthesized 

ligand and its metal complexes was evaluated against Staphylococcus aureus and Escherichia 

coli. The results showed that the metal complexes exhibited enhanced antimicrobial activity 

compared to the free ligand, suggesting that chelation increases biological potency. 

Keywords: Schiff base, Metal (II), Ethylenediamine, p-chloroacetophenone, Complexes 
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Abstract 

The increasing global demand for clean and sustainable energy has accelerated the integration 

of renewable energy resources into modern smart grids. Among the available renewable 

technologies, wind and photovoltaic (PV) systems have emerged as the most promising 

solutions due to their environmental benefits, scalability, and declining installation costs. 

However, the intermittent and nonlinear nature of these energy sources introduces significant 

operational and stability challenges for smart grid infrastructures. This study presents a 

comprehensive modeling framework for wind and PV generation systems integrated within a 

smart grid environment to improve energy management, reliability, and system performance. 

The proposed approach develops detailed mathematical and dynamic models for both wind 

turbines and PV arrays. The wind energy conversion system is modeled using aerodynamic, 

mechanical, and electrical subsystems, including maximum power point tracking (MPPT) and 

generator control strategies. Similarly, the PV system model incorporates solar irradiance, 

temperature effects, power electronic converters, and MPPT algorithms to ensure optimal 

energy extraction under varying environmental conditions. The smart grid architecture 

integrates these renewable sources with battery energy storage systems and intelligent control 

mechanisms for efficient power dispatch and load balancing. To enhance grid stability and 

operational efficiency, advanced control techniques and real-time monitoring strategies are 

implemented. The study also evaluates system performance under different weather conditions, 

load variations, and fault scenarios through simulation analysis. Key performance indicators 

such as voltage regulation, power quality, energy efficiency, and state-of-charge management 

are investigated. Simulation results demonstrate that the proposed integrated renewable energy 

model significantly improves smart grid reliability, reduces dependence on conventional fossil-

fuel-based generation, and enhances overall energy utilization efficiency. The developed 

framework provides an effective solution for future sustainable power systems and contributes 

to the advancement of intelligent energy management in next-generation smart grids. 
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Abstract 

The development of a population-specific reference genome is crucial for increasing the 

accuracy of genomic analyses and advancing precision medicine. This study explores the use 

of recurrent genetic variants as an alternative approach to construct a full reference genome for 

the Moroccan population. We analyzed genomic data from 32 female Moroccan participants, 

identifying a total of 3,902 variants, with a notable concentration of variants on chromosome 

13 compared with chromosome 17. Among these, 24 variants were found in more than 25% of 

the samples, and 5 in more than 50% of the samples. The majority of identified variants were 

missense, with some synonymous and intron variants. Our findings indicate that focusing on 

recurrent variants provides a cost-effective and practical method for representing the genetic 

diversity of the Moroccan population. This approach minimizes ethnic bias and enhances the 

relevance of genetic markers for health research. Although many variants are categorized as 

benign or of unknown significance, they serve as valuable markers for understanding 

population-specific genetic characteristics. This study lays the groundwork for future research 
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and developing of a population-specific reference genome, ultimately contributing to more 

precise and culturally relevant genomic analyses in Morocco. 

Keywords: Recurrent Variants, Moroccan Population, Genomic Diversity, Variant Calling, 

Variant Annotation 
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Abstract 

This thesis presents research on fixed-point theory and approximation approaches for 

generalized nonexpansive mappings in Banach spaces. The work focuses on a new class of 

mappings satisfying a novel mathematical condition termed Condition B_γ,μ,η,θ, which 

progressively extends previous frameworks in the field. The research tracks the evolution of 

generalized mappings, beginning with Suzuki's fundamental work on condition (C), then going 

through the two-parameter condition B_γ,μ proposed by Patir et al. and the three-parameter 

extension condition B_γ,μ,η by Abdeljawad et al. The novel addition provides a fourth 

parameter θ to produce Condition B_γ,μ,η,θ, which enables the representation of mappings not 

previously recorded while keeping convergence qualities. A new iteration approach is 

developed to approximate fixed points of mappings satisfying condition B_γ, μ, η, θ. The 

iteration process is defined with sequences and parameter sequences in (0,1), offering a 

computational foundation for finding fixed points in uniformly convex Banach spaces. This 

work blends theoretical extensions with practical iteration strategies for solving fixed-point 

problems in nonlinear functional analysis. 

Keywords: Fixed point, generalized non-expansive mappings, uniformly convex Banach space 
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Abstract 

Background: The review documented the prevalence, serotype distribution, and antibiotic 

resistance of non-typhoidal Salmonella in animal food products from MENA countries. 

Methods: Peer-reviewed articles published from January 1, 2011, to March 07, 2023, were 

included, and data were narratively synthesized and statistically analyzed to estimate the overall 

prevalence and compare different factors. Results: The review found a high prevalence of 

Salmonella in MENA countries (12.80%), with the highest prevalence in Lebanon (41.10%) 

and the lowest in Sudan (1.23%). Poultry had a higher prevalence of Salmonella (14.49%) than 

livestock (9.62%). A total of 145 different serotypes were recorded, with S. Enteritidis, S. 

Typhimurium, S. Kentucky, and S. Infantis being the most frequently isolated serotypes. These 

serotypes are known to cause human illness and highlight the potential risk of NTS transmission 

from farm animals to humans. The study found that 6,431 Salmonella strains showed high rates 

of resistance to sulfamethoxazole, oxytetracycline, doxycycline, tetracycline, streptomycin, 

nalidixic acid, and ampicillin. Conclusion: the systematic review emphasized the importance 

of implementing control measures in MENA countries to limit the spread of the Salmonella 

pathogen.  

Keywords: Food of animal origin, MENA countries, Non-typhoidal Salmonella, Prevalence, 

Serotype distribution, Antibiotic resistance. 
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Abstract 

Zinc oxide (ZnO) is a widely used metal oxide in aquaculture feed due to its biocompatibility 

and low toxicity. This study evaluated the influence of zinc oxide nanoparticles (ZnO-NPs) on 

growth performance, carcass composition, and nutrient digestibility in Cirrhinus mrigala 

fingerlings to address micronutrient deficiencies.Six iso-nitrogenous experimental diets were 

formulated with graded ZnO-NP levels of 0, 10, 20, 30, 40, and 50 mg/kg, using Moringa 

oleifera seed meal as the basal diet. A total of 270 healthy fingerlings (7.133 ± 0.05 g) were 

randomly distributed into triplicate groups, with 15 fish per tank, and fed for 70 days.Dietary 

ZnO-NP supplementation significantly improved (p < 0.05) growth indices, including weight 

gain percentage, specific growth rate, and feed conversion efficiency, with optimal performance 

at 30 mg/kg. Similarly, carcass analysis revealed the highest values for crude protein 

(16.443%), crude fat (3.43%), ash (1.3%), and moisture (78.83%) at the 30 mg/kg inclusion 

level. Nutrient digestibility followed the same trend, peaking at 30 mg/kg ZnO-NPs. In 

conclusion, ZnO-NP supplementation significantly enhanced the overall growth and 

physiological status of C. mrigala fingerlings compared to the control. However, benefits were 

dose-dependent, with 30 mg/kg identified as the optimum level that maximized performance 

without negatively affecting fish quality. 

Keywords: Zinc-oxide, nanoparticle, carcass trait, nutrient digestibility 

 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

64 
 

FUNCTIONAL FOODS IN DIABETES MANAGEMENT: THERAPEUTIC 

POTENTIAL OF Coriandrum sativum, Ficus carica, and Camellia sinensis 

 

MouniaMezouara 

Natural Resources and Sustainable Development laboratory, Faculty of Sciences, Ibn Tofail 

University, B.P 242, Kenitra, Morocco 
 

Yassine Mouniane 

Natural Resources and Sustainable Development laboratory, Faculty of Sciences, Ibn Tofail 

University, B.P 242, Kenitra, Morocco 
 

Youssef Aboussaleh 

Natural Resources and Sustainable Development laboratory, Faculty of Sciences, Ibn Tofail 

University, B.P 242, Kenitra, Morocco 
 

Driss Hmouni 

Natural Resources and Sustainable Development laboratory, Faculty of Sciences, Ibn Tofail 

University, B.P 242, Kenitra, Morocco 

 

 

Abstract 

Diabetes mellitus is a rapidly growing chronic metabolic disorder worldwide, representing a 

major public health challenge. Due to the limitations and side effects associated with 

conventional pharmacological therapies, functional foods have gained increasing attention as 

promising natural complementary approaches for diabetes prevention and management. This 

review highlights the therapeutic potential of three widely consumed plant species, Coriandrum 

sativum, Ficus carica, and Camellia sinensis, known for their antidiabetic properties. These 

plants are rich in bioactive compounds, including polyphenols, flavonoids, and catechins, 

which exhibit antioxidant, anti-inflammatory, and hypoglycemic activities. Experimental 

studies have demonstrated that coriander may reduce blood glucose levels and improve 

pancreatic function in diabetic models. Fig extracts have been associated with decreased 

hyperglycemia and improved lipid metabolism, whereas green tea consumption has shown 

beneficial effects on glucose tolerance, insulin sensitivity, and oxidative stress reduction. The 

incorporation of these functional foods into daily dietary practices may represent an effective 

nutritional strategy to support diabetes management alongside conventional treatments. 

Nevertheless, further clinical investigations are required to confirm their efficacy, determine 

optimal dosages, and establish evidence-based therapeutic recommendations. 
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Functional foods, diabetes mellitus, phytotherapy, Coriandrum sativum, Ficus carica, 
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Abstract 

Sandflies (Diptera: Psychodidae) are the major vectors of leishmaniasis, the resurgence of 

which is a cause for concern in the Fes region. This study, conducted from May 2017 to April 

2018 using sticky traps, aimed to characterize the dynamics and diversity of the local sandfly 

fauna. 

Key results: 

• Abundance: 816 specimens were collected, revealing a strong predominance of males (sex 

ratio = 20.46). 

• Diversity: The fauna is distributed between the genera Sergentomyia (53.18%) and 

Phlebotomus (46.82%). 

• Vectors: Phlebotomus sergenti (26.96%) is the dominant species of the genus Phlebotomus, 

followed by Ph. perniciosus (10.79%) and Ph. papatasi (9.07%). Among Sergentomyia species, 

S. minuta predominates (44.24%). 

• Phenology: Vector activity begins significantly in May. 

Conclusion: The marked presence of Ph. sergenti confirms the risk of cutaneous leishmaniasis 

transmission within the city of Fez. This data is essential for optimizing vector control schedules 

at the local level. 

Keywords: Sandfly, Biodiversity, Inventory, Cutaneous leishmaniasis, Fez, Central Morocco 
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Abstract 

The increasing demand for reliable, clean, and sustainable energy systems in healthcare 

facilities has accelerated interest in advanced energy technologies such as Proton Exchange 

Membrane Fuel Cells (PEMFCs). Hospitals and medical centers require uninterrupted power 

supply to ensure the continuous operation of critical medical equipment, laboratories, 

emergency units, and healthcare services. In this context, PEM fuel cells have emerged as a 

promising solution due to their high efficiency, low operating noise, rapid response, and near-

zero greenhouse gas emissions. This study reviews recent applications of PEM fuel cells in 

healthcare facilities, focusing on their use as backup power systems, portable energy sources 

for medical devices, and sustainable energy solutions for hospitals and emergency services. The 

paper also discusses the main technical and economic advantages of PEMFC technology 

compared with conventional diesel-based generators. In addition, key challenges related to 

hydrogen production, storage, infrastructure, and system cost are highlighted. The analysis 

demonstrates that PEM fuel cells can significantly contribute to improving energy reliability 

and environmental sustainability in the healthcare sector. Furthermore, the integration of green 

hydrogen technologies with PEMFC systems represents an important pathway toward low-

carbon and resilient medical infrastructures in the future. 

Keywords: PEM Fuel Cell; Healthcare Facilities; Hydrogen Energy; Backup Power Systems; 

Sustainable Healthcare 
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Abstract 

This research examines the seismic response of reinforced concrete (RC) moment-resisting 

frame structures with different structural heights through nonlinear static pushover analysis. 

Four numerical models, representing 3-, 6-, 9-, and 12-story buildings, were developed in order 

to evaluate how the increase in building height affects key seismic performance parameters, 

including global lateral capacity, ductility, overstrength, and the structural behavior factor (q), 

following current seismic design requirements. The obtained results show that the seismic 

performance of RC frames is strongly influenced by building height. In particular, both ductility 

and overstrength decrease progressively as the number of stories increases, indicating a 

reduction in the ability of taller structures to undergo large inelastic deformations and to 

maintain significant strength reserves. This trend is also reflected in the behavior factor (q), 

which exhibits a noticeable decline from low-rise to high-rise configurations. The pushover 

analysis further highlights nonlinear behavior characterized by stiffness deterioration and a non-

uniform distribution of internal forces along the height of the structures under increasing lateral 

loads. Overall, the study demonstrates that height plays a critical role in governing the seismic 

response of RC frame systems, due to the coupled effects of stiffness reduction, strength 

variation, and ductility demand. These observations underline the importance of explicitly 

considering structural height in seismic design procedures and performance-based assessment 

methods. The outcomes of this work may contribute to refining existing code provisions and 

support more reliable evaluation of reinforced concrete buildings under earthquake loading. 

Keywords: Reinforced Concrete Frames, Pushover Analysis, Seismic Performance, Behavior 

Factor (q-factor), Building Height Effect 
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Abstract 

Microplastics have become a major environmental concern because of their persistence and 

widespread distribution in aquatic and terrestrial ecosystems. Human exposure occurs mainly 

through contaminated food, drinking water, and air inhalation. Recent studies suggest that 

microplastics may negatively affect human health by causing oxidative stress, inflammatory 

responses, and disturbances in biological functions. In addition, these particles can adsorb toxic 

chemicals and harmful microorganisms, increasing their potential risks. The detection of 

microplastics in human tissues has intensified scientific interest in understanding their long-

term effects. Therefore, further investigations are necessary to evaluate their impact on public 

health and to develop sustainable solutions for reducing plastic contamination. 

Keywords: Microplastics; human health; plastic contamination; oxidative stress; 

environmental pollution; public health. 
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Abstract 

Microplastics represent an emerging form of pollution due to their widespread presence in the 

environment and their potential effects on human health. These plastic particles have been 

detected in water, air, and food, leading to human exposure through ingestion and inhalation. 

Once inside the body, microplastics may induce oxidative stress, cellular inflammation, and 

endocrine disruption. They can also act as carriers of toxic substances and pathogenic 

microorganisms. Recent studies have confirmed their presence in several human tissues, raising 

concerns about their long-term health impacts. Understanding their effects remains a major 

scientific challenge that requires further research and effective strategies to reduce plastic 

pollution. 

Keywords: Microplastics; human health; plastic pollution; toxicity; environment; public 

health. 
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Abstract 

Corrigiola telephiifolia Pourr., commonly known as Sarghina, is a perennial herbaceous 

species belonging to the Caryophyllaceae family. This plant is native to Southern Europe and 

North Africa and is widely distributed in the Atlas and Rif mountains of Morocco, where it 

grows on rocky and sandy soils. C. telephiifolia holds significant cultural and therapeutic 

importance for local communities, particularly in the Moroccan Central Plateau. This study 

aims to capitalize on all available scientific information regarding C. telephiifolia within the 

context of a systematic integrated approach to its valorization. According to published studies 

reporting reliable data on C. telephiifolia, the root of this plant has been a mainstay in traditional 

Moroccan folk medicine to treat various conditions including flu, dermatological diseases, 

inflammation, gastric ulcers, cough, jaundice, and as an anesthetic and diuretic. It is also 

traditionally given to parturient women and consumed plain, mixed with honey, or sprinkled 

on food. Phytochemical screening of the root extract has revealed the presence of several 

bioactive chemical constituents, including saponins and terpenes, which are responsible for the 

biological activity of the plant. Toxicological studies conducted on C. telephiifolia demonstrate 

that the oral median lethal dose (LD₅₀) is greater than 14,000 mg/kg in mice, indicating a wide 

margin of safety at ethnomedicinal doses. A forty-day repeated dose toxicity study in rats 

showed that the extract at 5 and 70 mg/kg/day did not cause significant toxicity, although a 

decrease in serum sodium and chloride ions was observed at 70 mg/kg/day. However, at a high 

dose of 2,000 mg/kg/day, the extract induced functional nephrotoxicity (increased creatinine 

and phosphorus) and hepatotoxicity (increased ALP and GGT), particularly in female rats, 

without histopathological lesions. The promotion of C. telephiifolia as a valued resource would 

provide economic development opportunities for local regions and reflect positively on 

Morocco's traditional culture and biological diversity. Morocco exports annually about 370 tons 

of this plant. Sustainable harvesting of this traditional plant resource would support 

conservation of biological diversity, create sustainable economic development for rural 

populations, and foster environmental preservation through the development of a holistic green 

economy. The collection and curation of data specific to C. telephiifolia establishes a valuable 

database of knowledge that should inform the continued management and integrated 

valorization of this species within the broader context of territorial development in Morocco. 

Keywords: Corrigiola telephiifolia, Sarghina, Moroccan Central Plateau, medicinal plant, 

data capitalization, toxicological profile, saponins, socio-economic valorization, sustainable 

development. 
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Abstract 

Artemisia absinthium L., commonly known as wormwood or absinthe, is a perennial shrubby 

medicinal plant belonging to the Asteraceae family. Native to Asia, Europe, and North 

Africa, A. absinthium is widely distributed and holds significant ethnobotanical importance in 

traditional pharmacopoeias, including its use in the central plateau of Morocco. This study aims 

to capitalize on all available scientific data regarding A. absinthium within a systematic 

approach to its therapeutic valorization. According to published studies reporting reliable 

data, A. absinthium has been extensively used in folk medicine for the management of various 

disorders, including digestive ailments (gastritis, dyspepsia, gastric pain), hepatic disorders 

(hepatitis, jaundice, hepatomegaly), and as an anthelmintic and antipyretic agent. 

Phytochemical analyses have revealed that A. absinthium contains numerous bioactive 

constituents, including essential oils (thujone, camphor, chamazulene), sesquiterpene lactones 

(absinthin, artemisinin), flavonoids (quercetin), and phenolic acids, which are responsible for 

its diverse biological activities. Further biological studies have demonstrated that the plant 

exhibits potent antioxidant, antimicrobial, antifungal, antiprotozoal (antimalarial, 

antileishmanial), anthelmintic, hepatoprotective, neuroprotective, and anti-inflammatory 

properties, thereby confirming its traditional uses and opening avenues for future 

pharmaceutical applications. However, caution is warranted as long-term use or high doses 

of A. absinthium essential oil may lead to neurotoxic effects, including convulsions and 

hallucinations, due to the presence of thujone. The promotion of A. absinthium as a valued 

natural resource could support economic development in local regions while reflecting 

positively on Morocco’s traditional knowledge and biodiversity. Sustainable harvesting and 

integrated valorization of this plant would contribute to the conservation of biological diversity 

and the development of a holistic green economy focused on evidence-based natural products. 

Keywords: Artemisia absinthium, wormwood, Moroccan Central Plateau, medicinal plant, 

data capitalization, pharmacological properties, infectious diseases, sustainable development. 
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Özet 

İnsan faaliyetleri sonucunda atmosfere verilen gazların sera etkisi yaratması ile sıcaklığın 

artması, küresel ısınmaya neden olmuştur. Küresel ısınma, küresel iklim değişikliğini 

beraberinde getirmiştir. Küresel iklim değişikliği nedeniyle yağışlar azalmış, baraj doluluk 

oranları düşmüş, bazı bölgelerde dönemsel su kesintileri yaşanmış ve tarımda sulama 

yetersizliği nedeniyle üretimde düşüş olmuştur. Türkiye için geliştirilmiş iklim modellerine 

göre; küresel ısınma sonucu beklenen en önemli sorun, su sorunudur ve içilebilir su kaynakları 

günden güne azalmaktadır. Tekstil tabanlı atmosferik sis hasadı, küresel su kıtlığının etkilerini 

azaltmada önemli bir potansiyeldir. Doğada birçok hayvan ve bitki, yüzeylerinde bulunan 

benzersiz mikro ve nano ölçekli yapısal özellikler sayesinde su yakalayabilme özelliklerine 

sahiptir. Bu türlerin çöl ortamında sis ve çiyden su toplamak için kullandıkları mekanizmalar, 

su elde etme konusunda yeni bakış açıları getirmektedir. Tekstil tabanlı atmosferik sis hasadı, 

basitçe havadaki sisin rüzgar aracılığıyla kumaşa çarpması ve bunun sonucunda su birikimi 

olmasıdır. Bu çalışmada tekstil tabanlı atmosferik sis hasadının verimine, rüzgar akış yönünün, 

kullanılacak kumaş türünün ve katman sayısının etkisi araştırılmıştır. Bu amaçla literatürde 

geleneksel toplama yönteminde kullanılan raşel kumaşın (Polietilen) yanı sıra denenmemiş olan 

organze kumaş (polyester elyafı) ve tül kumaş (naylon), tek ve çift katlı kullanılarak buhar akış 

yönüne göre (0 derece, 45 derece ve 90 derece) bu kumaşların su yakalama kapasitelerine 

bakılmıştır. Organze, tül ve raşel kumaş tek kat ve iki kat olacak şekilde plastik çerçevelere 

tutturularak ilk kütleleri ölçülmüş ve buhar makinesinden belirli bir uzaklığa yerleştirilmiştir. 

Belirli zaman aralıklarında çerçevelerin kütleleri ölçülerek biriken su miktarları tespit 

edilmiştir. Yapılan deneysel çalışmada rüzgar akış yönüne göre 90 dereceyle yerleştirilen çift 

kat tül kumaş en iyi sonucu vermiştir. Bu araştırmanın sonucunda tekstil tabanlı atmosferik sis 

hasadı tekniğinin, alternatif su kaynaklarından biri olabileceği gözlemlenmiştir. Tekstil tabanlı 

atmosferik sis hasadı tekniğinde rüzgar akış yönünün ve kullanılan kumaşın gözenek 

büyüklüğü ile katman sayısının etkili olduğu bulunmuştur. 

Anahtar Kelimeler: Sis hasadı, tekstil tabanlı su toplama 
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Abstract 

Human activities have released gases into the atmosphere that create a greenhouse effect, 

leading to rising temperatures and global warming. Global warming has, in turn, triggered 

global climate change. As a result of climate change, precipitation has decreased, reservoir 

levels have fallen, some regions have experienced periodic water shortages, and agricultural 

production has declined due to insufficient irrigation. Climate models developed for Turkey 

indicate that the most critical problem expected as a consequence of global warming is water 

scarcity, with potable water resources diminishing day by day. Textile-based atmospheric fog 

harvesting holds significant potential for mitigating the impacts of global water shortages. 

Many animals and plants in nature possess unique micro- and nano-scale structural features on 

their surfaces that enable them to capture water. The mechanisms these species use to collect 

water from fog and dew in desert environments provide new perspectives for water acquisition. 

Textile-based fog harvesting is essentially the process by which fog in the air collides with 

fabric through wind flow, resulting in water accumulation. In this study, the effects of wind 

flow direction, fabric type, and the number of layers on the efficiency of textile-based fog 

harvesting were investigated. For this purpose, in addition to the traditionally used raschel 

fabric (polyethylene), organza fabric (polyester fiber) and tulle fabric (nylon)—which had not 

been tested before—were examined in single- and double-layer configurations under different 

vapor flow directions (0°, 45°, and 90°). Organza, tulle, and raschel fabrics were mounted on 

plastic frames in single- and double-layer forms, their initial masses were measured, and they 

were placed at a fixed distance from a steam generator. At specific time intervals, the masses 

of the frames were measured to determine the amount of water collected. The experimental 

results showed that the double-layer tulle fabric positioned at a 90° angle to the wind flow 

yielded the best performance. Consequently, textile-based atmospheric fog harvesting was 

observed to be a promising alternative water source. The study found that wind flow direction, 

fabric pore size, and the number of layers are critical factors influencing the efficiency of this 

technique. 

Keywords: Fog harvesting, textile-based water collection 
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Özet 

Hidrojen, temiz bir enerji taşıyıcısı olarak öne çıkmakta olup, sodyum borhidrür (NaBH₄) 

hidrolizi ile katalitik hidrojen üretimi son yıllarda araştırmacılar tarafından ilgi görmektedir. Bu 

çalışmada, aktif karbon ve modifiye edilmiş aktif karbonlar ile CoxOy nanopartikül yüklü 

katalizörler sentezlenmiştir ve yüzey modifikasyonunun katalitik davranış üzerindeki etkisi 

incelenmiştir. Aktif karbon, bazik özellik kazandırmak için tetraetilenpentamin (TEPA) ile, 

asidik özellik kazandırmak için ise hidroklorik asit (HCl) ile modifiye edilmiştir ve modifiye 

edilmemiş aktif karbon ise referans olarak kullanılmıştır. CoxOy nanopartikül yüklü aktif 

karbon katalizör, solvotermal yöntem ile sentezlenmiştir ve ardından uygulanan ısıl ve kimyasal 

işlemler sonucunda aktif katalizör yapıları elde edilmiştir. Bu kapsamda, farklı yüzey 

özelliklerine sahip katalizörlerin karşılaştırmalı olarak değerlendirilmesi amaçlanmıştır. 

Sentezlenen katalizörlerin fizikokimyasal özelliklerini yapısal, morfolojik ve yüzey 

özelliklerini incelemek amacıyla SEM, EDS, XRD, Raman ve FTIR analizleri uygulanmıştır. 

Hazırlanan katalizörlerin performansı, NaBH₄ hidrolizi ile hidrojen üretimi üzerinde 

değerlendirilmiştir. Bu kapsamda katalizör miktarı, NaBH₄ derişimi, NaOH derişimi ve 

reaksiyon sıcaklığı gibi temel parametrelerin etkisi sistematik olarak araştırılmıştır. Bu çalışma, 

aktif karbonun yüzey modifikasyonu ile CoxOy bazlı katalizörlerin davranışı arasındaki ilişkiye 

dair bir bakış açısı sunmayı amaçlamaktadır. Genel olarak, bu çalışma hidrojen üretimi için 

karbon destekli katalizörlerin geliştirilmesine katkı sağlamaktadır ve bu tür sistemlerin 

geliştirilmesi, sürdürülebilir ve temiz enerji teknolojileri açısından önem taşımaktadır. 

Anahtar Kelimeler: Enerji, Karakterizasyon, Sodyum borhidrür 
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SYNTHESIS AND CHARACTERIZATION OF CoxOy-LOADED CATALYSTS FOR 

HYDROGEN PRODUCTION BY NaBH₄ HYDROLYSIS 

 

 

 

Abstract 

Hydrogen stands out as a clean energy carrier, and catalytic hydrogen production via sodium 

borohydride (NaBH₄) hydrolysis has attracted the attention of researchers in recent years. In 

this study, CoxOy nanoparticle-loaded catalysts were synthesized using activated carbon and 

modified activated carbons, and the effect of surface modification on catalytic behavior was 

investigated. Activated carbon was modified with tetraethylenepentamine (TEPA) to impart 

basic properties and with hydrochloric acid (HCl) to impart acidic properties, while unmodified 

activated carbon was used as a reference. CoxOy nanoparticle-loaded activated carbon catalyst 

was synthesized by the solvothermal method, and active catalytic structures were subsequently 

obtained through applied thermal and chemical processes. The aim of this study was to 

comparatively evaluate catalysts with different surface properties. SEM, EDS, XRD, Raman, 

and FTIR analyses were applied to examine the physicochemical, structural, morphological, 

and surface properties of the synthesized catalysts. The performance of the prepared catalysts 

was evaluated on hydrogen production via NaBH₄ hydrolysis. In this context, the effects of key 

parameters such as catalyst amount, NaBH₄ concentration, NaOH concentration, and reaction 

temperature were systematically investigated. This study aims to provide an insight of the 

relationship between surface modification of activated carbon and the behavior of CoxOy-based 

catalysts. Overall, this study contributes to the development of carbon-assisted catalysts for 

hydrogen production, and the development of such systems is important for sustainable and 

clean energy technologies. 

Keywords: Energy, Characterization, Sodium borohydride 
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Summary 

This study was conducted to systematically examine errors occurring in production processes 

at a company operating in the defense industry and to evaluate the impact of these errors on 

company performance. The focus of the study is to develop an action plan based on preventive 

measures to analyze and prioritize the types of errors that arise, particularly in cable and wiring 

production processes. Within the scope of the research, various types of errors were examined 

based on actual data obtained from the production line. These error types consist of problems 

that arise at different stages of production processes and affect the product’s quality level, 

shipping stages, and post-shipment customer usage. Accordingly, by considering the internal 

and external frequencies of identified defects, the quantity of products with these defects, the 

time required to resolve them, and their detectability levels, the defects requiring immediate 

action were identified, and quality improvement initiatives were planned. As a result, this study 

contributes to the detailed analysis of defects occurring in cable/cabling production processes, 

aiding in the identification of defect sources and the identification of areas for improvement. 

Multi-criteria decision-making (MCDM) approaches were utilized to determine the weightings 

of the criteria considered when evaluating defects and to prioritize defect types. The results 

obtained are considered to be guiding in terms of optimizing production processes, improving 

quality levels, and reducing operational costs. 

Keywords: Defect Types, Multi-Criteria Decision Making (MCDM), Quality Assessment, 

Cable/cabling production 
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Özet  

Bu çalışmada, sürdürülebilir ve çevre dostu aktif gıda ambalaj malzemelerinin geliştirilmesi 

amacıyla elektro eğirme yöntemi kullanılarak pektin ve polietilen oksit (PEO) bazlı nanolifli 

yapılar üretilmiştir. Çalışmada, ferulik asit aracılığıyla çevreci bir yaklaşımla sentezlenen çinko 

oksit nanopartikülleri (ZnO@FA) ile gıda endüstrisi atığı olan ayva çekirdeğinden elde edilen 

jel, nanolif yapıya fonksiyonel katkı maddeleri olarak dahil edilmiştir. Nanofiber sentez 

aşaması’nın şematik gösterimi şekil 1’de verilmiştir. Elde edilen Elektro eğirme sürecinde 

farklı çözücü sistemlerinin (saf su ve saf asetik asit) nanolif oluşumu ve morfolojik özellikler 

üzerindeki etkileri incelenmiştir. Elde edilen sonuçlar, çözücü türünün lif kalitesi üzerinde 

belirleyici olduğunu ve saf asetik asit kullanılan sistemlerde daha homojen, düzgün ve sürekli 

nanolif yapıların oluştuğunu göstermiştir. ZnO@FA katkısının ise lif yapısının sürekliliğini 

artırdığı ve yapısal stabiliteyi iyileştirdiği belirlenmiştir. Üretilen nanoliflerin moleküler arası 

etkileşimleri FTIR spektroskopisi ile, termal özellikleri ise TGA analizi ile değerlendirilmiştir. 

Analiz sonuçları, ZnO@FA nanopartiküllerinin pektin/PEO matrisi ile uyumlu bir etkileşim 

sergilediğini ve bu katkının nanoliflerin termal dayanımını artırdığını ortaya koymuştur. 

Geliştirilen nanolif matların taze üzüm üzerinde uygulanmasıyla, 60 günlük depolama süresi 

boyunca kalite parametrelerinde daha yavaş bir bozulma eğilimi ve daha iyi sertlik korunumu 

sağlandığı gözlemlenmiştir. Sonuç olarak, ZnO@FA ve ayva çekirdeği jeli içeren pektin/PEO 

esaslı elektrospun nanolif yapıların, taze gıdaların raf ömrünü uzatmaya yönelik sürdürülebilir, 

biyolojik olarak parçalanabilir ve çok işlevli bir aktif ambalaj alternatifi sunduğu belirlenmiştir. 

Anahtar Kelimeler: Aktif gıda ambalajı, elektro eğirme, nanolif, pektin, polietilen oksit, ZnO 

nanopartikülleri, raf ömrü 

 

  

 

https://orcid.org/0000-0000-0000-000X
https://orcid.org/0000-0000-0000-000X
https://orcid.org/0000-0000-0000-000X
mailto:atike.yardimci@usak.edu.tr
https://orcid.org/0000-0000-0000-000X
https://orcid.org/0000-0000-0000-000X
https://orcid.org/0000-0000-0000-000X
https://orcid.org/0000-0000-0000-000X
mailto:zeynep.ilbay@usak.edu.tr
https://orcid.org/0000-0000-0000-000X
https://orcid.org/0000-0000-0000-000X


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

78 
 

 
Şekil 1. Nanofiber Sentez Aşaması 
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ELECTROSPUN PECTIN/PEO NANOFIBERS REINFORCED WITH GREEN-

SYNTHESIZED ZnO@FA NANOPARTICLES AND QUINCE SEED GEL: A 

MULTIFUNCTIONAL ACTIVE COATING FOR IMPROVED FRUIT 

QUALITY AND EXTENDED SHELF-LIFE GRAPE  

 

Abstract  

In this study, pectin and polyethylene oxide (PEO)-based nanofibrous structures were produced 

using the electrospinning method for the development of sustainable and environmentally 

friendly active food packaging materials. In the study, gel obtained from quince seeds, a food 

industry waste, and zinc oxide nanoparticles (ZnO@FA) synthesized with a green approach via 

ferulic acid were included in the nanofiber structure as functional additives. The schematic 

representation of the nanofiber synthesis stage is given in Figure 1. During the electrospinning 

process, the effects of different solvent systems (pure water and pure acetic acid) on nanofiber 

formation and morphological properties were examined. The results obtained showed that the 

type of solvent is decisive on fiber quality, and more homogeneous, smooth, and continuous 

nanofiber structures were formed in systems where pure acetic acid was used. The contribution 

of ZnO@FA was found to increase the continuity of the fiber structure and improve structural 

stability. The intermolecular interactions of the produced nanofibers were evaluated by FTIR 

spectroscopy, and their thermal properties were assessed by TGA analysis. The analysis results 

revealed that ZnO@FA nanoparticles exhibited a compatible interaction with the pectin/PEO 

matrix, and this addition increased the thermal stability of the nanofibers. The application of 

the developed nanofiber mats on fresh grapes showed a slower deterioration trend in quality 

parameters and better firmness retention over a 60-day storage period. As a result, pectin/PEO-

based electrospun nanofiber structures containing ZnO@FA and quince seed gel were 

determined to offer a sustainable, biodegradable, and multifunctional active packaging 

alternative aimed at extending the shelf life of fresh foods. 

Keywords: Active food packaging, electrospinning, nanofiber, pectin, polyethylene oxide, 

ZnO nanoparticles, shelf life 

 

 
 Figure 1. Nanofiber Synthesis Process 
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Özet 

Microtus obscurus, geniş Palearktik yayılışı, morfolojik benzerlikleri ve karmaşık taksonomik 

geçmişi ile dikkat çeken bir tür kompleksinin parçasıdır. Uzun süre M. arvalis ile birlikte 

değerlendirilmiş olması ve farklı alt tür tanımlamaları, bu grubun sistematik açıdan ne kadar 

problemli olduğunu göstermektedir. Özellikle son yıllarda yapılan karyolojik ve moleküler 

çalışmalar, bu iki form arasında genetik ayrımın bulunduğunu ortaya koymuştur. Ancak bu 

ayrımın görece düşük genetik mesafeler ile karakterize olduğu ve bazı bölgelerde 

hibritizasyonun mümkün olduğu da bilinmektedir. Buna karşın, bu genetik yapılaşmanın 

morfolojik karşılığı henüz yeterince detaylı olarak ortaya konulmamıştır. Bu çalışmada, kuzey 

ve güney popülasyonları arasında morfolojik farklılaşma olup olmadığını test etmek amacıyla 

13 kraniyal karakter üzerinden analizler gerçekleştirilmiştir. PCA sonuçları, bireylerin büyük 

ölçüde örtüştüğünü ve iki popülasyonun belirgin morfolojik kümeler oluşturmadığını 

göstermiştir. Her ne kadar bazı bireyler eksenler boyunca kısmi bir ayrım sergilese de, genel 

dağılım tek bir morfolojik bulut içerisinde kalmaktadır. Tek değişkenli analizlerde de benzer 

bir durum gözlenmiş, çoğu karakter için istatistiksel olarak anlamlı bir fark bulunmamıştır. 

Bununla birlikte, sınırlı sayıda karakterde zayıf veya sınırda anlamlı farklılıklar tespit 

edilmiştir. Etki büyüklüğü analizleri ve dağılım grafikleri, bazı karakterlerde zayıf ve karaktere 
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özgü farklılaşma sinyalleri bulunduğunu, ancak bu farklılıkların tutarlı ve sistematik bir örüntü 

oluşturmadığını ortaya koymuştur. Bu bulgular birlikte değerlendirildiğinde, kuzey ve güney 

popülasyonları arasında morfolojik farklılaşmanın zayıf ve sınırlı olduğu anlaşılmaktadır. 

Ancak bu durum, popülasyonlar arasında biyolojik bir ayrışma olmadığı anlamına 

gelmemektedir. Aksine, mevcut moleküler bulgularla birlikte ele alındığında, bu sonuçlar 

genetik ayrışmanın morfolojik farklılaşmadan daha erken ortaya çıkabileceğini 

düşündürmektedir. Başka bir deyişle, gözlenen zayıf ve karaktere özgü morfolojik sinyaller, 

ayrışma sürecinin henüz başlangıç aşamalarında olduğuna işaret ediyor olabilir. Dolayısıyla bu 

çalışma, Microtus obscurus popülasyonlarının erken aşamada bir ayrışma sürecinde 

olabileceğini ve morfolojik karakterlerin bu sürece gecikmeli olarak yanıt verdiğini ortaya 

koymaktadır. Bu durum; benzer habitat tercihleriveya ayrışma için yeterli sürenin henüz 

geçmemiş olması ile açıklanabilir. 

Anahtar Kelimeler: Microtus obscurus; Morfoloji; Kraniyal ölçümler; Popülasyon 

karşılaştırmaları, Coğrafik varyasyon; Doğu Anadolu. 
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COMPARISON OF THE MORPHOLOGICAL CHARACTERISTICS OF THE 

NORTHERN AND SOUTHERN POPULATIONS OF Microtus obscurus 

(MAMMALIA: RODENTIA) 

 

 

 

Abstract 

Microtus obscurus is part of a species complex notable for its broad Palearctic distribution, 

morphological similarities, and complex taxonomic history. Its long-standing evaluation 

alongside M. arvalis and various subspecies descriptions demonstrate the systematic problems 

of this group. Recent karyological and molecular studies have revealed genetic differentiation 

between these two forms. However, this divergence is characterized by relatively low genetic 

distances, and regional hybridization is possible. Despite this, the morphological counterpart of 

this genetic structuring remains insufficiently detailed. In this study, 13 cranial characters were 

analyzed to test for morphological differentiation between the northern and southern 

populations. PCA results indicated extensive individual overlap, with the two populations not 

forming distinct morphological clusters. Although some individuals exhibited partial separation 

along the axes, the overall distribution remained within a single morphological cloud. A similar 

situation was observed in univariate analyses, showing no statistically significant differences 

for most characters. Nevertheless, weak or marginally significant differences were detected in 

a limited number of traits. Effect size analyses and scatter plots revealed weak, character-

specific differentiation signals, but these differences did not form a consistent and systematic 

pattern. Evaluated together, these findings indicate that morphological differentiation between 

the northern and southern populations is weak and limited. However, this does not imply an 

absence of biological divergence between populations. Conversely, alongside current 

molecular findings, these results suggest that genetic divergence may precede morphological 

differentiation. In other words, the observed weak and character-specific morphological signals 

might indicate that the divergence process is still in its early stages. Therefore, this study reveals 

that Microtus obscurus populations may be undergoing an early-stage divergence, to which 

morphological characters respond with a delay. This situation can be explained by similar 

habitat preferences or insufficient time for divergence to occur. 

Keywords: Microtus obscurus; Morphology; Cranial measurements; Population comparisons; 

Geographic variation; Eastern Anatolia.  
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Özet 

Bu çalışmanın amacı, 1,2,4-triazol bileşiklerinin antikanser aktivite göstermesi üzerine kimya 

alanındaki bilimsel literatürü bibliyometrik yöntemlerle incelemektir. Scopus veri tabanında, 

1,2,4-triazol yapısı, antikanser, antitümör, sitotoksik aktiviteyi biyolojik değerlendirme, sentez, 

yapı-aktivite ilişkisi, hücre hattı, apoptoz ve moleküler doking gibi anahtar kavramları kapsayan 

bir arama stratejisi uygulanmıştır. Yalnızca İngilizce yayımlanmış makale ve derleme türleri ile 

kimya konu alanı dikkate alınmıştır. Son veri seti, 1982-2025 yılları arasında yayımlanmış 1846 

yayından oluşmaktadır. Bulgular, alanın 2000'li yıllardan sonra ivme kazandığını, 2010 sonrası 

yayın üretiminin önemli ölçüde arttığını ve 2025 yılında en yüksek yayın sayısına ulaşıldığını 

göstermektedir. Dergi düzeyinde European Journal of Medicinal Chemistry ile Bioorganic & 

Medicinal Chemistry öne çıkarken; anahtar kelime düzeyinde cytotoxicity, anticancer activity, 

apoptosis, molecular docking, synthesis ve structure-activity relationship kavramları alanın 

kavramsal merkezini oluşturmaktadır. Sonuçlar, 1,2,4-triazol türevleri üzerine antikanser 

odaklı kimya araştırmalarının yalnızca sentez ve biyolojik aktivite değerlendirmesi ekseninde 

değil, aynı zamanda hedefe yönelik ilaç tasarımı ve hesaplamalı kimya yaklaşımıyla da 

geliştiğini ortaya koymaktadır. 

Anahtar Kelimeler: 1,2,4-triazol, antikanser aktivite, sitotoksisite, kimya, bibliyometrik 

analiz, Scopus 
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A CHEMISTRY-ORIENTED BIBLIOMETRIC ANALYSIS OF 1,2,4-TRIAZOLE 

DERIVATIVES WITH ANTICANCER ACTIVITY 

 

 

Abstract 

The aim of this study is to examine the scientific literature in the field of chemistry on the 

anticancer activity of 1,2,4-triazole compounds using bibliometric methods. A search strategy 

was applied in the Scopus database covering key concepts such as 1,2,4-triazole structure, 

anticancer, antitumor, biological evaluation of cytotoxic activity, synthesis, structure-activity 

relationship, cell line, apoptosis, and molecular docking. Only articles and reviews published 

in English and the subject area of chemistry were considered. The final dataset consists of 1846 

publications published between 1982 and 2025. The findings show that the field gained 

momentum after the 2000s, publication output increased significantly after 2010, and the 

highest number of publications was reached in 2025. At the journal level, the European Journal 

of Medicinal Chemistry and Bioorganic & Medicinal Chemistry stand out; At the keyword 

level, cytotoxicity, anticancer activity, apoptosis, molecular docking, synthesis, and structure-

activity relationship concepts form the conceptual core of the field. The results reveal that 

anticancer-focused chemistry research on 1,2,4-triazole derivatives is advancing not only in 

terms of synthesis and biological activity assessment, but also through targeted drug design and 

computational chemistry approaches. 

Keywords: 1,2,4-triazole, anticancer activity, cytotoxicity, chemistry, bibliometric analysis, 

Scopus 
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Özet 

Kalkonlar (1,3-difenil-2-propen-1-on), ilaç keşfi için etkili bir model olarak tıbbi kimya 

alanında yaygın olarak kullanılmakta olup, birçok doğal olarak oluşan bileşikte bulunan 

ayrıcalıklı yapılardan ve yaygın basit iskeletlerden birini oluşturmaktadır. Bu bileşikler 

öncelikle flavonoidlerin veya izoflavonoidlerin biyosentezinde rol oynarlar ve α,β-doymamış 

karbonil sistemi ile birbirine bağlanan iki aromatik halkadan oluşan ayırt edici bir yapısal motif 

içerirler. Doğal ve sentetik kalkonlar, antioksidan, antimikrobiyal, antikanser, antidiyabetik, 

antinefritik, antileishmanial, antitrypanosomal, antifungal, antiviral ve antiprotozoal aktiviteler 

dahil olmak üzere birçok farmakolojik aktivite sergilemektedirler. Son yapılan çalışmalarda, 

özellikle metoksi ve hidroksi gruplarıyla ikame edilmiş kalkon türevlerinin, gelişmiş antikanser 

özellikler sergilediği ve metoksi ikame edilmiş kalkonların kayda değer biyolojik aktivite ve 

tıbbi kimyada önemli potansiyel gösterdiği literatürde yer almaktadır. Bu çalışmada çeşitli 

biyolojik aktivite özelliği gösterdiği bilinen metoksi grubu içeren kalkon türevli dinitril 

bileşikleri sentezlenmiştir. Sentezlenen bu dinitril bileşiklerinin yapıları NMR, FT-IR, MALDI-

TOF spektroskopik yöntemleri kullanılarak aydınlatılmıştır. 

Anahtar Kelimeler: Dinitril, Kalkon, Metoksi 
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SYNTHESIS OF CHALCONE DERIVED DINITRILE COMPOUNDS AND 

ELUCIDATION OF THEIR STRUCTURES BY SPECTROSCOPIC METHODS 

 

 

 

Abstract 

Chalcones (1,3-diphenyl-2-propen-1-one) are widely used in the field of medicinal chemistry 

as an effective model for drug discovery, forming one of the distinctive structures and common 

simple skeletons found in many naturally occurring compounds. These compounds primarily 

play a role in the biosynthesis of flavonoids or isoflavonoids and contain a distinctive structural 

motif consisting of two aromatic rings linked by an α,β-unsaturated carbonyl system. Natural 

and synthetic chalcones exhibit many pharmacological activities, including antioxidant, 

antimicrobial, anticancer, antidiabetic, antinephritic, antileishmanial, antitrypanosomal, 

antifungal, antiviral, and antiprotozoal activities. Recent studies have shown that chalcone 

derivatives, particularly those substituted with methoxy and hydroxyl groups, exhibit enhanced 

anticancer properties, and that methoxy-substituted chalcones demonstrate remarkable 

biological activity and significant potential in medicinal chemistry. In this study chalcone-

derived dinitrile compounds containing methoxy groups, known to exhibit various biological 

activities, were synthesized. The structures of these synthesized dinitrile compounds were 

elucidated using NMR, FT-IR, and MALDI-TOF spectroscopic methods. 

Keywords: Dinitrile, Chalcone, Methoxy 
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Abstract 

DenseNet121 has been a standard model for chest x-ray analysis, but newer hybrid designs that 

combine convolutional networks with transformer attention may offer better results. This study 

compares DenseNet121 directly with ConvFormer, a hybrid model, using the same training 

setup and evaluation on the large NIH ChestX-ray14 dataset, which contains over 112,000 

labeled images across 14 disease categories. Performance was measured by average area under 

the curve (AUROC) over all diseases. ConvFormer performed better overall, reaching an 

average AUROC of 0.841, while DenseNet121 achieved 0.826. This difference of 0.015 shows 

that ConvFormer provides a clear improvement over the older DenseNet121 baseline. These 

findings suggest that hybrid CNN-transformer architectures can improve chest x-ray diagnosis 

and may serve as a stronger reference for future work. 

Keywords : ConvFormer, DenseNet121, Chest X-ray, Hybrid CNN-Transformer, AUROC 
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Abstract 

Polyoxometalates (POMs) are considered excellent receptor molecules due to their structural 

diversity and can interact with organic ligands and metal ions to form supramolecular 

compounds. As a branch of POMs, decavanadate exhibits several pharmacological activities, 

including anticancer, antiviral and antibacterial effects. Optical studies revealed that the 

complex exhibits a wide band gap. The prepared compound showed an interesting antitumoral 

activity. 

Keywords: Decavanadate; Synthesis; antitumoral activity.  
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Abstract 

Background: Due to its possible antioxidant, anti-tumor, anti-diabetic, and anti-inflammatory 

activity, Corosolic acid is receiving more attention in medical therapy. It is found naturally in 

several plant species, including Lagerstroemia speciosa (Banaba) with few adverse effects and 

low toxicity, although it has poor water solubility and absorption. The purpose of this research 

was to develop nanoemulsion of corosolic acid to improve its poor water solubility and show 

its therapeutic activity against MCF-7 cell line. Methodology: Lemongrass oil, Cremophor EL 

as the surfactant, and Transcutol HP as the co-surfactant were used to create the nanoemulsion. 

The optimized formulation characterize the Corosolic acid nanoemulsion to enhance its 

bioavailability and therapeutic efficacy. The MTT test against the MCF-7 cell line was used to 

assess the anticancer efficacy of corosolic acid. Results: Average particle size of the optimized 

nanoemulsion formulation is 91.22 nm with Poly dispersity index value of 0.224, indicates a 

mono dispersed system. Transmission electron microscopy has validated the spherical shape of 

droplet size. The optimized Corosolic acid-Nano Emulsion had zeta potential value of -4.73 

Mv. It was discovered that the corosolic acid NE  IC50 was 75.13±3.29 µg/ml.  Conclusion: 

This study confirms that development of Corosolic acid nanoemulsion improves the poor water 

solubility and bioavailability of drug and it enhances the therapeutic efficacy. 

Keywords: Corosolic acid, anticancer, nanoemulsion, MCF-7 cell line. 
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Abstract 

Background and Objectives: Zinc is a fundamental micronutrient involved in multiple 

physiological and biochemical processes, including DNA synthesis, cell proliferation, protein 

metabolism, and immune regulation. During pregnancy, adequate zinc levels are essential for 

normal fetal growth and development because of the increased cellular activity and rapid fetal 

tissue formation. As the body has limited zinc reserves, a continuous daily intake through 

nutrition or supplementation is required to avoid deficiency. In recent years, the role of zinc 

supplementation in pregnancy has been widely studied, particularly concerning maternal and 

neonatal outcomes. Current evidence, including data from Cochrane meta-analyses, indicates 

that zinc supplementation may reduce the incidence of preterm birth by approximately 14%, 

representing the most significant documented clinical benefit. Although maternal zinc 

deficiency has also been associated with low birth weight, the evidence supporting a direct 

effect of supplementation on increasing neonatal birth weight remains inconclusive. 
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Materials and Methods: The study includes pregnant women between 24 and 28 weeks of 

gestation whose serum zinc concentrations are evaluated and correlated with ongoing therapies, 

associated maternal comorbidities, and individual secondary diagnoses. The investigation aims 

to assess the prognostic significance of zinc levels in pregnant women at risk for preterm 

delivery and to evaluate their relevance in the clinical management of premature rupture of 

membranes, taking into account the cumulative influence of associated risk factors. 

Conclusions: Zinc supplementation during pregnancy appears to provide important maternal 

and fetal benefits, particularly in populations with insufficient dietary zinc intake. The most 

consistent evidence supports its role in reducing the risk of preterm birth. However, because 

most prenatal supplements already contain appropriate zinc doses, additional supplementation 

should only be administered under medical supervision, based on biochemical evaluation and 

clinical assessment. 

Keywords: zinc, pregnancy, zinc deficiency, preterm birth, premature rupture of membranes 
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Abstract 

This study presents a three-dimensional computational fluid dynamics (CFD) investigation of 

a planar proton exchange membrane fuel cell (PEMFC) with a symmetric V-tapered cross-

section (SVTC) flow channel under steady-state and non-isothermal conditions. The analysis 

focuses on the optimized R5 configuration (ℓ = 0.60 mm, L = 0.88 mm, R = 0.682), identified 

as the best-performing taper ratio. The work evaluates the combined effects of flow 

arrangement (co-flow and counter-flow) and inlet relative humidity (50%, 75%, and 100%) on 

transport phenomena and overall cell performance while maintaining identical geometry and 

operating conditions. The numerical model, implemented in ANSYS Fluent, solves 

conservation equations for mass, momentum, energy, species transport, charge, and 

electrochemical kinetics. Hydrogen and air are supplied to both electrodes under controlled 

humidification, with laminar, incompressible flow assumed. Results show that higher relative 

humidity improves membrane hydration and proton conductivity, enhancing voltage and power 

density, with 100% relative humidity providing optimal performance. Counter-flow operation 

offers more uniform reactant distribution, reduced concentration gradients, and improved water 

management compared to co-flow, mitigating hydrogen and oxygen depletion and lowering 

concentration losses at medium and high current densities. Water vapor analysis indicates that 

counter-flow supports balanced membrane hydration and reduces localized flooding, improving 

stability. These findings emphasize the importance of jointly optimizing flow configuration and 

humidification to maximize PEMFC performance. The study provides design guidance for 
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advanced flow-field architectures and highlights how geometric optimization combined with 

appropriate operational strategies enhances electrochemical efficiency. 

Keywords: PEMFC, 3D CFD, symmetric V-tapered channel, humidification, co-flow, counter-

flow. 

 

Graphical abstract 

 

 
Fig.1. Schematic of the Investigated PEMFC with SVTC Flow Channel. 
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Abstract 

Among the most significant applications of wireless networks in the modern communication 

environment is the location of mobile communications, smart infrastructure, industrial automation, 

and massive Internet of Things (IoT) deployments. They are important in civilian and mission 

critical environments due to their flexibility, scalability and cost-effectiveness. These networks 

however are vulnerable to cyber attacks like denial-of-service (DoS), blackhole and wormhole 

attacks, spoofing, packet dropping, and traffic flooding due to the features outlined below: shared 

transmission medium, dynamic topology, limited bandwidth and distributed architecture. 

Conventional security models, including encryption, authentication, and rule-based intrusion 

detection systems (IDS) offer weak defense against novel or zero-day attacks and do not work well 

in a decentralized infrastructure, such as mobile ad hoc networks (MANETs) and IoT. Recent 

developments of machine learning (ML) allow detecting anomalies and identifying threats, but 

centralized machine learning (ML) solutions come with latency, excessive communication, and 

privacy threats. This study will suggest placing light neural networks on wireless nodes to detect 

and mitigate in real-time. The simulation outcomes show that there are better detection rates, lower 

loss of packets, increased throughput, and lower latency, thus, making the network more resilient, 

scalable, and flexible. 

Keywords: Wireless Networks, Cybersecurity, Machine Learning, Intrusion Detection System 

(IDS), IoT, MANETs, Embedded ML, Threat Mitigation, Network Resilience 
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Abstract 

Despite the excellent progress in the treatment and control of tuberculosis (TB), it remains one 

of the leading infectious diseases in the world. A modified SEIR model is developed in this 

research to analyze the transmission of TB with the data provided by the WHO for Pakistan. 

The developed model possesses important mathematical properties: existence and uniqueness 

of solutions, positivity of the solutions and invariant region. The model is validated based on 

real clinical data and the parameters value is estimated by the least square curve fitting method. 

Furthermore, basic reproduction number (𝑅0 ≈ 1.7182) indicating that TB continues to be an 

epidemic disease. This means that effective control measures are required to bring this value 

down to less than 1 in order to reduce or eliminate TB. The formulated model is both locally 

and globally stable for disease-free equilibrium as well as endemic equilibrium. Numerical 

simulation is used to verify the accuracy and reliability of the model. If 𝑅0 is less than one 

(𝑅0 < 1), the disease-free equilibrium is a stable solution and the disease will die out of the 

population as the simulations demonstrate. On the other hand, when 𝑅₀ >  1, the model 

converges to the endemic equilibrium and the disease continues to exist in the population. Also, 

different initial conditions show that TB dies out if R₀ < 1 and persists if 𝑅₀ >  1. Lastly, 

control strategies are proposed for TB reduction or elimination using combination of parameters 

and reproduction number. The study suggests that the risk of contact between infected and 

susceptible people be minimized, treatment and recovery rates be enhanced and a holistic 

approach be taken. This means, from a Pakistan perspective, improved medical services, 

nutritional interventions, psychosocial support, educational campaigns, and more opportunities 

for physical activity and rehabilitation services to effectively manage TB. 

Keywords: Parameters Estimation, Basic Reproduction Number, Stability Analysis, 

Numerical Simulations 
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Abstract 

Natural products have always been a treasure chest for drug discovery, offering molecules with 

remarkable biological activity. Among them, carvacrol a small phenolic monoterpene found 

in many medicinal and aromatic plants has been drawing increasing attention. What makes 

carvacrol stand out is not just its wide range of biological effects, but also its reassuring safety 

profile. Recent research shows that carvacrol can interact with several key biological targets, 

playing roles in microbial resistance, oxidative stress, inflammation, and even cancer 

progression. This versatility makes it more than just a natural compound it’s a promising 

scaffold for designing new therapeutic agents. In this work, we explore how chemical 

modifications of carvacrol can fine-tune its interactions with biological pathways. By 

diversifying its structure, we aim to better understand how subtle changes influence its 

pharmacological behavior. This strategy highlights the value of natural phenolic monoterpenes 

as adaptable platforms for creating innovative bioactive compounds, paving the way for future 

breakthroughs in medicinal chemistry. 

Keywords: Carvacrol, Phenolic monoterpene, Therapeutic applications 
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Abstract 

The increasing demand for natural dermocosmetic products has stimulated interest in plant-

derived ingredients with potential skin benefits. Among Mediterranean natural resources, Olea 

europaea oil has been traditionally used for skin and hair care, particularly in Morocco, where 

its topical application remains common in traditional beauty practices. Despite this widespread 

use, the dermocosmetic potential of olive oil is still insufficiently documented compared with 

other cosmetic active ingredients. Olive oil contains several bioactive compounds, including 

oleic acid (55 % - 83%), squalene (up to 0.7%), tocopherols, hydroxytyrosol, and oleuropein, 

which contribute to its biological activities. Experimental studies have reported significant 

antioxidant and anti-inflammatory effects associated with the reduction of reactive oxygen 

species and modulation of inflammatory mediators. In vitro investigations showed that 

hydroxytyrosol possesses strong antioxidant activity, while clinical studies demonstrated that 

topical olive oil formulations may improve skin hydration and reduce transepidermal water loss 

(TEWL). In addition, olive-derived polyphenols have shown protective effects against 
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oxidative stress-induced skin aging and may contribute to collagen preservation and skin barrier 

repair. Some studies have also highlighted the wound-healing potential of olive oil through 

enhanced tissue regeneration and re-epithelialization. However, despite these promising 

findings, data regarding standardized dermocosmetic formulations, clinical efficacy, and long-

term safety remain limited. This communication highlights the importance of further 

multidisciplinary investigations combining phytochemistry, dermatology, and formulation 

science to better understand the mechanisms underlying the dermocosmetic effects of olive oil 

and to support the development of innovative and evidence-based natural skin care products 

derived from Moroccan natural resources. 

Keywords: Olive oil, Dermocosmetics, Olea europaea, Polyphenols, Antioxidant activity, Skin 

barrier, Anti-aging, Morocco. 
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Abstract 

Acne is a common chronic inflammatory skin disease affecting the pilosebaceous follicle. It 

mainly occurs during hormonal changes, particularly during adolescence, but may also appear 

at any age. It affects up to 80% of adolescents and an increasing number of adults. Its 
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pathophysiology is multifactorial and involves hyperseborrhea, abnormal proliferation and 

differentiation of keratinocytes, inflammation, and the presence of high numbers of bacteria 

such as Staphylococcus epidermidis and Propionibacterium acnes. Conventional acne 

treatments include topical and systemic antibiotics. However, they are often associated with 

several adverse effects, the most concerning being the emergence of bacterial resistance, 

highlighting the need for safe and innovative alternatives. In this context, there is growing 

interest in natural products, particularly in the field of dermocosmetics. Indeed, many plant-

derived bioactives, including polyphenols, flavonoids, terpenes, and essential oils, exhibit 

antibacterial, antioxidant, anti-inflammatory, and sebum-regulating properties that are highly 

relevant for acne management. Morocco is known for the richness of its natural resources, and 

several plants have been identified through ethnobotanical surveys as being effective in acne 

management. Although not all of them have yet been evaluated against C. acnes or 

Staphylococcus epidermidis, more than one quarter of the 401 recorded species have already 

undergone in vitro or in vivo pharmacological validation, confirming their antimicrobial, anti-

inflammatory, or wound-healing potential in skin diseases. However, despite these promising 

findings, the integration of plant bioactives into dermocosmetic formulations faces several 

limitations, including variability in composition related to botanical origin and extraction 

processes, poor solubility and stability, limited skin penetration, and the scarcity of high-quality 

controlled clinical trials. 

Keywords: Acne; Natural dermocosmetics; Moroccan medicinal plants; Plant bioactives; 

Antimicrobial activity; Cutibacterium acnes; Staphylococcus epidermidis. 
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Abstract 

Hypertension remains one of the leading risk factors for cardiovascular diseases worldwide. 

Due to the limitations of conventional antihypertensive therapies, particularly adverse effects 

and poor therapeutic adherence, medicinal plants are increasingly investigated as potential 

sources of antihypertensive compounds. Oxidative stress and chronic inflammation are among 

the major mechanisms involved in hypertension pathophysiology, alongside endothelial 

dysfunction, overactivation of the renin–angiotensin–aldosterone system, impaired nitric oxide 

(NO) bioavailability, and vascular remodeling. Several medicinal plants have demonstrated 
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antihypertensive effects by targeting different pathways involved in blood pressure regulation. 

This communication provides an overview of the main mechanisms underlying the 

antihypertensive effects of medicinal plants based on indexed experimental studies. Allium 

sativum has shown systolic blood pressure reductions ranging from 8 to 10 mmHg in some 

clinical studies through increased NO bioavailability and angiotensin-converting enzyme 

inhibition. Hibiscus sabdariffa demonstrated systolic blood pressure reductions of up to 7.5 

mmHg through diuretic, vasorelaxant, and antioxidant properties. Similarly, Olea europaea 

improved endothelial function and reduced vascular oxidative stress due to its polyphenol-rich 

composition, particularly oleuropein. Other species, such as Camellia sinensis, have also shown 

vascular protective effects associated with modulation of oxidative stress and inflammatory 

pathways. These findings highlight the multifactorial nature of the antihypertensive 

mechanisms of medicinal plants and support the importance of integrated approaches 

combining phytochemistry, molecular pharmacology, and clinical investigations for the future 

development of safer and better-standardized cardiovascular phytomedicines. 

Keywords: Hypertension; Medicinal plants; Oxidative stress; Inflammation; Endothelial 

dysfunction; Phytotherapy; Antihypertensive activity. 
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Özet 

Bu çalışmada, hidrojen/metan yakıt karışımı kullanan girdaplı bir yakıcıda enjeksiyon açısının 

alev yapısı ve yanma karakteristikleri üzerindeki etkileri, Hesaplamalı Akışkanlar Dinamiği 

(HAD) yöntemiyle sayısal olarak incelenmiştir. Çalışma iki temel aşamadan oluşmaktadır. İlk 

aşamada, literatürde geniş çapta kabul görmüş Sydney SMH1 girdaplı alev konfigürasyonu 

referans alınarak güvenilir bir sayısal model oluşturulmuştur. Ansys Fluent yazılımında 

Alevcik Manifold Yöntemi (FGM) yanma modeli ile birlikte SST, GEKO ve Büyük Girdap 

Simülasyonu türbülans modelleri uygulanmış; elde edilen eksenel hız, teğetsel hız ve sıcaklık 

profilleri deneysel verilerle sistematik biçimde karşılaştırılmıştır. Bu karşılaştırma, GEKO 

modelinin deneysel ölçümleri yüksek doğrulukla yeniden ürettiğini ve parametrik çalışmalar 

için güvenilir bir hesaplama aracı olduğunu kanıtlamıştır. İkinci aşamada, doğruluğu 

kanıtlanmış bu model kullanılarak girdaplı hava akışının 2° ile 14° arasında değişen yedi farklı 

enjeksiyon açısı için kapsamlı parametrik analizler gerçekleştirilmiştir. Elde edilen bulgular, 

enjeksiyon açısının İç Resirkülasyon Bölgesi'nin (İRB) geometrisini, eksenel uzunluğunu, 

sıcaklık dağılımını, yakıt-hava karışım homojenliğini ve NOₓ emisyon seviyelerini doğrudan 

etkilediğini göstermektedir. Düşük açılarda alevin uzadığı ve İRB'nin zayıfladığı 

gözlemlenirken, daha yüksek açılarda alevin kompaktlaştığı, yanma yoğunluğunun belirgin 

biçimde arttığı ve emisyon karakteristiklerinin iyileştiği saptanmıştır. Çalışmada ayrıca belirli 

açı eşiklerinin aşılmasıyla Salınımlı Girdap Çekirdeği gibi akış kararsızlıklarının tetiklendiği 

ve bunun alev stabilitesini olumsuz etkileyebildiği belirlenmiştir. Sonuçlar, optimum 

enjeksiyon açısının belirlenmesinin düşük emisyonlu ve kararlı girdaplı yakıcı tasarımı için 

kritik bir geometrik parametre olduğunu ortaya koymakta; bu çalışma, benzer endüstriyel 

yanma sistemlerine yönelik somut mühendislik tasarım verisi sunmaktadır. 

Anahtar Kelimeler: Girdaplı yanma, hidrojen/metan karışımı, enjeksiyon açısı, hesaplamalı 

akışkanlar dinamiği, alev yapısı 
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NUMERICAL INVESTIGATION OF THE EFFECTS OF INJECTION ANGLE ON 

FLAME STRUCTURE AND COMBUSTION CHARACTERISTICS IN SWIRLED 

HYDROGEN/METHANE FLAMES 

 

 

 

Abstract 

This study numerically investigates the effects of injection angle on flame structure and 

combustion characteristics in a swirl burner fueled with a hydrogen/methane (H₂/CH₄) mixture 

using Computational Fluid Dynamics (CFD). The study consists of two main phases. In the 

first phase, a validated numerical model was developed based on the widely referenced Sydney 

SMH1 swirling flame configuration. Using Ansys Fluent software, the Flamelet Generated 

Manifolds (FGM) combustion model was applied alongside SST, GEKO, and Large Eddy 

Simulation (LES) turbulence models, and the resulting axial velocity, tangential velocity, and 

temperature profiles were systematically compared against experimental measurements. This 

comparison demonstrated that the GEKO model reproduced the experimental data with high 

accuracy, confirming its reliability as a cost-effective computational tool for parametric studies. 

In the second phase, a comprehensive parametric analysis was conducted using the validated 

model across seven injection angles ranging from 2° to 14°. The findings indicate that the 

injection angle significantly influences the geometry and axial extent of the Inner Recirculation 

Zone (IRZ), temperature distribution, fuel–air mixing homogeneity, and NOₓ emission levels. 

At lower angles, the flame elongates and the IRZ weakens, whereas at higher angles, the flame 

becomes more compact, combustion intensity increases markedly, and emission characteristics 

improve. The study also identifies that exceeding certain angular thresholds can trigger flow 

instabilities such as the Precessing Vortex Core (PVC), which may adversely affect flame 

stability. The results demonstrate that determining the optimum injection angle is a critical 

geometric design parameter for achieving stable, low-emission swirl combustor operation, and 

this study provides practical engineering design data directly applicable to similar industrial 

combustion systems. 

Keywords: Swirl combustion, hydrogen/methane blend, injection angle, computational fluid 

dynamics, flame structure 
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Abstract 

In this study, we construct a new iterative algorithm based on the D-plus iteration method for 

approximating a common solution of equilibrium problems, generalized variational inequality 

problems, and fixed point problems for non-expansive mappings in Hilbert spaces. Strong 

convergence of the proposed process is established under suitable assumptions. A numerical 

example is included to illustrate the effectiveness and convergence behavior of the algorithm. 

Keywords: Equilibrium problem, Fixed point problem, Generalized variational inequality, 

Non-expansive mapping, Strong convergence. 
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Özet 

Gresler; baz yağ, kıvamlaştırıcı ve çeşitli katkıların birleşimiyle oluşan yarı katı yağlayıcılardır. 

Yağlara kıyasla yerinde daha iyi kaldıkları için sızıntıyı azaltır, toz ve suya karşı koruma sağlar, 

korozyon riskini düşürür ve özellikle rulmanlar ile kızaklarda uzun süreli yağlama imkânı 

sunarlar. Uygun gres seçimiyle yük taşıma kapasitesinin artması, aşınma ve sürtünmenin 

azalması, yeniden yağlama aralıklarının uzaması ve bazı uygulamalarda titreşim ile gürültünün 

düşmesi gibi avantajlar elde edilir. Gres performansını belirleyen temel parametreler; baz yağın 

tipi ve viskozitesi, penetrasyon (kıvamlılık) ve NLGI sınıfı, damlama noktası, suyla yıkanma 

direnci, korozyon koruması, oksidasyon ve termal stabilitedir. Gresin NLGI numarası (0, 1, 2, 

3 vb.) kıvamını/sertliğini standart şekilde tanımlar ve doğrudan uygulamaya uygunluğunu 

belirler. Numara küçüldükçe gres daha yumuşak, büyüdükçe daha sert olur. Doğru NLGI 

seçimi; gresin pompalanabilirliği (merkezi yağlama hatlarında ilerleyebilmesi), elemanda 

yerinde kalması ve sızdırmazlık etkisi, yük altında film oluşturma davranışı, düşük sıcaklıkta 

çalışabilirlik ve yeniden yağlama aralığı gibi performans kriterlerini etkiler. Yanlış seçim ise 

yetersiz yağlama, aşırı ısınma, kaçak gibi problemler ve erken arızalara yol açabilir. Greslerin 

NLGI numarası genellikle ASTM D217 metodu ile yapılan penetrasyon analiziyle 

belirlenmektedir. Ancak bu yöntem; uzun analiz süresi, analist hatasına açık olması ve 

tekrarlanabilirlik ile tekrar üretilebilirlik açısından sınırlılıklar gibi dezavantajlara sahiptir. Bu 

nedenle, bu çalışmada penetrasyon analizine alternatif olarak daha hızlı ve gelişmiş bir cihaz 

olan reometre kullanılarak gerçekleştirilen DIN 51810 metodunun değerlendirilmesi 

amaçlanmıştır. 

Anahtar Kelimeler: Reoloji, Gres, Penetrasyon, NLGI Numarası 
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EVALUATION OF DIN 51810 METHOD AS AN ALTERNATIVE TO ASTM D217 IN 

GREASE PENETRATION MEASUREMENT 

 

 

 

 

 

Abstract 

Greases are semi-solid lubricants formed by the combination of base oil, thickener, and various 

additives. Compared to oils, they remain in place more effectively, thereby reducing leakage, 

providing protection against dust and water, lowering the risk of corrosion, and ensuring long-

term lubrication particularly in components such as bearings and slides. Appropriate grease 

selection provide significant advantages, including increased load-carrying capacity, reduced 

wear and friction, extended relubrication intervals, and, in certain applications, reduced 

vibration and noise. The fundamental parameters that determine grease performance include 

the type and viscosity of the base oil, penetration (consistency) and NLGI grade, additive 

package, dropping point, water washout resistance, corrosion protection, oxidation, and thermal 

stability. The NLGI number (0, 1, 2, 3, etc.) defines grease consistency and hardness in a 

standardized manner, directly indicating its suitability for specific applications. A lower NLGI 

number corresponds to softer grease, while a higher number indicates harder grease. Correct 

NLGI selection influences performance criteria such as pumpability in centralized lubrication 

systems, the ability to remain in place and provide sealing, film formation under load, 

operability at low temperatures, and relubrication intervals. On the other hand, incorrect 

selection may result in insufficient lubrication, overheating, leakage problems. Usually, the 

NLGI number of greases is determined by penetration analysis using the ASTM D217 method. 

However, this method presents several disadvantages, including long analysis time, 

susceptibility to operator error, and limitations in repeatability and reproducibility. Therefore, 

this study aims to evaluate the DIN 51810 method, performed with a rheometer, as a faster and 

more advanced alternative to penetration analysis. 

Keywords: Grease, Penetration, NLGI Number, Rheology 
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Özet 

Kardiyovasküler hastalıklar, küresel çapta ölümlerin en yaygın nedeni olup, bu durum teşhis 

yöntemlerine erişilebilirliği kritik bir hale getirmektedir. Bu çalışmada; kalp seslerindeki 

patolojik anormallikleri Evrişimli Sinir Ağları (CNN) kullanarak doğrudan mobil platform 

üzerinde tespit eden düşük maliyetli, taşınabilir ve MEMS tabanlı bir dijital stetoskop 

sunulmaktadır. Geliştirilen donanım, harici analog devrelere ihtiyaç duymadan gürültüsüz 

dijital sinyal alımı sağlamak amacıyla özel 3 boyutlu basılmış bir akustik bağlayıcı (coupler) 

içermektedir. Bu bağlayıcı sayesinde INMP441 MEMS mikrofonu ile Teensy 4.0 

mikrodenetleyicisi başarılı bir şekilde entegre edilmiştir. Alınan Fonokardiyogram (PCG) 

sinyalleri, USB bağlantısı aracılığıyla bir Android uygulamasına aktarılır; burada gerçek 

zamanlı olarak 25-900 Hz bant geçiren filtreden geçirilir ve 2 boyutlu Mel-spektrogramlara 

dönüştürülür. Mobil cihazların işlem kısıtlamalarını aşmak amacıyla, MobileNetV2 mimarisi 

transfer öğrenme yöntemiyle ince ayardan geçirilmiş (fine-tuning) ve model hafif bir 16-bit 

TensorFlow Lite formatına dönüştürülmüştür. Önerilen model, aşırı öğrenmeyi (overfitting) 

önlemek için veri artırma teknikleri kullanılarak; PhysioNet/CinC 2016 ve PASCAL Dataset-

B veri setlerinden alınan ve hasta bazında bölünen verilerle eğitilmiştir. Sistem, modelin daha 

önce karşılaşmadığı test verileri üzerinde %82,3 genel doğruluk, %80,5 duyarlılık, 0,81 F1 

skoru ve 0,84 AUC-ROC skoru elde ederek normal ve anormal kalp seslerini başarıyla ayırt 

etmiştir. Sonuç olarak, cihaz üzerinde doğrudan çalışan bu mobil teşhis sistemi, nesnel ve 

gerçek zamanlı kardiyak değerlendirme imkanı sunarak geleneksel oskültasyona güçlü bir 

yardımcı araç sunmakta ve hasta mahremiyetini korumaktadır. 

Anahtar Kelimeler: Dijital Steteskop, Fonokardiyogram (PCG), Derin Öğrenme, Evrişimli 

Sinir Ağları (CNN), MEMS 
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DESIGN OF A MEMS-BASED DIGITAL STETHOSCOPE AND HEART SOUND 

CLASSIFICATION ON SMARTPHONES USING DEEP LEARNING METHODS 

 

 

 

 

Abstract 

Cardiovascular diseases are the leading cause of death globally, making the accessibility of 

diagnostic methods critical. In this study, a low-cost, portable, and MEMS-based digital 

stethoscope is presented to detect pathological abnormalities in heart sounds directly on a 

mobile platform using Convolutional Neural Networks (CNN). The developed hardware 

includes a custom 3D-printed acoustic coupler to ensure noise-free digital signal acquisition 

without the need for external analog circuits. Thanks to this coupler, the INMP441 MEMS 

microphone and the Teensy 4.0 microcontroller are successfully integrated. The recorded 

Phonocardiogram (PCG) signals are transferred to an Android application via a USB 

connection, where they are filtered with a real-time 25-900 Hz band-pass filter and converted 

into 2D Mel-spectrograms. To overcome the processing limitations of mobile devices, the 

MobileNetV2 architecture was fine-tuned using transfer learning, and the model was converted 

into a lightweight 16-bit TensorFlow Lite format. To prevent overfitting, the proposed model 

was trained with patient-wise split data from the PhysioNet/CinC 2016 and PASCAL Dataset-

B datasets using data augmentation techniques. The system successfully distinguished between 

normal and abnormal heart sounds, achieving 82.3% overall accuracy, 80.5% sensitivity, an F1 

score of 0.81, and an AUC-ROC score of 0.84 on the test data. As a result, this on-device mobile 

diagnostic system offers objective and real-time cardiac evaluation, strongly supporting 

traditional auscultation methods while preserving patient privacy. 

Keywords: Digital Stethoscope, Phonocardiogram (PCG), Deep Learning, Convolutional 

Neural Networks (CNN), MEMS 
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Abstract 

Leishmaniasis is a neglected tropical disease caused by Leishmania spp., representing a major 

global health burden, particularly in tropical and subtropical regions. Current treatment options 

are limited due to toxicity, drug resistance, high cost, and poor accessibility, creating an urgent 

need for novel and safer therapeutic agents. Objective: This study aimed to investigate the anti-

leishmanial potential of selected plant-derived flavonoids through an integrated computational 

systems biology approach. Materials and Methods: Seven flavonoids (quercetin, apigenin, 

myricetin, rutin, astragalin, isoquercitrin, and nicotiflorin) were analyzed. Differentially 

expressed genes (DEGs) were identified from the GEO dataset GSE55664 through re-analysis. 

Target prediction of flavonoids was performed and integrated with DEGs to construct a protein–

protein interaction (PPI) network using STRING and Cytoscape. Hub genes were identified 

based on network topology. Functional enrichment analysis was conducted using Gene 

Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. Molecular 

docking was performed against ten hub proteins (STAT1, TNF, CD74, PIK3CD, LYN, 

CXCR4, RAC2, PTPN6, IFI35, and ITGB2). Pharmacokinetic and toxicity profiles were 
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evaluated using SwissADME and ProTox-II. Results: PPI analysis identified key hub genes 

including STAT1, TNF, CD74, PIK3CD, LYN, CXCR4, RAC2, PTPN6, IFI35, and ITGB2, 

highlighting their roles in immune regulation and inflammatory signaling. GO and KEGG 

analyses revealed enrichment in MAPK signaling, chemokine signaling, natural killer cell-

mediated cytotoxicity, and leishmaniasis pathways. Molecular docking showed strong binding 

affinities of flavonoids with hub proteins, particularly quercetin, myricetin, and apigenin, with 

binding energies ranging from approximately −8.0 to −9.3 kcal/mol. ADMET analysis 

indicated favorable pharmacokinetic properties and low toxicity potential for quercetin, 

apigenin, and myricetin compared to glycosylated flavonoids. Conclusion: The integrated 

analysis suggests that flavonoids exert potential anti-leishmanial effects through multi-target 

modulation of immune and inflammatory pathways. Quercetin, apigenin, and myricetin 

emerged as promising lead compounds. This study provides a strong computational foundation 

for further molecular dynamics simulation and experimental validation for anti-leishmanial 

drug development. 
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Abstract 

This study presents a comprehensive bioinformatics pipeline for the discovery and evaluation 

of anticancer peptide inhibitors derived from Streptococcus pyogenes exotoxins (SPEA, SPEB, 

and SPEC). The primary objective was to identify peptide candidates capable of targeting 

AKT1 kinase, a critical regulator of tumor progression, while also assessing their interaction 

with GRP78, a stress-associated chaperone implicated in cancer survival and chemoresistance. 

In silico trypsin digestion generated a library of 58 peptide fragments, which were 

systematically screened for allergenicity, toxicity, anticancer potential, and hemolytic activity 

to ensure therapeutic suitability. Five lead peptides—SPEB1, SPEB2, SPEB3, SPEB4, and 

SPEC1 were selected for structural modeling, molecular docking, and molecular dynamics 

analyses. Docking studies against AKT1 (PDB ID: 4EJN) revealed strong binding affinities, 

with SPEB2 and SPEB1 showing the highest docking scores. Binding free energy refinement 

identified SPEB1 as the most thermodynamically stable inhibitor. Furthermore, 100 ns 

molecular dynamics simulations demonstrated stable peptide protein interactions, persistent 

hydrogen bonding, and favorable structural stability under solvent conditions. Comparative 

analysis suggested that GRP78 may be more accessible for peptide inhibition due to its adaptive 

chaperone function, whereas AKT1 requires highly specific engagement within its conserved 

kinase domain. Overall, the findings establish bacterial exotoxins as a novel source of 

therapeutic peptide candidates and provide the first computational evidence of AKT1-inhibitory 

potential in SPEB- and SPEC-derived peptides, laying the foundation for future experimental 

validation and anticancer drug development. 

Keywords: Bioinformatics, AKT1 kinase, GRP78, anticancer peptides, Streptococcus 

pyogenes exotoxins. 
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Abstract 

The tuna processing industry generates a substantial amount of by-products that remain 

underutilized despite their potential for high-value applications. This study investigated the 

enzymatic hydrolysis of yellowfin tuna (Thunnus albacares) bones using bromelain, with the 

aim of optimizing hydrolysis conditions, characterizing the resulting hydrolysate, and assessing 

its potential application in functional food development. The effects of hydrolysis temperature, 

enzyme-to-substrate ratio, and reaction time were systematically examined to determine the 

most suitable processing conditions. The optimal hydrolysis parameters were 55°C, 0.75% 

(w/w) bromelain, and 6 h of hydrolysis. Under these conditions, the hydrolysate achieved a 

protein concentration of 157 mg/mL and a protein recovery yield of 92.1%. Sensory evaluation 

showed that the hydrolysate had a clear appearance, a mild fishy odor, and no detectable 

bitterness. Physicochemical analysis revealed color values of L* 45.23, a* 0.36, and b* 39.1, a 

pH of 6.9, and a total collagen content of 4.5 mg/mL. In addition, the hydrolysate exhibited 

antioxidant activity, with a DPPH radical-scavenging IC50 value of 0.31 mL. These results 

demonstrate that bromelain-assisted hydrolysis is an effective and environmentally friendly 

approach for valorizing yellowfin tuna bones into a protein-rich hydrolysate with favorable 

sensory, physicochemical, and bioactive properties. The obtained hydrolysate shows promising 

potential as a functional ingredient for the development of nutritious food and beverage 

products. 

Keywords: Yellowfin tuna bone, bromelain, enzymatic hydrolysis, hydrolysate 

characterization, functional food 
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Abstract 

The uncontrolled discharge of olive mill wastewater represents a major environmental 

challenge in Morocco, particularly during the olive oil production season when untreated 

effluents are directly released into sewer networks. Due to its high organic load, elevated 

phenolic content, toxicity, and low biodegradability, OMW can significantly disrupt the 

biological processes of natural lagoon treatment systems. This study aimed to characterize the 

microbiological properties of raw OMW from traditional olive mills and evaluate its impact on 

the treatment efficiency of the Zaouiat Cheikh Wastewater Treatment Plant. The investigation 

combined eight years of wastewater quality monitoring with a 20-month experimental study 

conducted during a period of system saturation. Microbiological analyses were performed on 

raw OMW and wastewater collected at different treatment stages. Raw OMW showed 

significant microbial contamination, with FMAT reaching 5 × 10⁴ CFU/mL, yeasts 2.7 × 10⁵ 

CFU/mL, and molds 5.4 × 10⁴ CFU/mL. Results revealed a marked decline in treatment 

performance during OMW intrusion. Phenolic compound removal remained limited (≈35%), 

indicating inhibition of microbial degradation processes. High apparent reductions were 

observed for FMAT (6.08 log units), total coliforms (5.08 log units), and fecal coliforms (4.54 

log units), whereas lower reductions were recorded for fecal streptococci (2.54 log units) and 

sulfite-reducing bacteria (3.45 log units), suggesting higher resistance under stressed 

conditions. The reduction of fecal indicators appeared to result mainly from microbial inhibition 

caused by OMW toxicity rather than improved treatment efficiency. These findings highlight 

the vulnerability of natural lagoon systems to seasonal OMW discharges and emphasize the 

need for integrated microbiological monitoring to protect environmental and public health. 

Keywords: 

Olive mill wastewater; Natural lagoon system; Microbiological indicators; Phenolic 

compounds; Wastewater treatment. 
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Abstract 

The escalating contamination of aquatic ecosystems by toxic lead(II) and cadmium(II) ions 

necessitates the development of sustainable, hybrid remediation technologies combining 

adsorption and bioprecipitation. This study reports the green synthesis of a novel bio-

augmented adsorbent, integrating eucalyptus (Eucalyptus camaldulensis)-derived activated 

carbon (EAC) with immobilized sulfate-reducing bacteria (Desulfovibrio desulfuricans) for the 

synergistic sequestration of Pb(II) and Cd(II) from contaminated water matrices. The activated 

carbon support was prepared via phosphoric acid activation (H₃PO₄, 600°C), yielding a 

microporous material (SBET = 950 m²/g) rich in phenolic and carboxylic surface groups. The 

bacterial biofilm was stabilized on the carbon surface through entrapment in a biocompatible 

alginate-chitosan matrix, creating a hybrid system where chemical adsorption and enzymatic 

biomineralization operate concurrently. The materials were characterized by FT-IR, XRD, 

SEM-EDX, and XPS, confirming successful bacterial immobilization and sulfur group 

enrichment (–SH, –S–S–) critical for heavy metal chelation. Batch experiments demonstrated 

exceptional removal efficiencies: >98% for Pb(II) and 96% for Cd(II) within 90 minutes at pH 

6.0, with maximum adsorption capacities of 285 mg/g and 198 mg/g, respectively (Langmuir 

model). The mechanism involves (i) rapid surface complexation by EAC functional groups and 

(ii) bacterial sulfate reduction generating sulfide ions (S²⁻), which precipitate PbS and CdS (Ksp 

= 10⁻²⁸–10⁻²⁷) directly onto the carbon matrix, preventing secondary dissolution. The hybrid 

system showed high selectivity in multi-component solutions (Ca²⁺, Mg²⁺, Zn²⁺) and remarkable 

regenerability (92% capacity retention after 5 cycles via mild acid/EDTA elution). Ecotoxicity 

assessments using bioluminescent bacteria (Vibrio fischeri) and viability assays (Escherichia 

coli) confirmed the non-toxic nature of treated effluents, validating the biocompatibility of the 

remediation process. This work presents a paradigm for coupling lignocellulosic waste 

valorization with microbial biotechnology, offering a robust, eco-friendly platform for 

industrial wastewater treatment and potable water purification. 

Keywords: Bioprecipitation; Desulfovibrio desulfuricans; Eucalyptus activated carbon; heavy 

metal remediation; hybrid adsorbent; water treatment; sulfate-reducing bacteria 
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ABSTRACT 

Combining photocatalysis (PC) and membrane filtration (MF) has emerged as an attractive 

technology for water purification, however, the water purification efficiency and membrane 

fouling are still challenging. Herein, we report a novel photoelectrocatalytic (PEC) membrane 

mediated by a ternary reduced graphene oxide (rGO) – titanium dioxide (TiO2) – polysulfone 

(PSF) composite conductive membrane synthesized by a phase inversion method. The resultant 

electrically conductive rGO/TiO2/PSF membrane features a homogeneous surface with obvious 

pore size of 20–150 nm, a thickness ~118 μm, and an average resistivity as low as ~3.154 Ω•m. 

Upon the solvent evaperation of the wellblended casting solution and the phase inversion, 

rGO/TiO2 preferentially exist on the surface of PSF membrane, enabling the efficient PEC 

degradation of organic pollutants. The synergistic coupling of TiO2 and rGO in PSF membrane 

results in efficient PEC properties with bifunctional membrane antifouling and enhanced water 

purification in azo dyes decolorization under the stationary mode and in our lab-made 

continuous cross-flow PEC system, superior to those by photocatalysis and electrocatalysis. 

The developed synchronous MF and PEC system mediated by the conductive rGO/TiO2/PSF 

membrane proves to a feasible route to improving the self-cleaning properties of the polymer 

membrane while simultaneously increasing the water decontaminating efficiency.  

Keywords: 

rGO/TiO2/PSF; Hybrid conductive materials; Membrane filtration; Photoelectrocatalysis; Solar 

energy utilization; Dye wastewater treatment. 
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ABSTRACT 

Adaptive apparel plays a key role in supporting daily functioning for individuals with upper-

limb mobility impairments. Composite sleeve constructions are increasingly used to improve 

donning ease and freedom of movement, yet design approaches documented in scientific and 

technical literature remain inconsistent in terminology, structural logic, and evaluation criteria. 

This study aims to systematize existing sleeve design strategies for adaptive clothing, identify 

recurring methodological gaps, and propose principles for a unified, evidence-informed design 

framework. A comparative analytical review of international scientific and technical 

documentation was conducted. The analysis classified constructive solutions based on their 

intended functional outcomes – such as ease of dressing, movement support, and user-centered 

accessibility – focusing on theoretical alignment with ergonomic and rehabilitation-oriented 

requirements. The analysis reveals that, despite widespread implementation, current approaches 

remain highly specialized and lack standardized evaluation frameworks. Key limitations 

include the absence of consistent ergonomic guidelines for the placement of structural divisions, 

unoptimized ease distribution, and limited integration of established functional mobility 

requirements. These gaps often result in designs that may inadvertently restrict movement or 

cause discomfort during prolonged wear. 

There is a clear need for an interdisciplinary design methodology that bridges garment design 

with ergonomic and rehabilitation principles. Developing a structured conceptual framework 

can support more coherent design practices, ultimately contributing to garments that provide 

greater comfort, support rehabilitation goals, and enhance quality of life for individuals with 

mobility limitations. 

Keywords: adaptive clothing; composite sleeve; ergonomic clothing 
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Abstract 

With the increasing use of digital technologies in prosthetic dentistry, the accuracy of scanning 

conventional impressions remains crucial. While material composition has been widely studied, 

less attention has been given to simpler clinical factors such as the color of impression materials, 

which may influence scanner performance. The aim of this study was to assess whether the 

color of silicone impression materials affects the accuracy of laboratory scanning. Impressions 

of a standardized model were taken using silicone materials in different colors. All impressions 

were scanned using the same laboratory scanner under identical conditions. Digital models were 

compared to the reference using 3D analysis software. Differences were evaluated through 

deviation measurements and visualized using color maps. The findings suggest that color has a 

measurable effect on scanning accuracy. Materials providing better visual contrast during 

scanning demonstrated improved results. In contrast, certain colors were associated with 

reduced scan quality, especially in detailed areas. The color of impression materials should not 

be overlooked, as it may influence digital accuracy. Choosing appropriate colors could support 

more predictable digital workflows in everyday clinical practice. 

Keywords: impression materials, color, digital scanning, prosthodontics, accuracy 
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Abstract 

Cancer remains one of the leading global health challenges, highlighting the urgent need for 

the development of new therapeutic agents with improved efficacy and reduced adverse effects. 

In this study, a series of hybrid compounds containing triazole, Schiff base, and substituted 

aromatic moieties were designed and synthesised as potential anticancer candidates. The 

synthesised compounds were characterised using various spectroscopic techniques. 

Computational investigations revealed favourable interactions with selected biological targets, 

with some derivatives exhibiting particularly strong binding affinities. In addition, molecular 

dynamics simulations confirmed the stability of the protein–ligand complexes over the 

simulation period. Overall, the obtained results suggest that these hybrid molecules represent 

promising scaffolds for the development of new anticancer agents and warrant further 

biological evaluation. 

Keywords: Triazole hybrids; Schiff base; Anticancer agents; Bcl-2; EGFR. 
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Abstract 

Medicinal and aromatic plants represent one of the key components of the traditional healthcare 

system in Morocco. Anthropometric factors associated with the preservation and transmission 

of ethnomedicinal knowledge are correlated with the sociodemographic profile of medicinal 

plant users. The objective of this work was to characterize the populations surveyed in 

ethnobotanical studies carried out in Morocco from 1990 to 2023. Ethnobotanical surveys from 

major scientific databases were analysed descriptively. Demographic indicators such as sample 

size, the proportion of female and male informants, and the proportion of informants who use 

medicinal and aromatic plants were analysed in detail. The results showed that most 

ethnobotanical surveys included over 100 informants, validating the extensive history of data 

collection within Moroccan ethnobotanical research. Women were the largest category of 

informants in all studies providing information on gender, underscoring their central role in 

medicinal plant conservation and the transmission of traditional knowledge. In addition, women 

were the predominant users of medicinal and aromatic plants among respondents using them. 

These results highlight the vital position of women in domestic healthcare and the preparation 

of traditional herbal remedies. However, several interesting methodological limitations were 

highlighted, especially regarding the lack of demographic details in many studies (e.g. the 

gender of informants and rates of medicinal plant usage). This study underscores the need for 

standardized sociodemographic data in ethnobotanical studies to enhance scientific rigor and 

data comparability, and thus support future research on ethnopharmacological and public health 

issues concerning medicinal plants in Morocco. 
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Abstract 

The integration of Artificial Intelligence (AI) and the Medical Internet of Things (MIoT) is 

transforming modern healthcare systems through real-time monitoring, predictive diagnostics, 

and remote patient management. These technologies have significant potential to improve 

healthcare accessibility and service delivery for vulnerable migrant communities who often 

experience barriers related to healthcare access, socioeconomic inequality, limited insurance 

coverage, and language or legal constraints. This study explores the role of AI- and MIoT-based 

healthcare systems in enhancing public health outcomes among migrant populations, 

particularly in developing and labour-receiving countries. The paper adopts a qualitative and 

conceptual research approach based on recent literature, policy documents, and global 

healthcare reports published between 2018 and 2025. The study examines the opportunities and 

challenges associated with digital healthcare monitoring technologies, including wearable 

health devices, smart medical sensors, telemedicine platforms, and AI-assisted diagnostic 

systems. Attention is given to ethical concerns such as data privacy, informed consent, 

cybersecurity, digital inequality, and equitable healthcare access. The findings indicate that AI 

and MIoT technologies can significantly support early disease detection, chronic disease 

management, and emergency healthcare responses among migrant workers and underserved 

populations. However, inadequate digital infrastructure, weak regulatory frameworks, and 

concerns regarding data protection remain major obstacles to effective implementation. The 

study further highlights the importance of ethical governance, inclusive healthcare policy, and 

international cooperation to ensure responsible and equitable adoption of digital health 

technologies. This research contributes to the growing discourse on digital public health and 

technology-driven healthcare innovation by emphasising the intersection of migration, health 

vulnerability, and smart healthcare systems in the contemporary global health landscape. 

Keywords: Migrant, Health, Digital Healthcare, Healthcare Ethics, Smart Health Monitoring, 

Health Technology. 
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Abstract 

The mountain salamanders of the genus Paradactylodon Risch, 1984, from the family 

Hynobiidae, with three known species, are distributed in Iran and Afghanistan.This study 

addresses the challenges of classification and habitat status of these mountain salamanders 

based on previous researches as well as our own studies. Based on morphological 

characteristics, the salamanders living in the mountainous regions of the Middle East (Iran and 

Afghanistan) have been placed in the genus Paradactylodon  . The genus consists of three 

species:  Paradactylodon mustersi (distributed in northern Afghanistan),  P. persicus and  P. 

gorganensis (distributed in northern Iran).The Hyrcanian forests represent a unique Tertiary 

relict ecosystem covering the northern slopes of the Alborz and Talesh (Iran, Azerbaijan), a 

unique biodiversity hotspot with many cryptic species that have not been fully studied yet. Since 

the 1970s, two species of the tailed amphibians belonging to the Family Hynobiidae, 

Batrachuperus (later: Paradactylodon), Paradactylodon persicus from northern and 

northwestern Iran and P.gorganensis from northeastern Iran have been documented. The Iranian 

stream salamander P. persicus was first reported from the Talesh Mountains, and the Gorganian 

cave salamander P. gorganensis was later described from the eastern Alborz Mountains.There 

are two distinct Iranian species of Paradactylodon based on morphological characteristics. 

Given the conservation values and the numerous threats faced by these endemic species, this 

taxon is listed on the IUCN Red List due to its sensitivity to habitat loss, drought, and 

deforestation. Paradactylodon persicus being NT and P. gorganensis is CR. The aim of this 

study is to review the systematic status and distribution of the above-mentioned species in 

northern regions of the Iranian Plateau. 

Keywords: Persian salamander, Paradactylodon persicus, P. gorganensis, Systematics, 

Distribution, Habitat, Iran. 
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Abstract 

Background: 

Morinda citrifolia (Rubiaceae), commonly known as noni, is a traditional medicinal plant used 

for managing inflammatory and immune-related disorders. Scopoletin, a coumarin constituent 

of its fruit extract, exhibits anti-inflammatory, antioxidant, and immunomodulatory activities; 

however, its molecular mechanisms remain unclear. 

Objective: 

This study aimed to elucidate the molecular mechanisms of scopoletin using a network 

pharmacology approach, focusing on key signalling pathways involved in inflammation and 

immune responses. 

Methods: 

Potential targets were identified using SwissTarget Prediction and IMPPAT, while disease-

related targets were obtained from GeneCards and OMIM. Common targets were used to 

construct a compound–target–pathway network via Cytoscape. PPI analysis using STRING 

identified hub genes, and GO and KEGG analyses explored associated biological processes and 

pathways. In vivo anti-inflammatory activity was evaluated using a CFA-induced model with 

paw oedema measured by a plethysmometer. 

Results: 

Key targets included SRC, ESR1, EGFR, GSK3B, PTK2, and MET, indicating a multi-target 

profile. KEGG analysis showed involvement in EGFR inhibitor resistance, ErbB, chemokine, 

Rap1, PI3K–Akt, and MAPK pathways, along with cytokine interactions. These are crucial in 

inflammation, immune regulation, and synovial hyperplasia. Experimental validation showed 

a significant reduction in paw oedema. 

Conclusion: 

This study provides mechanistic insights into scopoletin, supporting its potential as a natural 

candidate for inflammatory and immune-mediated disorders and encouraging further 

experimental and clinical studies. 
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Abstract 

The present study investigated the phytochemical constituents, antioxidant activity, and 

functional groups of the ethanolic leaf extract of Atalantia simplicifolia (ELEAS) using 

phytochemical screening, GC–MS/MS analysis, and FT-IR spectroscopy. Antioxidant potential 

was evaluated through several in vitro methods, including total antioxidant capacity, total 

tannin content, and DPPH free radical scavenging assay. GC–MS/MS analysis was conducted 

to identify the chemical constituents, while FT-IR spectroscopy was used to determine the 

major functional groups present in the extract. Phytochemical screening confirmed the 

occurrence of numerous bioactive secondary metabolites. Quantitative analysis revealed 

notable concentrations of flavonoids (103.75 ± 5.10 mg GAE/g of dry extract), phenolics (65.38 

± 0.56 mg GAE/g of dry extract), and tannins (14.36 ± 0.22 mg GAE/g of dry extract). The 

extract demonstrated potent antioxidant activity, exhibiting a DPPH radical scavenging IC50 

value of 18.85 μg/mL. GC–MS/MS profiling identified 204 compounds based on retention time 

and spectral comparison. FT-IR spectra indicated the presence of characteristic functional 

groups such as O–H, C–O, C=C, and M–O. Overall, the results suggest that ELEAS is a rich 

source of phytochemicals with significant antioxidant properties, indicating its potential utility 

in pharmaceutical, nutraceutical, and therapeutic applications. 

Keywords: Atalantia simplicifolia, Phytochemical screening, antioxidant, GC-MS/MS, FT-IR 
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Abstract  

Ayurveda, the traditional Indian system of medicine, focuses on disease prevention and overall 

well-being through a holistic approach that includes lifestyle management, balanced nutrition, 

and harmony with natural body rhythms. In recent years, natural immunomodulators have 

gained significant attention for their ability to regulate immune responses by either stimulating 

or suppressing immune activity as required. These agents support the body’s defense system 

and offer a safer alternative with fewer side effects compared to synthetic drugs. Herbal 

immunomodulators such as Ashwagandha, Tulsi, Turmeric, and Giloy possess important 

antioxidant, anti-inflammatory, and immune-regulating properties. They play a vital role in 

managing immune-related disorders, including infections, autoimmune diseases, and chronic 

inflammatory conditions. Their growing use highlights the importance of traditional medicinal 

plants in modern healthcare as effective complementary therapies for immune balance and 

long-term health promotion. 

Keywords: Ayurveda, Herbal Immunomodulators, Immune System, Natural Medicine, 

Medicinal Plants, Immune Regulation, Ashwagandha, Tulsi, Turmeric, Giloy. 
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Abstract 

Dental fluorosis is characterized by hypo maturation of tooth enamel or dentin, resulting from 

excessive fluoride ingestion during tooth development. Fluoride, while essential in trace 

amounts for bone and teeth development, can lead to dental health issues if deficient or 

excessive. This study aimed to determine the prevalence of dental fluorosis in Tamnar Block, 

District Raigarh, Chhattisgarh, India. The subjects included 300 school children (girls and boys) 

aged 11-15 years. Examinations were conducted via a door-to-door survey, with subjects 

observed and relevant scores documented on note sheets. The study found that 43% of the 

children exhibited some degree of fluorosis. Females (56%) showed a higher prevalence of 

fluorosis compared to males (44%). In conclusion, fluorosis is highly prevalent in Tamnar. The 

government should launch an awareness Programme and supply drinking water to villagers.  

Keywords: Dental fluorosis, Fluoride, Tamnar Block 
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Abstract 

Nowadays, returning to nature has become a preferred choice for many people due to the 

harmful effects of chemical substances and certain medicines. This has encouraged a growing 

interest in natural remedies, particularly through traditional medicine. Ancient knowledge 

supports the use of natural plant extracts, including the pomegranate tree, which is considered 

a miracle plant because of its richness in bioactive compounds. Our study focused on assessing 

the interest of the population in the Ain Témouchent region (western of ALGERIA) in using 

pomegranate and its by-products for various treatments. This assessment was conducted 

through a survey on their use in traditional medicine. The aim is to identify the diseases treated 

with this plant, understand how it is used, and determine whether these practices are still present 

in daily life. The results revealed that pomegranate by-products are used as natural remedies 

for various illnesses. The population is aware of their therapeutic properties through several 

sources. Most respondents mentioned that these products are easily accessible, occasionally 

consumed, and can replace certain medications. Their use is therefore recommended, especially 

in dietary supplements. According to the data obtained, regular use of pomegranate and its by-

products can be advised due to their health benefits, vitamins, and minerals. These elements 

can be applied in health, food, cosmetic industries, and more. 

Keywords: Pomegranate tree; Traditional medicine; By-products; Therapeutic properties. 
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Abstract 

Cellulose nanocrystals (CNCs) have emerged as promising nanomaterials due to their 

renewable origin, biodegradability, biocompatibility, high crystallinity, and exceptional 

mechanical properties. Derived from abundant natural cellulose sources such as plants, 

agricultural residues, bacteria, algae, and tunicates, CNCs have attracted considerable attention 

in biomedical and pharmaceutical research, particularly in drug delivery applications. This 

research reviews the major sources of cellulose nanocrystals and the various methods employed 

in their synthesis, including acid hydrolysis, enzymatic hydrolysis, mechanical treatment, and 

combined approaches. Emphasis is placed on sulfuric acid hydrolysis, which remains the most 

widely used method for the production of highly crystalline CNCs. The research reviews also 

discusses important characterization techniques such as Fourier Transform Infrared 

Spectroscopy (FTIR), X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), 

Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM), 

Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC), and zeta 

potential analysis, which are essential for evaluating the structural, morphological, thermal, and 

surface properties of CNCs. Furthermore, the biomedical relevance of CNCs in drug delivery 

systems is highlighted, including their role in targeted drug delivery, controlled drug release, 

improved drug stability, and enhanced bioavailability. Despite challenges associated with large-

scale production, aggregation, and commercialization, cellulose nanocrystals remain highly 

promising materials for the development of advanced and sustainable drug delivery systems. 

Therefore, continued research and technological advancements are necessary to optimize their 

production and expand their applications in modern nanomedicine. 

Keywords: Renewable Biomaterials; Cellulose Nanocrystals; Nanomedicine; Controlled Drug 

Release; Characterization Techniques; Targeted Drug Delivery Systems 
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Abstract 

Canine urinary bladder urothelial carcinoma (UC) is a highly aggressive neoplasm 

characterized by invasive growth, frequent recurrence, and marked metastatic potential. The 

pronounced histopathological and molecular heterogeneity of this malignancy underscores the 

importance of identifying biomarkers associated with tumor progression and biological 

behavior. Epidermal growth factor receptor (EGFR), a transmembrane receptor tyrosine kinase 

involved in regulating cellular proliferation, survival, differentiation, and migration, has been 

extensively implicated in carcinogenesis and tumor progression across several human and 

veterinary malignancies. In the present study, EGFR immunoexpression in canine urothelial 

carcinoma was evaluated. The results demonstrated a predominantly membranous and 

cytoplasmic pattern of EGFR expression, with marked intratumoral heterogeneity in staining 

intensity. Notably, reduced EGFR immunoreactivity was observed in areas associated with 

more aggressive biological behavior, including neoplastic emboli and high-grade tumor 

regions. These findings suggest a potential association between EGFR expression patterns and 

tumor aggressiveness in canine UC. The observed variability in EGFR expression may reflect 

underlying molecular differences between tumor subpopulations and highlights the complexity 

of signaling pathways involved in urothelial carcinogenesis. Given the recognized role of EGFR 
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in oncogenic signaling and therapeutic targeting in human oncology, the characterization of its 

expression in canine UC may provide relevant comparative and translational insights. 

Collectively, these findings support the potential biological and clinical relevance of EGFR in 

canine urothelial carcinoma and reinforce the need for further studies to clarify its prognostic 

significance and its applicability as a therapeutic target. 

Key Words: Urothelial carcinoma EGFR; ; canine; bladder; aggressiveness  
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Abstract 

Dogs are increasingly recognized as valuable models in comparative oncology due to their 

spontaneous development of cancer, shorter lifespans, and strong biological and clinical 

similarities to human tumors. This review evaluates the relevance of canine urothelial 

carcinoma (UC) as a translational model for human bladder cancer by comparing 

epidemiological trends, molecular alterations, and immunological characteristics between both 

species. UC is particularly significant because of its aggressive behavior and high mortality 

rates. In dogs, invasive forms of the disease are especially frequent, highlighting their suitability 

for studying advanced bladder cancer in humans. Although aging and exposure to 

environmental carcinogens are common risk factors in both species, important epidemiological 

differences exist, such as the higher prevalence of UC in female dogs compared with the 

predominance observed in human males. At the molecular level, canine and human UCs share 

similar tumor subtypes and alterations in major oncogenic pathways, including p53/p63, 

RTK/RAS/MAPK, PI3K/AKT/mTOR, and CDKN2A/CDK4, despite differences in the 

initiating genetic events. These pathways are closely associated with the regulation of cell 

proliferation, survival, and immune evasion. Furthermore, both species exhibit comparable 

overexpression of therapeutic targets and similar immune checkpoint mechanisms, reinforcing 

the translational importance of canine UC. Overall, these similarities support the use of dogs as 

a highly relevant model for improving the understanding of urothelial carcinoma biology and 

for advancing the development of novel therapies in both veterinary and human medicine. 

Key Words: Keys words: Urothelial carcinoma; Transitional carcinoma; Translational 

models; Comparative Oncology; canine. 
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Abstract 

Artificial Intelligence (AI) is emerging as a transformative tool in pharmacy practice, 

particularly in prescription analysis and drug interaction prediction. Traditional methods of 

prescription review rely heavily on manual evaluation, which may be time-consuming and 

prone to human error. AI-based systems utilize machine learning algorithms and large clinical 

databases to rapidly analyze prescriptions, identify potential drug–drug interactions, dosage 

errors, contraindications, and patient-specific risk factors. These systems enhance clinical 

decision-making by providing real-time alerts and evidence-based recommendations to 

pharmacists and healthcare professionals. The integration of AI in pharmacy practice improves 

medication safety, reduces adverse drug reactions, and supports personalized therapy. Despite 

challenges such as data privacy, system validation, and professional training, AI has significant 

potential to enhance the efficiency and accuracy of pharmaceutical care. The adoption of AI-

driven tools represents a major step toward safer and smarter healthcare delivery in modern 

pharmacy. 
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Abstract 

Medicinal and aromatic plants play a central role in the therapeutic, dietary, and cosmetic 

practices of local populations. Objectives: To highlight traditional knowledge and inventory the 

diversity of flora and associated ethnobotanical practices. Methods: Between March 2024 and 

March 2025, an ethnobotanical survey was conducted among 406 inhabitants of the Fez-

Meknes region. The information collected through semi-open interviews on medicinal, dietary, 

and cosmetic uses was used to calculate the family use value (FUV), the use value (UV), the 

value of the plant parts used (PPV), and the informant agreement index (IAR). A multiple 
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correspondence analysis (MCA) was also conducted to explore the links between plant uses 

and the sociodemographic characteristics of the respondents. Results: The study identified 123 

species belonging to 55 botanical families. Lamiaceae dominated the flora studied (FUV = 

0.154), while Ajuga iva had the highest use value (UV = 0.57). Maceration was the most 

common method of preparation (63.87%) and leaves were the most commonly used plant part 

(PPV = 0.78). Painful and inflammatory conditions were the most frequently reported 

therapeutic category (IAR = 0.96). Conclusions: The results highlight the richness of local 

biodiversity and traditional knowledge, while emphasizing the need for further phytochemical 

and pharmacological research to scientifically support therapeutic, food, and cosmetic uses. 

Keywords: Ethnobotany, medicinal and aromatic plants, Fez-Meknes, phytotherapy. 
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Abstract 

Background: The gut-brain axis (GBA) is a sophisticated bidirectional communication 

network that integrates the central nervous system (CNS) and the gastrointestinal tract (GIT). 

This dialogue is mediated by complex neural, immune, endocrine, and metabolic signaling 

pathways. Emerging evidence identifies the gut microbiota as a master regulator of this axis, 

influencing essential physiological processes, including neurotransmitter synthesis, blood-brain 

barrier (BBB) integrity, and neuroinflammation. Mechanisms of Pathology: Dysbiosis—the 

disruption of microbial homeostasis—is increasingly implicated in the pathogenesis of 

neurodegenerative disorders (NDDs) such as Alzheimer’s disease, Parkinson’s disease, and 

multiple sclerosis. Pathological progression is driven by the systemic translocation of pro-

inflammatory cytokines and neurotoxic metabolites, such as trimethylamine N-oxide (TMAO), 

which exacerbate oxidative stress and facilitate protein misfolding (e.g., $\alpha$-synuclein and 

$\beta$-amyloid). Conversely, beneficial metabolites like short-chain fatty acids (SCFAs) and 

tryptophan derivatives, which normally provide neuroprotection and maintain BBB stability, 

are significantly diminished in dysbiotic states. Therapeutic Perspectives: Restoring GBA 

equilibrium offers a transformative approach to delaying neurodegeneration. Current research 

explores dietary modulation, psychobiotics, fecal microbiota transplantation (FMT), and vagus 

nerve stimulation (VNS) as viable interventions. However, the translation of preclinical 

findings to clinical practice is hampered by significant interindividual microbiome variability 

and a lack of standardized biomarkers. Conclusion: Advancing the field requires a transition 

toward precision medicine. Integration of emerging technologies—including AI-driven 

microbiome analytics, organ-on-a-chip models, and wearable biosensors—is essential to 

decode mechanistic complexities. Standardizing protocols for microbiome-based therapies will 

be pivotal to establishing the GBA as a cornerstone of personalized neurodegenerative disease 

management. 

Keywords: Gut-brain axis, Dysbiosis, Neurodegeneration, Microbial Metabolites, Precision 

Medicine. 
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Abstract 

This study investigates the role of two commonly used surfactants, Triton X-100 (TX-100) and 

Tween-80, in enhancing the solubility of the NSAID (derivative of naproxen 1-NO). NSAID's 

poor water solubility limits its bioavailability and therapeutic efficacy, presenting a challenge 

for effective drug delivery. Surfactants like TX-100, a nonionic surfactant with an aromatic 

ether group, and Tween-80, a nonionic surfactant composed of a polyoxyethylene sorbitan 

ester, are known for their ability to improve drug solubility by reducing surface tension and 

forming micelles. In this study, the solubility of NSAID (1-NO) was analyzed in aqueous 

solutions of varying concentrations of TX-100 and Tween-80. The results demonstrated a 

significant increase in NSAIDs solubility with the addition of both surfactants, with Tween-80 

showing a more pronounced effect at lower concentrations. The enhancement in solubility is 

attributed to the formation of micelles by the surfactants, which encapsulate the hydrophobic 

drug molecules, thereby increasing their aqueous solubility. This research highlights the 

potential of TX-100 and Tween-80 as solubilizing agents in pharmaceutical formulations, 

offering a promising approach to improving the bioavailability of NSAID. The findings suggest 

that surfactant-based strategies could be effectively employed to enhance the therapeutic 

efficacy of poorly soluble drugs. 
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Abstract 

A study was conducted to assess the microbiological quality of feed products produced by local 

manufacturers in Tashkent. The analysis included samples of compound feed, cottonseed cake, 

sunflower cake, soybean cake, and corn grits (V1–V6). Coliform bacteria were detected in 83% 

of the samples, indicating sanitary violations. Identification using the MALDI-TOF MS method 

revealed the dominance of Bacillus spp., as well as the presence of opportunistic 

microorganisms, including Staphylococcus, Klebsiella, Enterobacter, and Proteus.  

The results of the microbiological examination of feed samples (V1–V6), presented in Table 1, 

indicate microbial growth on all used culture media, including Potato Dextrose Agar (PDA), 

Meat Peptone Agar (MPA), Sabouraud Agar (SA), Endo agar, and Mannitol Salt Agar (MSA). 

Growth of colonies on Potato Dextrose Agar (PDA) and Sabouraud Agar indicates 

contamination of several samples with microscopic fungi and yeasts. The most pronounced 

fungal contamination was observed in samples V3 and V5, which may suggest an elevated 

presence of mold and yeast-like microorganisms in these feed batches. The obtained results 

were compared with regulatory sanitary microbiological standards (GOST 10444.15-94, GOST 

10444.12-88) to assess the level of contamination and sanitary quality of the samples. In 

addition, MALDI-TOF MS analysis enabled refinement of the taxonomic profile of the detected 

microorganisms and identification of both commensal microflora and opportunistic pathogens 

of sanitary significance. Microbial growth on Meat Peptone Broth confirms the presence of a 

bacterial component in all examined samples. In particular, samples V1, V2, and V6 exhibited 

the most intensive bacterial growth, indicating a high level of contamination with mesophilic 

aerobic and facultative anaerobic microorganisms. The observed differences in the nature and 

intensity of growth across the culture media reflect the heterogeneity of the microbiological 

composition of the investigated samples. The microbiological monitoring of six feed samples 

from local producers in the Tashkent region revealed systematic non-compliance of all 

investigated batches with current sanitary and hygienic standards. The total bacterial load (6.2 

× 10⁵ – 8.9 × 10⁵ CFU/g) exceeded the permissible limit (5 × 10⁵ CFU/g) in all samples without 

exception. Mold contamination also exceeded the regulatory threshold (5 × 10⁴ CFU/g) in all 

cases, reaching a critical level of 6 × 10⁵ CFU/g in sample V6, indicating a substantial risk of 

mycotoxin accumulation. Coliform bacteria, representing opportunistic enterobacteria, were 

detected in five out of six samples, suggesting fecal contamination and violations of sanitary 

conditions during production, storage, or transportation. Microorganism identification using 

phenotypic methods and MALDI-TOF MS demonstrated that, alongside dominant commensal 

flora of the genus Bacillus, all samples contained opportunistic microorganisms, including 
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Staphylococcus gallinarum (V1–V4, V6), S. condimenti (V5), as well as Gram-negative 

enterobacteria (Klebsiella variicola, Enterobacter cloacae, and E. cancerogenus), 

predominantly in V1 and V2. Staphylococcal contamination was universal, affecting all 

investigated feed samples.The obtained results highlight the necessity of strengthening 

microbiological control across all stages of the production chain, revising storage conditions 

for feed raw materials, and implementing continuous monitoring using modern microorganism 

identification techniques to ensure the biological safety of feed products in the Tashkent region. 

Keywords: Animal feed, microbiological safety, mold fungi, coliform bacteria, MALDI-TOF 

mass spectrometry. 
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Abstract 

INTRODUCTION: Climate change is threatening the basic ingredients of good health – clean 

air, safe drinking water, a nutritious food supply and safe shelter – and has the potential to 

undermine decades of progress in global health. High temperatures and heat waves are 

associated with excess morbidity and mortality, particularly among vulnerable populations. In 

addition to deaths, high temperatures can increase the strain on the healthcare system by 

increasing emergency room visits, hospitalizations, preterm births, mental health problems, and 

other negative health outcomes. AIM: The aim of this study is assessing the risk of climate 

change on the health of the population and the health system in Kosovo. METHODS: A review 

of existing health or other policies, strategies or programmes related to climate change and 

health in Kosovo in national and international level. Research into other risk factors/health 

determinants of diseases related to climate change. Climate change vulnerability assessment of 

six health facilities in different regions of Kosovo in the context of climate change-related 

extreme exposure situations (heat waves, floods and droughts). RESULTS: Circulatory diseases 

and tumors are among the most common causes of death in Kosovo for the period 2016-2020 

Infectious diseases in Kosovo, acute diarrhea and seasonal influenza were the most reported in 

the period 2014-2020. The level of risk, i.e. the system's unpreparedness to deal with the hazards 

of the three climate extremes, among health facilities (hospitals) in Kosovo can be considered 

medium in almost all assessed capacities. CONCLUSIONS: The highest mortality from 

kardiovaskular diseases is registered among the most vulnerable population over 65 years of 

age (over 70% of total mortality). One of the main weaknesses that we registered in the 

evaluation of the preparedness of health institutions in Kosovo is the lack of a sufficient number 

of health workforce 
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Abstract 

The Drâa-Tafilalet region in southeastern Morocco is characterized by a rich yet insufficiently 

documented floristic diversity. This study aims to inventory and highlight the use of Aromatic 

and Medicinal Plants (AMPs) in traditional healthcare practices among local populations.An 

ethnobotanical survey was conducted based on 500 structured interviews with inhabitants of 

the region. The recorded plant species were taxonomically identified, and data on vernacular 

names, therapeutic uses, and plant parts utilized were systematically collected.The results 

revealed more than 100 AMP species, mainly used to treat respiratory, digestive, and 

circulatory disorders. Leaves, fruits, and seeds were identified as the most commonly used plant 

parts.This study contributes to the preservation and valorization of the ethnobotanical heritage 

of the Drâa-Tafilalet region and emphasizes the importance of safeguarding these natural 

resources and associated traditional knowledge. 

Keywords: Drâa-Tafilalet; Ethnobotany; Medicinal Plants; Phytotherapy 
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Abstract 

In this study, the physicochemical, pharmacokinetic, and drug-likeness properties of (E)-1-(1-

(4-(tert-butyl)phenyl)-2,2-dichlorovinyl)-2-(4-methoxyphenyl)diazene were analyzed in silico 

using the SwissADME platform. The conducted analyses indicate that the investigated 

compound possesses several structural characteristics suitable for drug design, although certain 

limitations were also observed. The relatively high molecular weight (≈363 g/mol) and low 

topological polar surface area (TPSA ≈ 34 Å²) confirm the lipophilic nature of the molecule. 

While these properties may facilitate membrane permeability, they can also influence other 

pharmacokinetic parameters. Regarding solubility, all applied predictive models indicated poor 

aqueous solubility of the compound, which may represent a major limiting factor affecting its 

bioavailability. In addition, the high logP values (~5.8) demonstrate dominant lipophilicity, 

resulting in both favorable effects, such as enhanced membrane permeability, and unfavorable 

effects, including reduced solubility. Pharmacokinetic analysis revealed that the compound 

exhibits low gastrointestinal absorption and does not penetrate the blood–brain barrier. This 

characteristic may be considered beneficial in terms of reducing potential central nervous 
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system-related side effects. On the other hand, the inhibition of several CYP450 enzymes 

suggests the possibility of metabolic drug–drug interactions. From the perspective of drug-

likeness, (E)-1-(1-(4-(tert-butyl)phenyl)-2,2-dichlorovinyl)-2-(4-methoxyphenyl)diazene 

generally falls within acceptable ranges, with only minor deviations associated with 

lipophilicity. The moderate bioavailability score (~0.55) suggests that the compound may 

potentially exhibit activity in biological systems. In terms of chemical safety, the presence of 

azo/diazo functional groups raises certain structural alerts. Such groups may cause non-specific 

responses in biological assays and therefore require additional experimental verification. 

Overall, the investigated compound may be considered a lipophilic and pharmacologically 

active structure. However, improvement of aqueous solubility and optimization of metabolic 

stability are considered essential for enhancing its therapeutic potential. In this regard, the 

incorporation of more polar functional groups into the molecular structure may represent a 

promising strategy. 

 
Keywords: SwissADME, pharmacokinetics, drug-likeness, dichlorodiazadiene, lipophilicity, 

in silico analysis, azo compounds 
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Abstract 

The emergence of multidrug-resistant bacterial strains has increased the demand for novel 

antibacterial compounds targeting essential bacterial enzymes. In this study, triazole and 

hydrazone derivatives were comparatively investigated against DNA gyrase B (PDB ID: 

4KFG) using molecular docking analysis. Docking simulations were performed using 

AutoDock Vina to evaluate ligand–protein interactions and binding affinities. Among all 

investigated compounds, triazole derivative -(E)-5-methyl-N'-(2-oxoindolin-3-ylidene)-1-

phenyl-1H-1,2,3-triazole-4-carbohydrazide exhibited the highest binding affinity (−9.6 

kcal/mol), forming multiple stabilizing hydrogen bonds and hydrophobic interactions within 

the ATP-binding pocket of DNA gyrase B. Hydrazone derivatives such as (E)-2-ethyl-3-(2-(3-

hydroxy-2-naphthoyl)hydrazineylidene)butanoic acid and (E)-4-((2-(benzo[d]thiazol-2-

yl)hydrazineylidene)methyl)benzene-1,2-diol also demonstrated strong interaction profiles 

supported by hydrogen bonding and electrostatic interactions. Comparative analysis revealed 

that the structural characteristics of heterocyclic scaffolds significantly influence ligand binding 

stability and interaction diversity. The obtained results indicate that triazole derivatives possess 

considerable potential as DNA gyrase B inhibitors and may serve as promising antibacterial 

lead compounds for future optimization and experimental validation studies. 

mailto:atakishiyeva.gulnar.91@gmail.com
mailto:sevinc.muxtarova@aztu.edu.az
mailto:ibrahimova.shafigaa@gmail.com
mailto:yusifli.ayten77@yahoo.com
mailto:1998sad@gmail.com


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

145 
 

 

 
Keywords: DNA gyrase B, triazole derivatives, hydrazone derivatives, molecular docking, 

antibacterial activity, heterocyclic compounds 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

146 
 

HUMAN-CENTERED HEALTHCARE INFRASTRUCTURE: ARCHITECTURAL 

PERSPECTIVES ON COMPASSIONATE HOSPITAL DESIGN 

 

Ph.D. Candidate Sami MELIK (ORCID: 0009-0007-4755-7331) 

Mohamed Khider Biskra University, Faculty of Architecture and urbanism and structural 

engineering and hydrology, Department of Architecture, Biskra, Algeria 

Email: sami.melik@univ-biskra.dz 

 

Assoc.prof. Dr. Sara KHELIL (ORCID: 0000-0002-2098-2107) 

Mohamed Khider Biskra University, Faculty of Architecture and urbanism and structural 

engineering and hydrology, Department of Architecture, Biskra, Algeria 

Email: sara.khelil@univ-biskra.dz  

 

Assoc.prof. Dr. Tallal Abdel Karim BOUZIR (ORCID: 0000-0002-1902-1800) 

Mohamed Khider Biskra University, Faculty of Architecture and urbanism and structural 

engineering and hydrology, Department of Architecture, Biskra, Algeria 

Email: tallalabdelkarim.bouzir@univ-biskra.dz  

 

 

 

 

Abstract  

Healthcare architecture has moved beyond its functional efficiency to acknowledge that the 

physical environment is a therapy in its own right that can have a positive impact on patient 

recovery, staff health and wellbeing and healthcare delivery. But even amid the mounting proof 

that good design can yield better healing results, many hospitals go ahead and continue to create 

institutional and stress-inducing environments. This systematic literature review brings together 

evidence on the impact of natural lighting, biophilic integration, acoustic optimization, spatial 

organization, accessibility and wayfinding on creating a compassionate healing environment in 

hospitals. The peer-reviewed studies between 2012 and 2026 were searched using PubMed, 

Scopus, Web of Science and Google Scholar, with 48 studies found after screening from a total 

of 1641 studies. Findings from the thematic synthesis and critical evaluation indicate that 

daylighting and biophilic design can help to reduce hospital length of stay, analgesic use, and 

sleep quality, and can reduce anxiety, stress biomarkers and blood pressure. Acoustic 

optimisation helps patients to sleep, lessen their perception of pain, and lessen staff stress, while 

single rooms enhance autonomy and lower infection risk. The review suggests a five-layer 

model: environmental foundation, sensory-psychological, social-digital, accessibility-

inclusion, and healing-wellbeing, to implement a compassionate, people-centred design of the 

hospital as an evidence-based therapeutic approach. 

Keywords: Evidence-based design, healing environments, patient-centered care, biophilic 

design, healthcare architecture. 
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Abstract  

The built environment plays a crucial role in cognitive functioning, emotional processes, 

recovery from stress, and healing in healthcare environments. This exhaustive review brings 

together the fields of neuroscientific, architectural and environmental psychology approaches 

to explore how the design of therapeutic space can influence human cognition, neuroplasticity 

and wellbeing in hospitals, intensive care, rehabilitation centers and mental health facilities. 

Using evidence-based design (EBD) and other principles such as neuroarchitecture, biophilic 

design, and cognitive load theory, this article systematically examined the effect of architectural 

variables on neurobiological responses and clinical outcomes, including: natural lighting and 

circadian rhythm support; acoustics; spatial configuration and wayfinding; color psychology; 

material composition; nature integration; multisensory environmental stimulation. To search 

the literature for papers on healthcare architecture, neuroarchitecture and therapeutic 

environments, we performed a systematic literature search according to PRISMA 2020 

guidelines in the Scopus, Web of Science, PubMed and Google Scholar databases of peer-

reviewed literature published between 2019-2026, from which 45+ papers had been selected. 

The key findings underscore the benefits of an appropriately designed healthcare setting on 

patient anxiety, perception of pain, incidence of delirium, length of stay and staff well-being. 

Optimizing the intensity and quality of natural light for circadian rhythm support, design 

elements for natural lighting that support the circadian rhythm, elements of biophilic design 

that lower stress markers and enhance emotional regulation, and spatial design that emphasizes 

intelligibility and wayfinding that minimize cognitive load and environmental stress. This 

review summarises the neuroscientific mechanisms influencing architectural effectiveness, 

such as attentional restoration and stress reduction pathways, sensory integration, and 

neuroplastic responses; and provides a conceptual foundation connecting architectural design 

variables to neurobiological outcomes. International healthcare projects are used for case 

analyses, such as Maggie's Centres, Khoo Teck Puat Hospital and Alnarp Rehabilitation 

Garden. The article ends with design principles for human-centred, cognitively supportive 

therapeutic environments based on evidence and suggestions for future research directions that 

combine the use of neurotechnology, artificial intelligence and responsive architecture to 

enhance healthcare outcomes. 

Keywords: neuroarchitecture; evidence-based design; cognitive neuroscience; therapeutic 

environments; biophilic design. 
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Abstract  

There is a growing recognition in the healthcare sector that physical environments play a critical 

role in affecting psychological health, wellbeing and recovery of patients and in patient care 

quality; however, many clinical environments are sterile, stressful, and prioritise operational 

efficiency as their primary concern. This systematic literature review aims to draw a synthesis 

of current evidence related to environmental design strategies that promote positive patient 

experience, stress reduction and recovery in the context of environmental psychology principles 

of restorative architecture. To abide by the PRISMA 2020 guidelines, over 50 peer-reviewed 

studies were consequently searched from Scopus, Web of Science, PubMed, and Google 

Scholar, and the studies focused on the evidence-based design, biophilic architecture and 

restorative environmental theory in healthcare environments, published between 2018 and 

2026. Results reveal that MSIs that combine natural light, biophilic features, acoustic 

optimization, colour psychology and spatial configuration have a significant impact on anxiety 

reduction, perceived comfort, recovery outcomes and staff wellbeing. The most robust impacts 

are from a holistic, patient-centred approach, not just one element of design. The review finds 

that restorative healthcare environments are a clinical and ethical need, with measurable health 

benefits and shorter hospital stays and lower health care costs.. 

Keywords: evidence-based design; healing environments; biophilic architecture; healthcare 

architecture; environmental psychology. 
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Abstract  

The adoption of Internet of Things (IoT) solutions in the field of architecture is redefining 

healthcare buildings as dynamic, intelligent environments that are capable of optimizing patient 

care, the efficiency of operations, and the productivity of employees. This exhaustive review 

brings together available evidence on ways in which smart sensors, real time environmental 

monitoring, digital twins and AI-assisted infrastructure can help to improve the spatial design 

of healthcare environments and meet challenges with infection control, thermal comfort, 

acoustic quality and sustainability. The article is based on systematic literature research of peer-

reviewed publications and on international case studies from Singapore, South Korea, 

Germany, Japan and the United States, and provides a conceptual framework for the IoT-

integrated healthcare architecture, which links together the fields of smart building technology, 

environmental psychology, healthcare management and sustainable design. Key areas explored 

in the study are intelligent patient rooms equipped with adaptive environmental controls, real-

time indoor air quality monitoring systems, smart lighting and circadian rhythm optimisation, 

thermal comfort management, touchless technologies for preventing infections, and predictive 

maintenance systems. This mixed-method research design, which involved a systematic 

literature review, post-occupancy evaluation principles and comparative case study analysis, 

showed that the use of IoT in healthcare environments achieves between 20-40% energy 

efficiency, a reduction in airborne pathogen exposure of 61.96%, and tangible improvements 

in patient satisfaction and health care worker wellbeing. The integration of Building 

Information Modeling (BIM) with the Internet of Things (IoT) infrastructure allows for 

seamless interoperability between the systems, ensuring data flows effortlessly and seamlessly 

supports adaptive spatial planning and emergency response. It ends with design principles for 

smart hospitals integrated with IoT, covering human-centric design, cybersecurity for 

resilience, and scalable digital infrastructure. This work also provides important evidence-based 

guidelines for designing future healthcare facilities that can be intelligent, sustainable, patient-

centric and operationally resilient. 

Keywords: IoT healthcare architecture; smart hospitals; digital twins; BIM; indoor 

environmental quality; healthcare design. 
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Abstract  

In addition to digital technologies, artificial intelligence, Internet of Things (IoT) and advanced 

architectural design are converging to completely redefine the future of how health care is 

provided—creating intelligent healthcare environments. This comprehensive review 

investigates the smart technologies being strategically adopted in medical architecture to 

improve patient outcomes, infection control, sustainability and operational efficiency. The 

article is based on the findings of the review of a systematic literature review of 95 peer-

reviewed studies and case analyses of 2020–2026, covering smart hospital systems, Internet of 

Things (IoT) for environmental monitoring, Artificial Intelligence (AI) for clinical decision 

making, Building Information Modeling (BIM), digital systems, adaptive HVAC and lighting 

systems, robotic automation, evidence-based design principles, and sustainable medical 

architecture. Key findings include the integrated smart technologies identified which can help 

to eliminate up to 39.6% of healthcare-associated infections, shorten patients' hospital stays, 

lower energy consumption by 58%, and increase diagnostic accuracy with AI-driven systems. 

But challenges such as cybersecurity threats, data privacy or security concerns, algorithmic 

bias, interoperability, regulatory compliance, and human-centered design strategies that place 

equal emphasis on clinical effectiveness and patient-centred care must be resolved in successful 

implementation. It also highlights emerging paradigms in the development of precision 

medicine, pandemic responsive design, and resilient healthcare infrastructure and the need for 

collective and interdisciplinary strategies that include patient-architects, engineers, clinicians 

and policy makers. The review concludes that intelligent healthcare environments are a stepping 

stone towards a new generation of patient-centric, data-driven and sustainable medical 

environments that can tackle the challenges of the future in healthcare and deliver high-quality 

and equitable care. 

Keywords: smart hospitals; intelligent buildings; healthcare architecture; Internet of Things; 

artificial intelligence. 
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Abstract  

Healthcare environments are dealing with unprecedented challenges that require them to create 

healing environments that simultaneously support patient recovery, improve staff wellness and 

prevent disease transmission. This systematic review aims to pull together scientifically 

evidence on architectural and environmental design measures to improve indoor environmental 

quality (IEQ) in medical building. We conducted a search of peer-reviewed literature using the 

PRISMA methodology, from the major databases (Scopus, Web of Science, PubMed, Google 

Scholar) and included 50+ studies covering the period from 2018-2026 in the analysis, on the 

topics of healthcare architecture, environmental psychology, infection control, and evidence-

based design. Key findings show how much patients stress is reduced, hospital stays are 

shortened, infection rates are reduced and staff productivity is increased by implementing 

thermal comfort, indoor air quality, acoustic performance, daylighting, biophilic elements, 

ventilation strategy and spatial organization as integrated design interventions. Thermal 

comfort optimization (21–26°C) reduced the length of a patient's stay by 1.8 days on average 

and the stress of caregivers by 76%. Acoustic interventions lowered the noise level in the ICU 

from 60-90 dB(A) to optimal levels, which led to a 48% increase in patient satisfaction scores 

and better sleep quality. Daylighting and the circadian rhythm benefit patient recovery rates 

and mental health in a variety of patient groups. Airborne pathogen exposure was reduced by 

61.96% with strategic ventilation design (minimum 12 air changes per hour in isolation rooms) 

and stress related biomarkers were reduced and patient pain perception was enhanced with 

biophilic design elements. WELL and LEED Healthcare standards resulted in an improvement 

of 39% in occupant satisfaction when compared to conventional buildings. This evidence-based 

synthesis confirms that architecture is a key health intervention and offers integrated guidelines 

for creating sustainable, healthy, and infection control environments that are designed for 

human-centered health outcomes while also meeting environmental sustainability goals that 

support the UN Sustainable Development Goals 3 and 11. 

Keywords: healthcare architecture, indoor environmental quality, evidence-based design, 

patient recovery, healing environments. 
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Abstract  

Healthcare buildings are sites of critical infrastructure where the design of the environment has 

a direct impact on the health of patients, staff and visitors. This extensive research article 

explores the complex interconnections between architectural strategies, environmental quality 

and public health indicators in healthcare settings. We systematically review the state-of-the-

art literature and international case studies and provide evidence of the impact of evidence-

based design principles, including thermal comfort, daylighting, acoustic management, air 

quality optimization, spatial configuration and nature integration, on patient recovery 

trajectories, reduction in infection rates, staff productivity, and organizational efficiency. This 

article brings together some theoretical models: Evidence-Based Design (EBD), Biophilic 

Design, Salutogenic Architecture, and Universal Design, and outlines their empirical 

connections to measurable health outcomes. Post-occupancy evaluation, environmental 

simulation and health metrics assessment methodologies are presented, and sustainable 

healthcare infrastructures are analyzed in relation to Sustainable Development Goals and WHO 

building recommendations for health. The research combines qualitative and quantitative data 

that shows how using human-centred environmental factors in healthcare buildings leads to a 

30% reduction in hospital-acquired infections, 8-15% quicker recovery, increased staff 

wellbeing and retention rates, and operational sustainability. Passive environmental systems, 

courtyard layouts, green roofs, adaptive facades, contactless circulation systems and 

antimicrobial material use are some of the architectural strategies studied. The argument 

presented in this article is that this environmental design in health care needs to be moved from 

the compliance mode to the salutogenic (promoting health) mode so that wellbeing is actively 

promoted rather than merely prevented. Finally, we provide recommendations for integrated 

design protocols, policy frameworks, and future research areas that are critical to designing 

resilient health-focused healthcare buildings that can respond to new public health crises in 

various settings around the world. 

Keywords: Healthcare architecture, environmental design, evidence-based design, biophilic 

design, indoor environmental quality. 
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Abstract  

Healthcare facility design significantly influences patient recovery, yet contemporary hospitals 

often prioritize clinical efficiency over therapeutic environmental quality. Although evidence 

shows that natural lighting, acoustic comfort, biophilic elements, spatial organization, and 

sustainable systems affect patients’ physiological and psychological responses, a gap remains 

between evidence-based design principles and actual healthcare architecture. This article 

critically synthesizes contemporary research on architectural interventions for patient recovery, 

integrating healing environment theory, environmental psychology, and evidence-based design 

methodology. A systematic literature review of 30–50 empirical studies, reviews, theoretical 

frameworks, architectural case studies, and post-occupancy evaluations published between 

2020 and 2026 was conducted using Web of Science, Scopus, and PubMed. Findings indicate 

that integrated environmental design strategies can reduce hospitalization length, decrease pain 

medication intake, improve sleep quality, and enhance patient satisfaction. Biophilic design, 

optimized acoustics, circadian lighting, and patient-centered spatial layouts emerge as the most 

effective dimensions. The study establishes a healing-centered framework for healthcare 

architecture and provides practical strategies for new construction and renovation aimed at 

improving patient recovery, staff wellbeing, and operational efficiency. 

Keywords: healthcare architecture, healing environments, patient recovery, spatial design, 

evidence-based design. 
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Abstract  

The physical healthcare environment plays a significant role in shaping patient recovery, 

psychological resilience, staff wellbeing, and overall healthcare quality. Although 

contemporary hospital design increasingly recognizes therapeutic principles, healthcare 

facilities often continue to prioritize clinical efficiency over spatial qualities that support 

healing, resulting in environments that may increase stress, delay recovery, reduce patient 

satisfaction, and contribute to staff burnout. This article systematically synthesizes 

contemporary research on therapeutic spatial design in healthcare architecture, focusing on 

evidence-based design strategies, environmental variables, and implementation frameworks 

that enhance patient wellbeing and staff effectiveness. Using the PRISMA 2020 framework, 

literature published between 2018 and 2026 was reviewed from Scopus, Web of Science, 

PubMed, and Google Scholar, supported by international case studies and post-occupancy 

evaluations. Findings show that optimized lighting, acoustic comfort, biophilic design, privacy, 

spatial configuration, and perceived environmental control can reduce stress, analgesic use, 

length of stay, and hospital-acquired infections while improving satisfaction and staff 

resilience. The study concludes that therapeutic spatial design functions as a non-

pharmacological architectural intervention with measurable health impacts, requiring 

interdisciplinary collaboration, standardized assessment protocols, and policy support for 

evidence-based healthcare infrastructure. 

Keywords: therapeutic architecture, healing environments, evidence-based design, patient 

wellbeing, environmental psychology. 
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Abstract 

Role of Architect and his design towards enabling and optimization of healthcare facilities in 

critical. During Covid-19 pandemic, Pakistan major shortfalls in the existing healthcare system 

were highlighted with major gaps in integration of healthcare design experts and architects 

towards transformation of existing facilities to Covid-19 centers. In Post-pandemic Pakistan, 

there existed a strong need to evaluate how far the previous lessons learned have been 

incorporated in policy making and future design of facilities. The study explored 62 published 

documents related to healthcare facilities standards, requirements and functional development 

from provincial and federal government departments as the baseline exploration. Keywords 

were identified through recent research exploration of similar studies in post-pandemic 

timeline. The exploration showed that Architect term has been mentioned only 34 times in all 

of these documents with evidence based design and built environment as key words completely 

missing. The gaps highlighted shear differences and disconnect between healthcare policies 

and architectural design innovation in post-pandemic time. Research further argues the role of 

architect to be defined as a healthcare designer in the context to help optimize the facilities for 

future challenges through bridging these highlighted gaps and assisting Pakistan towards 

proactive preparation for future healthcare endeavors at large. 

Key Words: Architect, Architecture, Healthcare Design, Hospital, Minimum Service Delivery 

Standards, Pakistan, Future Healthcare Design. 
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Abstract  

Chronic hepatic encephalopathy (CHE) is a neuropsychiatric complication of chronic liver 

disease (CLD) characterized by neuropsychiatric dysfunction, cognitive impairment, and motor 

abnormalities. This study aimed to characterize memory deficits and examine microglial 

activation in a chronic HE model (CHE). Chronic liver dysfunction was induced in five-month-

old male Wistar rats through repeated administration of thioacetamide (TAA). Liver injury and 

fibrosis were evaluated using biochemical markers (ALT, AST, MMP-3, MMP-9, TIMP-1, and 

P3NP) and confirmed by hepatic histopathology. TAA-treated rats exhibited a marked elevation 

of ALT and AST, a significant decrease in MMP-3 and MMP-9, and increased serum levels of 

TIMP-1 and P3NP, consistent with advanced hepatic fibrosis. Cognitive performance was 

assessed using the Morris water maze and Y-maze tests, both of which demonstrated significant 

memory impairment in TAA-treated animals. In addition, our results showed increased Iba1 

immunoreactivity in the cerebral cortex and the hippocampal subfield CA1. Alternatively, CHE 

rats exhibited a threefold increase in brain ammonia. Taken together, these findings 

demonstrate that chronic liver injury-induced hyperammonemia and neuroinflammation lead to 

significant memory deficits.  

Keywords: Ammonia, chronic liver disease, chronic hepatic encephalopathy, hippocampus, 

microglial activation. 
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Abstract 

Background: Adult-type diffuse gliomas are the most common malignant primary tumors of 

the central nervous system and carry a poor prognosis, particularly in low- and middle-income 

countries where molecular characterization remains limited. Data from North Africa are scarce. 

This study aimed to describe the epidemiological, clinical, and prognostic characteristics of 

adult-type diffuse gliomas in a Moroccan cohort according to the 2021 WHO classification, 

contributing to a broader integrative perspective linking population health, biological 

heterogeneity, and resource-dependent management. Methods : A retrospective single-center 
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descriptive study was conducted at the Mohammed VI Cancer Center of Ibn Rochd University 

Hospital, Casablanca, including 122 patients with adult-type diffuse gliomas diagnosed 

between January 2019 and November 2024. Demographic, clinical, histopathological, and 

survival data were collected and analyzed. Overall survival was estimated using the Kaplan–

Meier method, and prognostic factors were assessed by univariate, multivariate analyses. 

Results : The median age was 55.5 years with a male predominance (sex ratio ≈ 2:1). 

Glioblastoma was the most frequent subtype (74.6%), predominantly localized in the parietal, 

frontal, and temporal lobes. Motor deficits, headaches, and seizures were the most common 

presenting symptoms. Among glioblastoma patients, the median overall survival was 8.66 

months, with a two-year survival rate of 26.5%. Younger age and access to multimodal 

treatment were associated with significantly improved survival, with treatment modality 

emerging as the only key prognostic factor. Conclusion : This study describes one of the largest 

single-center cohorts of adult-type diffuse gliomas in Morocco. It provides epidemiological and 

prognostic insights into glioma behavior in a North African population and underscores the 

need for broader molecular profiling and multicenter prospective studies to support integrative, 

personalized management strategies in low-income settings. 
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Abstract 

Efficient sorting of large-scale numerical data is a fundamental requirement in biomedical back-

end systems, including genomic analysis pipelines, hospital information systems, and clinical 

data repositories. Traditional comparison-based sorting algorithms such as quick sort and merge 

sort provide reliable performance but remain bounded by O(nlogn) complexity, which limits 

scalability in high-throughput biomedical environments. Radix sort offers linear-time behavior 

for integer data; however, its efficiency decreases when datasets contain values with 

heterogeneous digit lengths, a common characteristic in biomedical data such as genomic 

coordinates and patient identifiers. This study proposes a digit-length-aware radix sorting 

method designed to address inefficiencies caused by heterogeneous digit distributions. The 

method first categorizes integers according to their digit lengths, applies radix sort 

independently within each group, and merges the sorted groups to produce the final ordered 

output. This strategy reduces redundant digit-wise passes and improves runtime efficiency 

while preserving the linear-time behavior of radix sort. To further enhance performance, this 

work introduces a thread-level parallel variant of the digit-aware radix sorting approach. After 

digit-length grouping, independent digit buckets are processed concurrently using a thread-

based execution model. A hybrid scheduling strategy is employed to parallelize only 

sufficiently large buckets while processing smaller buckets sequentially, thereby avoiding 

unnecessary threading overhead and ensuring stable performance. Experimental evaluations 

conducted on datasets reflecting biomedical workloads demonstrate that the proposed method 

consistently outperforms classical radix sort and merge sort, and achieves competitive or 

superior performance compared to quick sort in large-scale heterogeneous datasets. The 

threaded variant further improves runtime efficiency, highlighting the effectiveness of 

combining digit-aware grouping with selective thread-level parallelism for biomedical data 

processing applications. 

Keywords: Digit-Aware Radix Sort, Thread-Level Parallelism, Biomedical Data Processing, 

Parallel Sorting, Genomic Data Analysis 
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1. Introduction  

Modern healthcare infrastructures are increasingly built around large-scale, continuously 

generated data coming from biomedical devices, hospital information systems, and research 

platforms. To make this information usable, centralized back-end systems must ingest, clean, 

and process it both quickly and reliably, so that it can support clinical decision-making, 

downstream research analytics, and seamless integration into electronic/clinical records (Batko 

and Slezak, 2022). 

 

Within this broader data ecosystem, sorting (especially for genomic coordinates) becomes 

a fundamental preprocessing step. Many core bioinformatics workflows (e.g., variant 

processing, interval overlap discovery, and feature consolidation) depend on fast and correct 

ordering of genomic intervals. For example, the AIList data structure introduced by Feng et al. 

improves interval querying partly by sorting intervals based on their start coordinates and 

organizing them using precomputed end values, which accelerates overlap checks (Feng et al., 

2019).Likewise, Mao et al. evaluate augmented two-dimensional range trees for genomic 

interval queries; their approach constructs the structure using interval start positions as primary 

keys, which implicitly assumes an efficient mechanism for producing position-sorted data (Mao 

et al., 2019). In other words, in many interval search pipelines, sorting is not optional. It is a 

prerequisite that shapes the speed of the entire workflow, making efficient sorting algorithms a 

practical necessity.  

 

Sorting itself is one of the most established topics in computer science, with a well-

documented foundation ranging from Knuth’s classic treatments to the widely used textbook 

by Cormen et al. (Knuth, 1998; Cormen et al., 2009). Despite its maturity, sorting remains a 

central operation in real-world data engineering, with direct relevance to biomedical contexts 

such as genomic pipelines, EHR management, clinical signal processing, and medical imaging 

(Bick et al., 2019; Ross et al., 2014; Santos and Rocha, 2023). It also plays a supporting role in 

tasks like feature alignment and biological sequence comparison, where preserving or enforcing 

a meaningful order is essential for correct interpretation (Satam et al., 2024). Traditional 

comparison-based algorithms (e.g., quicksort and mergesort) can behave quite differently 

depending on input characteristics, but they share a core limitation. Since they rely on element 

to element comparisons, they typically cannot exploit special structure in numeric data to 

approach true linear time behavior in practice.  

 

In contrast, radix sort is a non-comparative integer sorting method that can deliver 

excellent performance under the right conditions. First conceptualized by Harold H. Seward in 

1954 (Attard Cassar, 2018), radix sort orders integers by processing digits (commonly from 

least significant to most significant), placing values into digit-based buckets at each pass. 

However, a key practical weakness appears when the input array contains integers with highly 

variable digit lengths. Standard radix sort typically determines the maximum digit length in the 

array and then performs that many digit wise passes for every element. Even if only a small 

fraction of numbers have the maximum length, all shorter numbers are effectively treated as if 

they had that same length by padding missing leading digits with zeros during processing. This 

introduces redundant work and can substantially reduce efficiency on heterogeneous inputs.  

 

This issue is especially common in biomedical data. Genomic coordinate ranges naturally 

vary because chromosomes differ dramatically in size. For instance, large chromosomes like 

chr1 are on the order of hundreds of millions of base pairs, while smaller ones like chr21 are 

far shorter (Wilming et al., 2007). As a result, coordinates often span multiple digit lengths 

(from six digits up to nine digits or more), creating an input distribution that can be unfavorable 
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for conventional radix sorting. A similar pattern appears in operational hospital data. Logs and 

telemetry streams may store timestamps at different resolutions, producing numeric fields 

whose digit representations are inconsistent across events (Goodwin et al., 2022a). In both 

cases, the “pad everything to the maximum digit length” behavior of standard radix sort leads 

to unnecessary digit passes and wasted computation.  

 

Prior work has proposed many improvements to radix sort, particularly for parallel and 

hardware-aware implementations on multicore CPUs and GPUs. Studies by Lee et al. (Lee et 

al., 2002), Cho et al. (Cho et al., 2015), and Satish et al. (Satish et al., 2009) highlight how 

architecture-conscious designs can accelerate radix sorting under modern compute settings. 

Yet, the specific challenge of efficiently handling arrays with mixed digit lengths has received 

comparatively limited attention. To the best of our knowledge, digit length based grouping has 

not been formally developed or evaluated as a primary strategy within radix sorting pipelines 

for biomedical data. Our work addresses this gap directly for settings such as genomic intervals 

and health record identifiers, where digit length heterogeneity is routine and performance 

differences matter at scale.  

 

This study builds upon our earlier work, where we introduced the core concept of digit 

length aware radix sorting and evaluated its performance on heterogeneous integer datasets 

commonly observed in biomedical pipelines (T. Direk, 2024). The central idea is to precede 

sorting with a lightweight categorization step that partitions values according to their digit 

lengths, after which radix sort is applied independently within each subgroup and the sorted 

groups are concatenated to form the final output. By avoiding redundant digit passes on shorter 

numbers, this strategy reduces unnecessary computation and improves runtime behavior under 

realistic, digit-diverse data conditions while retaining the overall linear-time appeal of radix-

based sorting. In the present paper, we substantially extend this foundation through a more 

detailed algorithmic formulation, an expanded experimental evaluation, and—most 

importantly—the introduction and analysis of a selective threaded variant that exploits the 

natural independence of digit-length buckets, enabling improved robustness and scalability on 

modern multicore systems without compromising correctness or stability. 

 

Finally, we demonstrate the method’s real-world relevance through genomic interval 

analysis, a routine component of bioinformatics and biomedical research. Many common 

operations over BED-like interval files such as intersection, merging, and feature mapping 

require intervals (start/end coordinates) to be sorted efficiently before they can be processed at 

scale. Since genomic coordinates frequently exhibit digit length imbalance across 

chromosomes, this domain is a natural fit for the proposed approach (Otlu and Can, 2019). 

 

2. Materials and Methods 

Genomic data processing pipelines frequently revolve around interval based operations, 

such as finding overlapping genomic features, computing intersections between annotations, or 

combining and filtering regions of interest (Otlu and Can, 2019). To run these operations 

efficiently, tools typically rely on coordinate sorted intervals, where positions along 

chromosomes can span an unusually wide numeric range from very small values (tens to 

hundreds of base pairs, such as 10–500 bp) to extremely large coordinates represented with 

many digits in large chromosomes or genome assemblies  (Wilming et al., 2007). Because of 

this, interval sorting is not just a housekeeping step, it is a core dependency that directly impacts 

the runtime of downstream analyses. 
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Many widely used toolchains make this requirement explicit. For instance, BEDTools 

expects sorted BED inputs for high throughput execution of operations like intersect, merge, 

and subtract, meaning that the speed and scalability of these workflows are strongly tied to how 

quickly the underlying coordinates can be sorted (Quinlan and Hall, 2010; Quinlan, 2014). 

Similarly, BEDOPS is designed around the assumption of sorted inputs to deliver high 

performance genomic feature operations at scale (Neph et al., 2012). In practical biomedical 

research settings, the consequences are immediate. When comparing Single Nucleotide 

Variants (SNVs) or other interval like records across many samples, position sorted inputs 

enable fast lookup patterns (often resembling binary search behavior) and more efficient 

overlap checks. Tools such as Tabix, which retrieve intervals from compressed genomic files, 

depend on coordinate sorted indexing to support rapid region queries  (Li, 2011). In short, 

accurate and efficient sorting is a direct enabler of the speed we expect from modern genomics 

software. 

 

Since sorting is such a large component of these real world workloads, improving a 

promising method like radix sort can provide meaningful practical gains. The key weakness of 

conventional radix sort, however, comes from its standard assumption that all values should be 

processed as if they have the same digit length as the maximum-length number in the array. 

Shorter numbers are effectively padded with leading zeros, and the algorithm performs digit 

wise passes equal to the maximum digit count, even if only a single outlier has many digits. 

Although radix sort is linear in theory, this "maximum digit governs all" behavior can prevent 

it from approaching its most efficient practical behavior whenever even one large digit value 

forces extra iterations for everyone else. That means the algorithm may spend time doing digit 

passes that contribute nothing to ordering the shorter values. 

 

Our proposed method addresses this inefficiency by explicitly handling digit length 

heterogeneity. Instead of treating the input as one uniform group, we first separate integers into 

categories according to their number of digits, and then sort within each category 

independently. Concretely, the optimized digit length aware radix sorting procedure has three 

major stages. 

 

Firstly, digit length categorization is done by initializing separate containers 

(lists/buckets) for each digit length that appears in the data, then scan the input once and place 

each integer into the bucket matching its digit length. Nextly, within-group radix sorting, apply 

radix sort separately to each bucket so that digit wise passes are performed only for numbers 

that actually share that digit length. 

Lastly, merge of sorted groups, concatenate the buckets in ascending digit length order 

(and within each bucket, in sorted order) to produce the final fully sorted array. 

 

This workflow mirrors a simple human intuition. When comparing numbers with 

different digit lengths, we can often determine which is larger just by digit length, without 

performing detailed digit-by-digit comparisons across unequal length values. By leveraging this 

idea computationally, the method avoids unnecessary processing across digit length boundaries 

and focuses radix passes only where they are informative among numbers of the same digit 

length. As a result, the approach reduces redundant iterations induced by high digit outliers and 

pushes performance toward the more favorable behavior radix sort can achieve under various 

digit length conditions. Pseudocode of the method is given in Algortihm 1:  
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Algorithm 1. OptimizedRadixSort(arr) 

 

1:  Initialize separate lists for each digit length, where 

digit classes[i] will hold numbers with (i + 1) digits 

2:  For each number in arr: 

3:   Determine the number of digits d in the number 

4:   Append the number to digit classes[d-1] 

5:  For each digit class in digit classes: 

6:   If the digit class is not empty: 

7:    Apply RadixSort(digit class) 

8:  Initialize sorted arr as an empty list 

9:  For each digit class in digit classes: 

10:   Append all numbers in the digit classes to sorted_arr 

 

While digit aware radix sorting already reduces unnecessary passes by grouping numbers 

according to their digit length, modern datasets routinely reach millions or tens of millions of 

elements, making single threaded execution increasingly memory and time bound. Crucially, 

after digit length grouping, each bucket becomes independent. Numbers with different digit 

lengths never interact during sorting. This structural independence creates a natural opportunity 

for parallelization, as each digit bucket can be sorted without synchronization or data sharing 

with others. Failing to exploit this independence leaves available CPU cores idle and limits 

scalability on contemporary multi-core systems. 

 

Furthermore, radix sorting within each bucket is itself computation heavy but 

deterministic, making it well suited for parallel execution when combined with low overhead 

task scheduling. By offloading bucket level sorting to worker threads, the algorithm transforms 

from a strictly sequential pipeline into a coarse grained parallel workload. This is particularly 

beneficial when the input distribution is heterogeneous ( many short numbers and few long 

ones), where the dominant cost concentrates in a small number of large buckets. Parallelization 

mitigates this imbalance by allowing expensive buckets to be processed concurrently rather 

than serially.  

 

The threaded digit aware radix sort in this work is designed as a hybrid parallel sequential 

strategy that carefully balances parallelism benefits against the overhead imposed by CPython’s 

Global Interpreter Lock (GIL). After digit length grouping, buckets are evaluated individually. 

Small buckets are processed sequentially, while only sufficiently large buckets are offloaded to 

worker threads. This selective parallelization is controlled by a configurable parallel threshold, 

ensuring that thread creation and scheduling overhead do not dominate execution time for 

lightweight workloads. As a result, the algorithm avoids the common pitfall of naive 

multithreading in Python, where excessive task fragmentation can degrade performance rather 

than improve it. 

 

In practice, the performance gains of the threaded variant depend strongly on the 

distribution of digit lengths. When large buckets dominate the workload, such as in mixed short 

and long integer distributions, the threaded version reduces wall clock time by concurrently 

sorting independent high cost buckets. However, because radix sorting itself is CPU bound and 

executed in pure Python, the GIL limits achievable speedup, preventing linear scaling with core 

count. Consequently, the threaded digit aware radix sort should be interpreted as an overhead 

aware optimization, not a general purpose parallel radix implementation. Its main contribution 
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lies in improving performance robustness across heterogeneous datasets while preserving 

correctness, stability, and low memory overhead. Pseudocode in Algortihm 2 shows how these 

steps are exatctly implemented. 

 

 

Algorithm 2. OptimizedRadixSort(arr) 

 

1:  Initialize empty lists buckets[0 . . . max digits − 1] 

2:  For each number x in arr: 

3:   Determine digit length d of x 

4:   d ← min(d, max digits) 

5:   Append x to buckets[d − 1] 

6:  Initialize sorted buckets[0 . . . max digits − 1] as empty 

7:  Initialize a thread pool with at most workers threads 

8:  For each index i and bucket in buckets: 

9:   If bucket is empty: 

10:    sorted buckets[i] ← empty list 

11:   Else if bucket size < threshold: 

12:    Apply RadixSort(bucket, i + 1) sequentially 

13:    Store result in sorted buckets[i] 

14:   Else: 

15:    Submit RadixSort(bucket, i + 1) as a thread task 

16:  Wait for all submitted thread tasks to complete 

17:  Store each completed result in the corresponding sorted buckets entry 

18:  Initialize output list out as empty 

19:  For each list in sorted buckets: 

20:  Append all elements to out 

21:  Return out 

 

 

3. Findings and Discussion 

 

The computational complexity of the proposed optimized digit aware radix sort can be 

analyzed by decomposing the algorithm into its main stages. First, digit-length categorization 

requires a single pass over the input array, resulting in a time complexity of O(n), where n 

denotes the number of integers. Determining the digit length of each number involves at most 

a fixed number of integer comparisons (up to 15 in our setting), avoiding expensive string-

based operations and ensuring low constant overhead. 

 

Second, radix sorting within each digit length category is performed independently. For 

a bucket containing numbers with d digits, radix sort runs in  O(d(m+b)), where  m is the bucket 

size and  b is the numerical base. Since both  d and b are small constants relative to large input 

sizes, this step is effectively linear in practice. However, traditional radix sort performs the 

same number of digit passes for all elements, which can be inefficient when a small subset of 

values has significantly larger digit lengths. By isolating numbers according to their digit 

lengths, the proposed method avoids unnecessary digit passes for shorter integers, thereby 

mitigating this performance degradation. 

 

The final stage, merging the sorted categories, consists of concatenating already sorted 

buckets. As no additional comparisons or reordering are required, this step runs in linear time. 
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Together, these stages yield an overall time complexity of  O(n) for the optimized digit aware 

radix sort. The best case behavior is consistently achieved because each number is processed 

only for the exact number of digit passes it requires, guaranteeing that no redundant iterations 

occur for smaller values. 

 

3.1 Threaded Variant and Its Performance Implications 

To further improve performance on modern multicore systems, a threaded version of the 

digit aware radix sort is introduced. While our previous study focused on the sequential 

formulation of digit aware radix sorting, the present work extends the approach by explicitly 

addressing parallel execution. In particular, we investigate how digit length grouping naturally 

exposes independent sorting tasks that can be exploited through selective thread level 

parallelism. In this variant, digit length buckets are examined sequentially, but only sufficiently 

large buckets are offloaded to worker threads, while smaller buckets are sorted sequentially in 

the main thread. This hybrid strategy prevents thread management overhead from dominating 

execution time when buckets are small, while still allowing computationally expensive radix 

passes to overlap in time. As a result, the threaded version improves wall clock performance in 

datasets where large digit length buckets dominate the workload, without compromising 

correctness or stability. 

 

Due to the Global Interpreter Lock (GIL) in CPython, the threaded variant does not aim 

for linear scaling with the number of cores. Instead, it provides an overhead aware optimization 

that improves robustness across heterogeneous input distributions. By selectively parallelizing 

only the most expensive buckets, the method achieves practical speedups while maintaining 

predictable memory usage and algorithmic simplicity. 

 

3.2 Experimental Setup and Application Context 

To empirically validate the proposed approach, experiments were conducted on datasets 

of varying sizes, as reported in Tables I, II, and III. The optimized digit aware radix sort was 

compared against merge sort, quick sort, and traditional radix sort. All experiments were 

performed on a standard consumer-grade machine equipped with an Intel Core i7-7700K CPU 

running at 4.20 GHz and 32 GB of RAM. 

 

The evaluation datasets were designed to reflect real world genomic coordinate 

distributions. Most values contain five digits or fewer, while a minority extend up to 15 digits, 

mimicking coordinate ranges observed in genomic interval data. Analyses using the 

GenomicDistributions package on BED-formatted datasets reveal long tailed interval length 

distributions, ranging from hundreds of base pairs to extremely large genomic regions spanning 

hundreds of billions of bases. This variability directly translates into heterogeneous digit lengths 

when genomic coordinates are represented as integers for sorting. 

 

Genomic interval data in BED files typically consist of a chromosome label followed by 

integer start and end positions, for example: 

 

chr1 123   150 

chr2 45678   46000 

chr3 123456789012345 123456789012360 

 

Efficient sorting of such data is a prerequisite for downstream tools such as BEDTools 

merge, which requires lexicographical ordering by chromosome name and numerical ordering 

by genomic position. Since genomic intervals across chromosomes can differ substantially in 
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magnitude, traditional sorting methods may suffer from degraded performance due to digit 

length variability. The proposed digit length aware radix sort directly addresses this challenge 

by aligning computational effort with numeric magnitude, leading to improved and more 

consistent performance in large scale genomic data processing. 

 

Table 1. Execution times (seconds) for equal-per-digit datasets with varying input sizes and 

maximum digit lengths (median of 3 runs). 

n 
Max Digit 

Length 

Merge 

Sort 

Quick 

Sort 

Radix 

Sort 

Optimized DAR 

Sort 

Threaded DAR 

Sort 

1,000,000 15 7.03 5.46 8.96 5.29 5.13 

1,000,000 12 7.29 4.84 6.93 3.64 4.18 

1,000,000 8 7.51 4.01 4.73 2.68 2.65 

1,000,000 5 7.03 3.53 2.79 2.00 1.90 

10,000,000 15 91.48 64.67 92.85 56.29 53.69 

10,000,000 12 84.65 64.39 72.65 42.62 42.71 

10,000,000 8 84.44 60.35 47.12 34.76 31.11 

10,000,000 5 76.08 48.26 27.57 19.52 18.89 

10,000,000 3 71.45 22.55 13.85 13.29 12.00 

 

Table 2. Execution times (seconds) for datasets with only 100 long integers (up to 15 digits), 

remaining values ≤ 5 digits (median of 3 runs). 

n Merge Quick Radix Opt. DAR Th. DAR 

100,000 0.56 0.37 0.73 0.28 0.27 

1,000,000 7.46 5.46 8.23 3.39 3.16 

10,000,000 95.20 75.09 89.86 36.40 36.52 

Table 3. Execution times (seconds) for datasets with 10,000 long integers (up to 15 digits), 

remaining values ≤ 5 digits (median of 3 runs). 

n Merge Quick Radix Opt. DAR Th. DAR 

1,000,000 6.98 5.32 8.68 3.51 3.23 

10,000,000 95.65 67.65 89.44 35.52 35.30 

 

Tables II and III highlight scenarios with highly imbalanced digit distributions, where 

only a small fraction of the input consists of large integers. In Table II, only 100 values have 

up to 15 digits, while the remaining values are limited to five digits or fewer. Under these 

conditions, the optimized digit aware radix sort demonstrates a clear performance advantage. 

For the ten million element dataset, it outperforms quick sort by more than 38 seconds, 

corresponding to a reduction in execution time exceeding 50\%. For smaller inputs, the 

optimized method and quick sort exhibit comparable performance, indicating that the benefits 

become increasingly pronounced at scale. The threaded variant shows similar or slightly 

improved performance, reflecting the fact that only a small number of large buckets dominate 

the workload. 

 

A similar pattern is observed in Table III, where 10,000 long values are present. The 

optimized digit aware radix sort maintains a substantial performance margin over merge sort 

and classical radix sort, while consistently outperforming quick sort for large inputs. These 
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results collectively demonstrate that the proposed approach is particularly effective for datasets 

with heterogeneous digit lengths, a common characteristic in real world applications. 

 

The biomedical engineering domain, especially genomics, represents a compelling 

application area for this optimization. Genomic interval processing tasks, such as merging 

overlapping regions or identifying intersections between genomic features and variants, operate 

on large coordinate based datasets stored in formats such as BED or VCF. These datasets 

inherently contain numeric values with widely varying digit lengths, ranging from a few 

hundred base pairs to billions. Efficient and stable sorting is a critical preprocessing step for 

tools such as BEDTools and BEDOPS, which rely on ordered intervals to perform downstream 

analyzes. By aligning computational effort with numeric magnitude, the proposed digit aware 

radix sort substantially improves sorting efficiency for such workloads. 

 

Although genomic data served as the primary motivation, the proposed method is also 

applicable to other domains involving large scale numeric identifiers, such as clinical 

information systems that manage patient IDs or hospital specific codes. While these identifiers 

may exhibit less extreme digit variability, systems operating at scale can still benefit from the 

reduced overhead and predictable performance of digit aware sorting. Future work may extend 

this approach to distributed environments and integrate it into established genomic and clinical 

data processing libraries to further evaluate real world system level performance. 

 

4. Conclusion and Recommendations 

This study introduces an optimized Digit Aware Radix (DAR) sort designed for 

efficiently ordering integer arrays with heterogeneous digit lengths. By grouping values 

according to their digit lengths, applying radix sort with an exact number of digit passes per 

group, and concatenating the sorted groups, the proposed approach achieves a linear time 

complexity of  

O(n) in theory. Extensive experimental evaluations across multiple input sizes and digit 

distributions demonstrate that the method consistently outperforms classical radix sort and 

merge sort, while approaching or exceeding the performance of quick sort in many practical 

scenarios. 

 

Although quick sort remains highly competitive due to its low implementation overhead, 

the proposed DAR method provides clear advantages for datasets exhibiting strong digit length 

variability. These gains come at the cost of modest additional memory usage for bucket 

management and a final merge step. However, this overhead is outweighed by the reduction in 

redundant digit processing. Furthermore, a selective threaded variant of the algorithm is 

presented, in which large digit buckets are processed concurrently while smaller buckets are 

handled sequentially. This hybrid strategy improves robustness and reduces wall-clock time for 

large scale inputs, without compromising correctness or stability. 

 

Overall, the proposed digit aware sorting framework offers a practical and scalable 

solution for applications that operate on large collections of variable length numeric data. In 

particular, biomedical and genomic data processing pipelines where coordinate based 

representations naturally span wide numeric ranges stand to benefit from this optimization. 

Beyond genomics, the method is applicable to other data intensive domains requiring efficient 

sorting of heterogeneous numeric identifiers. Future work may explore extensions to distributed 

environments and integration into established domain specific libraries to further evaluate 

system level performance gains. 
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Abstract 

Afterwards COVID-19 pandemic, ecotourism has become more prominent. While an increase 

in studies on ecotourism has been observed after pandemic, literature review reveals that there 

are limited number of studies combining Balkan countries, Multi-Criteria Decision Making 

(MCDM) methods, and ecotourism. This study aims to contribute literature by providing a 

guide policymakers in strategic decision-making. Land characteristics, eco-cultural heritage, 

existence of water resources, wildlife, hiking trails, canyons, deltas, national parks, diving 

tourism, farm tourism, education level and awareness of local population are among factors 

contributing to region's attractiveness for ecotourism. Furthermore, availability of roads and 

infrastructure supports development of ecotourism since ecotourism locations can often be 

physically difficult to access due to mountainous, rugged and high altitudes. Policies are 

constituted by countries have influence on these factors and affect ecotourism potential of 

countries. This study assesses ecotourism potential of Six Western Balkan (WB6) countries 

which are Albania, Bosnia and Herzegovina, Kosovo, Montenegro, North Macedonia, and 

Serbia considering policies that affect ecotourism. In this study, Organization for Economic 

Cooperation and Development (OECD) Western Balkans Competitiveness Data Hub which 

structures competitiveness level of WB6 countries under 15 key policies is utilized while 

determining indicators and building dataset. Tourism, transport, agriculture, and environmental 

policies are among these policies that directly affect ecotourism. Sub-categories of these 

policies which are “sustainable and competitive tourism”, “regulation and connectivity”, “rural 

development and infrastructure” and “ecosystem protection”, were considered as indicators. In 

this study, while building unique dataset, up-to-date data which belongs to 2024 were collected 

regarding four indicators from OECD Western Balkans Competitiveness Data Hub. By 

assigning equal weight to each indicator, WB6 countries were ranked according to their 

ecotourism potential with applying MOORA method and were ranked from highest to lowest 

ecotourism potential as follows: Montenegro, Albania, Serbia, Kosovo, North Macedonia, 

Bosnia and Herzegovina. 

Keywords: Ecotourism, Western Balkan (WB6) Countries, Multi-criteria Decision Making 

(MCDM), Multi-Objective Optimization on the basis of Ratio Analysis (MOORA) 

  

mailto:bilge.gunes@marmara.edu.tr
https://orcid.org/0009-0004-5699-3643
mailto:bsennar@marmara.edu.tr
https://orcid.org/0000-0002-6809-634X


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

171 
 

1. Introduction  

Ecotourism centres around the natural resources and also includes the preservation of local 

culture and values, and authentic experiences. National parks, existence of water resources, 

waterfalls, lakes and landscape beauties, land characteristics, biological and ecosystem 

diversity create an environment for the spread of ecotourism. Ecotourism supports economic 

development by providing income for local people, while contributing the environmental 

protection, natural beauty and resources (Cvetković et al, 2023). Hiking, camping, diving, 

picnic, sports, off-road driving, protection of wildlife (ex. sea turtles), boat tours and botanic 

tours some of the ecotourism activities. These activities must be carried out while protecting 

the natural environment and landscapes, without disturbing living creatures, and without 

damaging vegetation such as coral reefs. Otherwise, the ecosystem will be harmed, and there 

may be irreversible consequences (Alrawaf et al., 2023; Fadliyanti et al., 2024). 

There are different metrics such as land characteristics, eco-cultural heritage, existence of 

water resources, wildlife, hiking trails, canyons, deltas, national parks, diving tourism, farm 

tourism, education level and awareness of local population which affects the attractiveness of 

the one region for ecotourism. For example, mountainous, rugged and high altitudes are among 

the metrics which have an effect on the ecotourism potential of countries (Jovanović et al, 

2022). In this study three research questions are considered and they are provided below. 

• Research Question1: Has the interest in ecotourism increased in the post-pandemic 

era?  

• Research Question 2: What are the indicators for ecotourism? 

• Research Question 3: What is the ranking of the Six Western Balkan countries from 

highest to lowest in terms of ecotourism potential considering tourism, transport, 

agriculture and environment policies?  

By considering following two queries which are “Balkan countries + ecotourism" and “Balkan 

countries + ecotourism + multi-criteria decision making” it is tried to find answer for the 

Research Question 1 in database of Google Scholar was searched for studies published in 2019 

and afterwards, considering the post-COVID-19 period. In the in the literature review process, 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology 

is utilized and only journal articles were considered. 

Table 1. Number of articles published after COVID-19 

 Query 1 Query 2 

Query "Balkan countries + ecotourism" “Balkan countries + ecotourism + 

multi-criteria decision making" 

Year Number of Articles Published Number of Articles Published 

2019 11 1 

2020 12 0 

2021 12 2 

2022 20 1 

2023 19 1 

2024 15 2 

2025 37 4 

Total 126 11 
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Figure 1. Publication trend graph of ecotourism (2019-2025) 

Ecotourism is getting more popular and known, there is an increase in the number of studies 

on ecotourism has been observed after COVID-19. However, ecotourism is an understudied 

field in the literature in terms of Balkan countries, Multi-Criteria Decision Making (MCDM) 

methods, and ecotourism together (Lamçe & Braimllari, 2025). This study aims to contribute 

literature by considering guiding policymakers in strategic decision-making for countries. 

This study evaluates the ecotourism potential of Six Western Balkan (WB6) countries 

which are Albania, Bosnia and Herzegovina, Kosovo, Montenegro, North Macedonia, and 

Serbia considering policies that affect ecotourism. In this study, Organization for Economic 

Cooperation and Development (OECD) Western Balkans Competitiveness Data Hub which 

structures competitiveness level of WB6 countries under 15 key policies is utilized while 

determining indicators and building original dataset. 

2. Materials and Methods 

Tourism, transportation, agriculture, and environmental policies are among these policies 

that directly affect ecotourism. Sub-dimensions of these policies which are “sustainable and 

competitive tourism”, “regulation and connectivity”, “rural development and infrastructure” 

and “ecosystem protection”, were considered as indicators (OECD, 2026). In this study, while 

building unique dataset, up-to-date data which belongs to 2024 were collected regarding four 

indicators from OECD Western Balkans Competitiveness Data Hub. 

 

Table 1. Indicators for Digital Society (OECD Western Balkans Competitiveness Data 

Hub, 2026) 

No Main 

Dimension 

Sub-Dimension Explanation 

Indicator 1 Tourism 

Policy 

Sustainable and 

competitive 

tourism 

The extent to which a place utilizes its 

cultural and natural resources is an 

indicator of how well-known it becomes a 

brand in tourism in terms of economic, 

social and environmental aspects. 
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Table 2. continued 

Indicator 2 Transport 

Policy 

Regulation and 

connectivity 

The measure of the planning, functioning, 

integration, convenience and quality of 

transportation networks.  

Indicator 3 Agriculture 

Policy 

Rural 

development and 

infrastructure 

The measure of rural infrastructure and 

irrigation systems. 

Indicator 4 Environme

nt Policy 

Protection of 

ecosystems 

The environmental measure that 

encompasses water quality and 

productivity, biodiversity, ecosystem 

conservation, sustainable forestry, and 

land management policies. 

Multi-Objective Optimization by Ratio Analysis (MOORA) was introduced in the study of 

Brauers & Zavadskas (2006) as a Multi-Criteria Decision Making (MCDM) method to solve 

various complex MCDM problems (Karakoç et al., 2023). Multi-attribute optimization is 

considered under predetermined constraints with using ratio analysis. The implementation steps 

of the MOORA are given as follows (Chakraborty, 2011; Güneş & Sennaroğlu, 2026; Schmohl 

et al. 2025): 

Step 1. Construct the decision matrix which is 𝑋 = [𝑥𝑖𝑗]𝑚×𝑛
. 

𝑚 represents the number of alternatives while 𝑛 represents the number of indicators. The 

performance of the 𝑖𝑡ℎ alternative on the 𝑗𝑡ℎ indicator is represented as 𝑥𝑖𝑗. 

Step 2. The normalized values are expressed as 𝑥𝑖𝑗 which are dimensionless in a range between 

zero and 1 and are calculated via Equation (1) and the normalized decision matrix is constructed 

which is represented as 𝑁 = [𝑛𝑖𝑗]𝑚×𝑛
. 

 

𝑛𝑖𝑗 =
𝑥𝑖𝑗 

[∑ 𝑥𝑖𝑗
2𝑚

𝑖=1 ]
1/2              (1) 

 

Step 3. Construct the weighted normalized decision matrix which is represented as 𝑊 =

[𝑤𝑖𝑗]𝑚×𝑛
 . The weighted normalized matrix is gathered by multiplying the indicator weights 

(𝑤𝑗 ) with the normalized decision matrix. 

Step 4. Transform multi-attribute optimization problem into the form of Equation (2): 

 

                                                   𝑦𝑖 = ∑ 𝑤𝑗 𝑛𝑖𝑗
𝑔
𝑗=1 − ∑ 𝑤𝑗 𝑛𝑖𝑗

𝑛
𝑗=𝑔+1              (2) 

 

3. Findings and Discussion 

The results of implementation steps of MOORA method are given in Table 3, Table 4, 

Table 5 and Table 6 respectively.  
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Step 1. 

Table 3. The decision matrix 

Weights 0.250 0.250 0.250 0.250 

Criterion Indicator 1 Indicator 2 Indicator 3 Indicator 4 

Unit of measure Proportion (%) Proportion (%) Proportion (%) Proportion (%) 

Min/Max max max max max 

Albania 40.00 48.00 70.00 54.00 

Bosnia and Herzegovina 16.00 20.00 46.00 36.00 

Kosovo 30.00 40.00 76.00 36.00 

Montenegro 84.00 46.00 54.00 40.00 

North Macedonia 28.00 32.00 60.00 46.00 

Serbia 46.00 46.00 76.00 40.00 

[∑ 𝑥𝑖𝑗
2

𝑚

𝑖=1
]
1/2

 
112.75 97.78 158.38 104.04 

 

Step 2. 

Table 4. The normalized decision matrix 

Criterion Indicator 1 Indicator 2 Indicator 3 Indicator 4 

Min/Max max max max max 

Albania 0.355 0.491 0.442 0.519 

Bosnia and Herzegovina 0.142 0.205 0.290 0.346 

Kosovo 0.266 0.409 0.480 0.346 

Montenegro 0.745 0.470 0.341 0.384 

North Macedonia 0.248 0.327 0.379 0.442 

Serbia 0.408 0.470 0.480 0.384 

 

Step 3. 

Table 5. The weighted normalized decision matrix 

Criterion Indicator 1 Indicator 2 Indicator 3 Indicator 4 

Min/Max max max max max 

Albania 0.089 0.123 0.110 0.130 

Bosnia and Herzegovina 0.035 0.051 0.073 0.087 

Kosovo 0.067 0.102 0.120 0.087 

Montenegro 0.186 0.118 0.085 0.096 

North Macedonia 0.062 0.082 0.095 0.111 

Serbia 0.102 0.118 0.120 0.096 

 

Step 4. 

Table 6. Assessment results of alternatives 

 sum of max sum of min assessment of alternative rank 

Albania 0.4517 0.0000 0.4517 2 

Bosnia and Herzegovina 0.2457 0.0000 0.2457 6 

Kosovo 0.3753 0.0000 0.3753 4 

Table 7. continued 

Montenegro 0.4852 0.0000 0.4852 1 

North Macedonia 0.3492 0.0000 0.3492 5 

Serbia 0.4357 0.0000 0.4357 3 
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As a result of MOORA method final rankings are given in Table 7. 

Table 8. Final ranking results of alternatives 

No Country 

1 Montenegro 

2 Albania 

3 Serbia 

4 Kosovo 

5 North Macedonia 

6 Bosnia and Herzegovina 

According to Şengöz's study (2018), in response to the question "Would you prefer this 

type of holiday in ecotourism?", hiking was the most popular choice with 55.5%, while sea-

sand-sun tourism was the second most preferred type of ecotourism with 44.1%. The 

presence of the coastal side is important in terms of ecotourism potential, and the proximity 

to the coastline has an impact on the ranking results in Montenegro and Albania.  

4. Conclusion and Recommendations 

Ecotourism is a sustainable tourism which is shaped by natural, cultural and local values, 

contributes economy and increase the socio-economic levels of countries. Nowadays, it has 

become an increasingly popular and preferred way of tourism especially after COVID-19. 

Ecotourism is also affected by established policies and adopted management approaches. 

Evaluating the level of ecotourism potential will be beneficial for future strategic moves for 

countries. 

In this study, by assigning equal weight to each indicator (0.250), WB6 countries were 

ranked according to their ecotourism potential with implementing MOORA and were ranked 

from highest to lowest according to the ecotourism potential as follows: Montenegro, 

Albania, Serbia, Kosovo, North Macedonia, Bosnia and Herzegovina. 

For further studies, indicators and alternatives can be enhanced. MOORA and various 

MCDM methods can be applied to the country groups such as OECD, EU member countries 

and etc. Correlation analysis can be conducted between ecotourism ranking results and 

metrics such as tourism income or gross domestic product (GDP) per capita for forthcoming 

studies. Although the issue of ecotourism, when considered together with MCDM methods, 

allows important analyses and results to be obtained for countries, it is still a very untouched 

area in the literature, there seems to be a great need for studies in this field. As a summary, 

ecotourism is a vast field in itself, and its openness to innovation means that new studies 

contributing to the literature will be beneficial for policymakers and strategy makers.  
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Abstract 

In today’s world, cloud computing, automation, artificial intelligence, machine learning, 

blockchain, internet of things and advanced information communication technologies have 

become an inextricable part of sectors such as production, manufacturing, communication, 

economy, finance, education, health. Besides, digital technologies are deeply integrated into 

daily and social life; the society in which we live is called as digital society. Moreover, trust 

relationship between people and organizations are reshaped in digital society. Trust has built 

from being based on human-to-human relationships to a digital platform or algorithm-based 

understanding. Cybersecurity, data privacy and security are becoming increasingly important 

for building trust. Literature review reveals that there are limited number of studies combining 

Balkan countries, Multi-Criteria Decision Making (MCDM) methods, and digital society. 

Objective of this study includes contributing to literature by providing a guide for digital 

policymakers in strategic decision-making. This study aims to evaluate the level of being digital 

society of Six Western Balkan (WB6) countries (Albania, Bosnia and Herzegovina, Kosovo, 

Montenegro, North Macedonia, and Serbia) considering digital society policy. While 

determining criteria, Organization for Economic Cooperation and Development (OECD) 

Western Balkans Competitiveness Data Hub is utilized. Two sub-categories of digital society 

policy namely “society” and “trust” were considered as dimensions. “Digital inclusion 

framework” and “green digital technologies” were considered as criteria belongs to society 

dimension. “Privacy and data protections”, “consumer protection in e-commerce” and 

“cybersecurity” were considered criteria as trust dimension. Unique dataset was built on 2024 

and were collected from OECD Western Balkans Competitiveness Data Hub regarding to 

determined five criteria. Equal weights were assigned to each criterion. WB6 countries were 

ranked according to their level of being digital society with implementing MOORA method. 

Level of being digital society ranking results of WB6 countries from highest to lowest as 

follows: Kosovo, Albania, Serbia, Montenegro, North Macedonia, Bosnia and Herzegovina. 

Keywords: Digital Society, Western Balkan (WB6) Countries, Multi-criteria Decision Making 

(MCDM), Multi-Objective Optimization on the basis of Ratio Analysis (MOORA) 
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1. Introduction  

The state-of-the-art technologies such as cloud computing, automation, artificial 

intelligence, machine learning, blockchain, internet of things and advanced information 

communication technologies compose the backbone of sectors such as production, 

manufacturing, communication, economy, finance, education, health in today’s rapid changing 

world (Aleksandrova et al., 2022; Kong et al., 2024). In addition to the business; daily and 

social life get highly affected by the integration of the digital technologies. The society in which 

we live becomes more adopted to digital features and it is called as digital society. Moreover, 

meaning of the trust in today’s world between people and organizations is reshaped in digital 

society. Nowadays, in the digital environment, trust building has become algorithm-based 

rather than human-to-human relationships (Guo, 2022). For building trust; there is a significant 

need for providing environments which have high level of maturity of cybersecurity, data 

privacy and security (O’Neill, 2012). This study was structured around and considered the three 

research questions (RQ) given below. 

• RQ 1: Has the interest in literature about digital society increased in the post-pandemic 

era?  

• RQ 2: What are the criteria of being the digital society? 

• RQ 3: What is the ranking of the Six Western Balkan countries from highest to lowest 

in terms of being the digital society potential considering digital society policy?  

Literature review was conducted to answer the RQ 1 by searching following two queries 

which are “Balkan countries + digital society” and “Balkan countries + digital society + multi-

criteria decision making” in Google Scholar database. Only journal articles were included in 

the review process based on the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) methodology for studies published in 2019 and afterwards, considering 

the post-COVID-19 period. The results of conducted literature review are presented in Table 1 

and Figure 1.  

Table 9. Number of articles published after COVID-19 period 

 Query 1 Query 2 

Query "Balkan countries + ecotourism" “Balkan countries + ecotourism + 

multi-criteria decision making" 

Year Number of Articles Published Number of Articles Published 

2019 82 10 

2020 134 15 

2021 175 17 

2022 201 12 

2023 211 21 

2024 302 26 

2025 387 42 

Total 1492 143 
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Figure 1. Publication trend graph between 2019-2025 

Literature review reveals that there are limited number of studies combining Balkan 

countries, Multi-Criteria Decision Making (MCDM) methods, and digital society. Objective of 

this study includes contributing to the literature by providing a guide for digital policymakers 

in strategic decision-making. This study aims to evaluate the level of being digital society of 

Six Western Balkan (WB6) countries (Albania, Bosnia and Herzegovina, Kosovo, Montenegro, 

North Macedonia, and Serbia) considering digital society policy. 

5. Materials and Methods 

While determining criteria, Organization for Economic Cooperation and Development 

(OECD) Western Balkans Competitiveness Data Hub is utilized. Two sub-dimensions of digital 

society policy namely “society” and “trust” were considered as dimensions. “Digital inclusion 

framework” and “green digital technologies” were considered as criteria belongs to society 

dimension. “Privacy and data protections”, “consumer protection in e-commerce” and 

“cybersecurity” were considered criteria as trust dimension. The unique dataset was built on 

latest data available belongs to the year 2024 were collected from OECD Western Balkans 

Competitiveness Data Hub regarding to determined five criteria regarding to the digital society 

policy data which is under the 15 key policies. 

Table 10. Criteria for Digital Society (OECD Western Balkans Competitiveness Data Hub, 

2026) 

Main 

Dimension 

Dimension No Criterion Explanation 

Digital 

Society  

Society Criterion 1 Digital 

inclusion 

framework 

A socio-economic measure of how 

involved and adaptable society is 

to digital integration. 

Digital 

Society  

Society Criterion 2 Green digital 

technologies 

The measure of the sustainability 

of digitalization by limiting its 

negative impacts on the 

environment and climate.  
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Table 11. continued 

Digital 

Society  

Trust Criterion 3 Privacy and 

data 

protections 

The measure of ensuring and 

protecting personal privacy. It 

establishes a regulatory and 

deterrent framework against cyber 

threats that could compromise the 

security of personal information. 

Digital 

Society  

Trust Criterion 4 Consumer 

protection in 

e-commerce 

In e-commerce, it is a measure of 

establishing a legal and 

institutional framework to protect 

consumers on websites. 

Digital 

Society  

Trust Criterion 5 Cybersecurity The measure of cybersecurity risk 

management that extends across 

the economy to increase trust in 

the digital environment and 

facilitate the adoption of digital 

services. 

Multi-Objective Optimization by Ratio Analysis (MOORA) method is one of the Multi-

Criteria Decision Making (MCDM) methods which was introduced in the study of Brauers & 

Zavadskas (2006). MOORA is utilized to solve various complex MCDM problems (Karakoç et 

al., 2023). MOORA method provides multi-attribute optimization simultaneously under 

predetermined constraints with considering ratio analysis. The steps of the MOORA method 

are given as follows (Chakraborty, 2011; Güneş & Sennaroğlu, 2026; Schmohl et al. 2025): 

Step 1. The decision matrix is built and denoted as 𝑋 = [𝑥𝑖𝑗]𝑚×𝑛
. 

There are 𝑚 number of alternatives and 𝑛 number of criteria. 𝑥𝑖𝑗 denotes the performance of 

the 𝑖𝑡ℎ alternative on the 𝑗𝑡ℎ criterion. 

Step 2. The normalized decision matrix is denoted as 𝑁 = [𝑛𝑖𝑗]𝑚×𝑛
. 

Normalized performance values are dimensionless in a range [0,1] and are calculated by using 

Equation (1). 

𝑛𝑖𝑗 =
𝑥𝑖𝑗 

[∑ 𝑥𝑖𝑗
2𝑚

𝑖=1 ]
1/2              (1)

   

Denominator of Equation (1) is the square root of the sum of squares of each alternative per 

criterion which considered as the best option between ratio systems. 

Step 3. The normalized decision matrix is multiplicated with criterion weights and the weighted 

normalized decision matrix is built and denoted as 𝑊 = [𝑤𝑖𝑗]𝑚×𝑛
 where 𝑤𝑗 represents criterion 

weights. 

Step 4. Multi-attribute optimization problem is transformed to form of Equation (2): 

 

                                                   𝑦𝑖 = ∑ 𝑤𝑗 𝑛𝑖𝑗
𝑔
𝑗=1 − ∑ 𝑤𝑗 𝑛𝑖𝑗

𝑛
𝑗=𝑔+1              (2) 

 

6. Findings and Discussion 

The findings of MOORA method applied are given in Table 3, Table 4, Table 5 and 

Table 6 step by step respectively.  
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Step 1. 

Table 12. The decision matrix 

Weights 0.200 0.200 0.200 0.200 0.200 

Criterion Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 

Unit of measure 

Proportion 

(%) 

Proportion 

(%) 

Proportion 

(%) 

Proportion 

(%) 

Proportion 

(%) 

Min/Max max max max max max 

Albania 50.00 40.00 50.00 50.00 70.00 

Bosnia and 

Herzegovina 30.00 20.00 40.00 30.00 30.00 

Kosovo 50.00 40.00 70.00 60.00 60.00 

Montenegro 50.00 20.00 50.00 70.00 50.00 

North Macedonia 30.00 10.00 50.00 50.00 40.00 

Serbia 50.00 20.00 70.00 70.00 70.00 

[∑ 𝑥𝑖𝑗
2

𝑚

𝑖=1
]
1/2

 
108.63 67.08 137.48 138.92 135.65 

 

Step 2. 

Table 13. The normalized decision matrix 

Criterion Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 

Min/Max max max max max max 

Albania 0.460 0.596 0.364 0.360 0.516 

Bosnia and Herzegovina 0.276 0.298 0.291 0.216 0.221 

Kosovo 0.460 0.596 0.509 0.432 0.442 

Montenegro 0.460 0.298 0.364 0.504 0.369 

North Macedonia 0.276 0.149 0.364 0.360 0.295 

Serbia 0.460 0.298 0.509 0.504 0.516 

 

Step 3. 

Table 14. The weighted normalized decision matrix 

Criterion Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 

Min/Max max max max max max 

Albania 0.092 0.119 0.073 0.072 0.103 

Bosnia and Herzegovina 0.055 0.060 0.058 0.043 0.044 

Kosovo 0.092 0.119 0.102 0.086 0.088 

Montenegro 0.092 0.060 0.073 0.101 0.074 

North Macedonia 0.055 0.030 0.073 0.072 0.059 

Serbia 0.092 0.060 0.102 0.101 0.103 

 

Step 4. 

Table 15. Assessment results of alternatives 

 sum of max sum of min assessment of alternative rank 

Albania 0.4592 0.0000 0.4592 2 

Bosnia and Herzegovina 0.2605 0.0000 0.2605 6 

Kosovo 0.4880 0.0000 0.4880 1 

Table 6. continued     

Montenegro 0.3989 0.0000 0.3989 4 

North Macedonia 0.2887 0.0000 0.2887 5 

Serbia 0.4575 0.0000 0.4575 3 
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Final ranking results of WB6 countries are provided in Table 7. Kosovo is ranked at top 

while Bosnia and Herzegovina is ranked at last. 

Table 16. Final ranking results of alternatives 

No Country 

1 Kosovo 

2 Albania 

3 Serbia 

4 Montenegro 

5 North Macedonia 

6 Bosnia and Herzegovina 

 Ranking results are compared with population and demographics data in Table 8. 

Table 17. Comparison of population and demographics 

No Country Population (2024)  

Percentage of citizens  

under 65 years old 

1 Kosovo*   1,774,000  90.9 

2 Albania*   2,760,000  83.5 

3 Serbia   6,600,000  77.6 

4 Montenegro      624,000  83.3 

5 North Macedonia   1,830,000  81.9 

6 Bosnia and Herzegovina   3,160,000  Not available 

* 2022 or 2023 data instead of 2024 

According to the data for demographics of Eurostat (2026), Kosovo has the youngest 

population in Europe with having %90.9 of citizens under 65 years old, this situation may lead 

an advantage for being digital society despite its small population. Furthermore, given the 

young population structure, this could also explain the relatively high digital society 

performance by overcoming the limitations of traditional infrastructure. 

7. Conclusion and Recommendations 

Today, technology and society have become inseparable from each other. Evaluating the 

level of being digital society is crucial for shaping the future of countries and determining the 

right policies and actions. In this study, with considering equal weights (0.200) for each 

criterion, WB6 countries were ranked according to their level of being digital society with 

applying MOORA method. The level of being digital society ranking results of WB6 countries 

from highest to lowest as follows: Kosovo, Albania, Serbia, Montenegro, North Macedonia, 

Bosnia and Herzegovina. Despite being a relatively new country with a smaller population, 

Kosovo has been ahead of other countries in terms of digital society policy. 

For future studies, the number of criteria and alternatives can be increased for more 

comprehensive analysis, and actual data can be incorporated into the analysis as it becomes 

available. In addition, correlation between digital society ranking results and gross domestic 

product (GDP) per capita can be considered for further studies. 

As technology develops, there will be an increasing need for taking new actions and 

determining strategic policies considering society in terms of digitalization. Last but not least, 

the need for research in the field of digital society will gradually increase in the coming decades. 
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Abstract 

This study focuses on modernizing a pre-combustion chamber diesel locomotive engine to 

improve performance and reduce specific fuel consumption. The original 16-cylinder V90 

engine produces 2,400 HP with a 13.5 compression ratio, utilizing a mechanical injection 

system and individual cylinder heads. The modernization involved converting the pre-chamber 

design into a direct-injection system and designing the piston and bowl geometry through 

topological optimization. Additionally, the study integrated a common-rail system, redesigned 

the cooling channels and manifolds, and selected a suitable turbocharger. As part of the 

modernization, the following tasks were performed: converting the pre-combustion chamber 

into a single direct-injection combustion chamber; designing a new piston and piston bowl 

suitable for the combustion chamber through topological optimization; determining the 

appropriate valve timing for the updated engine; and conducting injector selection and fuel 

injection optimization. Moreover, the study involved the design of cooling channels, the 

implementation of a common-rail system, the design of intake and exhaust manifolds, the 

selection and application of a turbocharger suitable for the newly designed engine, material 

selection and structural strength analysis for the new piston, and the application of coatings to 

the piston surface to increase thermal strength. Structural and thermal analyses were performed 

using ANSYS, GT-Suite, Converge, and CAESES. The updated design features a 14.5 

compression ratio and a 1600 bar injection pressure with an 8-nozzle injector. The piston was 

further refined by reducing the ring count to three, shortening the skirt, and applying a thermal 

coating to the surface. As a result, the specific fuel consumption was reduced by 12%, dropping 

from 236 g/kWh to 205 g/kWh at 1,500 rpm and 2,400 HP. 

Keywords: Combustion Chamber Design, Topological Optimization, Direct Injection, MOGA 
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1. Introduction 

The internal combustion engine, specifically the compression-ignition (CI) diesel engine, 

remains a cornerstone of global transportation and heavy-duty industries due to its high thermal 

efficiency, reliability, and fuel economy (Şener  et al., 2020; Şener  & Gul, 2021). However, 

the primary disadvantage of diesel engines is the production of harmful exhaust emissions, 

notably Nitrogen Oxides (NOx) and particulate matter (soot) (Şener  , 2020). With increasingly 

stringent international emission legislations, such as Euro VI and NRE-v/c standards, 

researchers and manufacturers are compelled to develop advanced techniques for emission 

reduction and performance enhancement (Gul et al., 2018; Boccardo et al., 2019; Elrakb, 2019). 

The most successful method for meeting these standards is the holistic optimization of the 

combustion chamber, which includes the synergy between piston bowl geometry, injection 

timing, valve timing, and material selection (Şener  et al., 2020; Şener  , 2020). Traditional 

experimental methods, while essential for final validation, are often too time-consuming and 

expensive for early-stage development (Elrakb, 2019; Khan & Gül2019). Consequently, 

numerical modeling, particularly Computational Fluid Dynamics (CFD), has become a vital 

tool for predicting engine performance and pollutant formation (Şener  et al., 2020; Kakaee et 

al., 2016; Lakshminarayanan & Aghav,2010; Medina et al., 2014). The simulation flow process 

chart is illustrated in Figure 1 (Şener , 2020). 

The most successful method for meeting these standards is the holistic optimization of the 

combustion chamber, which encompasses the synergy between piston bowl geometry, injection 

timing, valve timing, and material selection (Şener  et al., 2020; Şener  , 2020). Traditional 

experimental methods, while essential for final validation, are often too time-consuming and 

expensive for early-stage development (Elrakb, 2019; Khan & Gül2019). Consequently, 

numerical modeling, particularly CFD has become a vital tool for predicting engine 

performance and pollutant formation (Şener  et al., 2020; Kakaee et al., 2016; 

Lakshminarayanan& Aghav,2010; Medina et al., 2014). The simulation flow process chart is 

illustrated in Figure 1 (Şener , 2020). 

 
Figure 1. Simulation process flow chart for multi-dimensional engine modeling 

 

The architecture of the piston bowl is a critical parameter in guiding the in-cylinder air-fuel 

mixture and generating necessary turbulence. Advanced bowl designs, such as the Double-

Swirl Piston Bowl (DSB) and Multi-Swirl Piston Bowl (MSB), have been shown to 

significantly enhance air utilization and reduce fuel-rich zones, which are primarily responsible 

for soot formation (Şener  et al., 2020). To achieve an optimal design, specific geometric 

variables must be defined. Parametric variables are shown in Figure 2. These typically include: 

Bowl radius and bowl height: Influencing the travel distance and strength of fuel spray 
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impingement (Şener  et al., 2020) and Convex edge (Radius-1 and Radius-2): Guiding the fuel 

spray to split into opposing swirls, which accelerates mixing (Şener  & Gul, 2021). 

 
Figure 2. Parametric piston bowl profile showing design variables like Radius-1, Radius-2, 

and Bowl Height 

 

2. Materials and Methods 

Optimizing a combustion chamber involves managing conflicting objectives, such as the 

inherent trade-off between NOx and soot emissions (Şener  & Gul, 2021). Genetic Algorithms 

(GAs), based on natural selection and genetic mechanisms, are ideally suited for searching these 

complex, non-convex design spaces to find Pareto-Optimal solutions (Holland, 1975). The 

optimization process follows a structured cycle:  

• Initialization: A population of design candidates (chromosomes) is generated within 

defined parameter limits. 

• Fitness Evaluation: Each design is simulated via CFD to determine its performance 

in terms of Brake Mean Effective Pressure (BMEP), Peak Firing Pressure (PFP). 

• Selection: Parent designs with high "fitness" values (lowest emissions/highest 

power) are selected for reproduction. 

• Genetic Operators: Crossover combines traits from parents to create offspring, while 

Mutation introduces random variations to explore new design areas and prevent 

premature convergence. 

• Iteration: This cycle repeats for multiple generations (often involving 100+ 

simulations) until convergence is reached. 

 
Figure 3. Main process and flow chart of the genetic algorithm in engine design 
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A major challenge in using 3D CFD for optimization is the high computational cost and CPU 

time required for each simulation. To mitigate this, researchers employ Surrogate Models, such 

as those used in the Surrogate Multi-Objective Genetic Algorithm (sMOGA) (Jin, 2005; 

Özkara, 2019). 

The primary advantages of surrogate modeling include: 

• Reduced Computational Cost: Surrogate models use Response Surface Methodology 

(RSM) to predict the outcomes of design iterations based on a smaller initial set of sensitivity 

analyses (Box & Wilson, 1951). 

• Kriging Interpolation: This statistical method allows the algorithm to evaluate global 

maximums and minimums within the design pool and predict results without running full, heavy 

CFD for every single case. 

• Rapid Prototyping: Surrogate models can achieve target optimization results in 

significantly fewer generations than traditional NSGA-II algorithms (Deb et al., 2002). 

• Optimization of geometry must be complemented by the precision of Injection Timing 

(SOI) and Valve Timing. 

• Injection Timing (SOI): Bringing SOI forward generally increases PFP and NOx 

emissions while reducing soot. Optimized SOI, paired with higher injection pressures (e.g., 

1000 bar), ensures better fuel pulverization and more homogeneous combustion. 

• Valve Timing and Internal EGR: By optimizing the closing of the intake valve (IVC) 

and the opening of the exhaust valve (EVO), researchers can regulate the residual gas ratio 

(internal EGR), which is a key factor in controlling NOx formation. 

• High-performance optimized engines impose severe thermal and mechanical loads on 

engine components. 

• Materials: an advanced aluminum alloy is selected for its high yield and tensile strength 

at elevated temperatures (450°C). 

• Durability Enhancements: The inclusion of Alfin material below the fire ring and the 

application of Thermal Barrier Coatings (TBC) to the piston crown are critical for preventing 

structural failure and managing thermal distribution. 

The path toward ultra-low emission diesel engines requires an integrated design methodology. 

By combining advanced Double Swirl Piston Bowl shapes with the robustness of Genetic 

Algorithms and the efficiency of Surrogate-model-assisted CFD, significant reductions in 

pollutants can be achieved without compromising engine power. The synergy between 

geometry, precise injection, and regulated valve timing, backed by high-durability materials, 

represents the future of sustainable compression-ignition engines. 

The test engine is a six-cylinder, water-cooled, turbocharged, four-stroke engine. A summary 

of the engine’s operating parameters is listed in Table 1.  

 

Table 1. Main characteristics of the test engine 

Test Engine Characteristics  

Power 2400 HP / 1791 kW 

Speed 1500 rpm 

Number of Cylinders 16 

Specific Fuel Consumption 170 g/HPhr (232 g/kWh) 

Operating Method 4-Stroke 

Cylinder Configuration V-Type (90°) 

Cooling System Water-cooled 

Piston Cooling System Oil-cooled 

Dry Engine Weight 7120 kg 

Length 3126 mm 

Width 1450 mm 
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Height 1825 mm 

 

The engine has a bore diameter of 185-mm, a stroke of 210-mm, and displacement volume of 

1796 cm3 for one-cylinder. The engine was simulated as a conventional IDI engine and a 

conventional CI engine to compare the combustion and emissions. During the modification 

process, the fundamental external dimensions of the engine block and the location of the engine 

mounts will remain unchanged. The packaging dimensions of the engine will be designed to fit 

into the existing cabin. In the simulations, the aim was to minimize brake specific fuel 

consumption, ensuring that PFP does not exceed 140 bar and BMEP does not fall below 15.6 

bar. Optimization was performed at 1500 rpm and full load, over 250 iterations. Compression 

ratio and injection timing were defined as variables and optimized using NSGA-II. 

There are two possible approaches to improve performance and reduce specific fuel 

consumption. The first relies on valve timing and injection timing optimizations for the 

minimization of brake-specific fuel consumption and limiting PFP. The second depends on 

piston bowl optimization. Both were used to achieve targets in this study. Valve timing 

strategies compared to the revised direct injection diesel engine. The total injected fuel mass 

was the same in these three cases. Figure 4 shows the valve timing profiles and comparative 

results of optimized valve profiles for the modeled strategies.  
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Figure 4. the optimized valve timing profiles for the direct injection diesel engine 

 

A comparison of the optimization results with the baseline (VT0) is shown in the Table 2. It 

was observed that the most optimal result was obtained with the VT3 valve profile. In VT1, the 

air retention ratio increased, and the residual gases at the start of the cycle increased by 150% 

compared to VT0. However, although the residual gas amount increased by 186.7% in VT3 

compared to VT0, it yielded more efficient results due to the greater increase in the air retention 

ratio compared to VT1. A 1.1% decrease in specific fuel consumption was achieved compared 

to the baseline. 

 

Table 2. comparative results of optimized valve profiles for the direct injection diesel engine  

Base 

VT0 
VT1 variation VT2 variation VT3 variation 

Brake-

specific fuel 

consumption 

[g/kWh] 

203.6 201.7 -%0.93 202.7 -%0.44 201.4 -%1.1 

air retention 

ratio 
0.818 0.984 +%20.3 0.999 +%22.1 0.995 +%21.6 

burnt gas 

fraction [%] 
0.60 1.50 +%150 2.36 +%293 1.72 +%187 

 

The numerical simulations were performed using Converge commercial CFD code (Richards 

et al., 2019). The modified cut- cell Cartesian grid method has been used for meshing. The 

domain is re-meshed at each time-step for moving boundaries. The adaptive mesh refinement 

(AMR) is used to refine the grid based on fluctuating and moving conditions such as 

temperature or velocity. Surfaces of the engine were prepared as a full engine (Figure 5). 
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Figure 5. The surface of the CFD model of the test CI engine. 

 

The Renormalization Group (RNG) k-ε model (Han & Reitz, 1995) has been preferred to 

calculate in-cylinder turbulent flow for solution accuracy, simplicity, and effectiveness (Huang 

et al., 2018; Li et al., 2019). A detailed chemistry solver (SAGE) coupled with detailed chemical 

kinetics mechanisms was selected for the combustion process inside the cylinder (Richards et 

al., 2019). The SAGE combustion model calculates the rates of reaction and species 

concentrations within each cell and each time step using CHEMKIN-formatted input files. The 

model uses a reduced reaction mechanism for n-heptane (C7H16) to represent diesel fuel. This 

mechanism has 42 species and 168 reversible reactions performing hydrocarbon combustion 

and NO formation. Sub-models of the simulation are listed in Table 3.  

 

Table 3. CFD simulation Sub-models. 

Models Sub-models 

Turbulence model RNG k-ε 

Combustion model SAGE 

Evaporation model Frossling 

Collision model NTC 

Spray-wall interaction model Rebound/Slide 

Spray Breakup model KH + RT 

 

3. Findings and Discussion 

Different valve timing, injection timing strategies, and piston bowl shapes were modeled in a 

conventional diesel using the CFD code. The results of these strategies were compared by 

means of BSFC, power, and PFP.  

The Table 4 shows a comparison of the optimization results with the baseline (INJ0). Baseline 

involves -5.6 oCA injection advance, 504 mg fuel, and 21 oCA injection duration. INJ2, which 

provides the lowest fuel consumption, is unsuitable because it does not deliver sufficient power. 

With INJ1 parameters, a 0.15% improvement in specific fuel consumption was observed 

compared to the baseline. It appears that using INJ1 parameters with the VT3 profile will 

provide the project outputs. Specific fuel consumption decreased from 201.4 g/kWh to 201.1 

g/kWh (-0.15%), while power increased from 2450 mHP to 2453 mHP (+0.12%). 
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Table 4. a comparison of the optimization results with the baseline (INJ0) 

  
Base 

(INJ0) 

Optimization 1 

(INJ1) 
variation 

Optimization 2 

(INJ2) 
variation 

Fuel injected 

(mg) 
504 504 %0.00 491 - %2.58 

advance (CA) -5.6 -5.8 - %3.50 -5.9 - %5.36 

Injection 

duration (CA) 
21 21 %0.00 20.5 - %2.38 

Compression 

ratio 
14.5 14.6 + %0.69  14.82 + %2.21 

PFP (bar) 138.3 139.9 + %1.16  140 + %1.23 

BMEP (bar) 15.96 15.98 + %0.13  15.58 - %2.38 

bsfc (g/kWh) 201.4 201.1 - %0.15 200.9 - %0.25 

Power (mHP) 2450 2453 + %0.12  2393 - %2.33 

MFB50 (CA) 11.2 11 - %1.79 10.6 - %5.36 

Air/fuel ratio 27.6 27.5 - %0.36 27.5 - %0.36 

 

The CFD optimization result was simulated for 16 cylinders using GT-Suite software. The QD 

result matches the CFD results for cylinder 1 as shown in Figure 6. In this way, the overall 

performance of the system was determined.  

 

 
Figure 6. Comparison of CFD Optimization Result with QD 

 

The Table 5 shows that design number 24 is the optimum result in terms of design safety and 

target fuel consumption.  
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Table 5. a comparison of the optimization results belongs to best designs 

     

Output 

Parameters 
Design 6 Design 17 Design 24 Design 51 

V16 [mm] 13.5 16.1 13.4 14.7 

H14 [mm] 41.8 43.2 43.3 43.5 

R10 [mm] 8.7 12.3 15.1 12.9 

SOI [CA] -8.5 -8.2 -12.3 -10.8 

Compression 

Ratio 
16.7 14.3 13.9 14.4 

Nozzle Diameter 

[mm] 
0.28 0.3 0.27 0.26 

Injection 

Duration [CA] 
23.3 20.7 24 27.1 

PFP [bar] 147 126 133 127 

BMEP [bar] 16.4 16.1 16.3 15.9 

Power [kW] 1860 1818 1841 1802 

Power [HP] 2529 2472 2503 2450 

BSFC [g/kWh] 194.6 199.1 196.7 200.9 

Design Feature 
Maksimum PFP 

Minimum BSFC 
Minimum PFP 

Target PFP  

Minimum BSFC 

Minimum PFP  

Target BSFC  

Heat transfer to 

the piston [kW] 
51.8 (%45.4) 53.8 (%44.9) 60.9 (%50.8) 57.3 (%47.5) 

heat transfer to 

the engine head 

[kW] 

40.2 (%35.2) 39.4 (%32.9) 33.6 (%28) 35.7 (%29.6) 

heat transfer to 

the cylinder liner 

[kW] 

22.2 (%19.4) 26.7 (%22.2) 25.4 (%21.2) 27.7 (%22.9) 

Total heat 

transfer [kW] 
114.2 (%100) 119.9 (%100) 119.9 (%100) 120.7 (%100) 

 

4. Conclusion and Recommendations 

The desired performance of a 16-cylinder V90 heavy-duty direct-injection diesel engine was 

investigated. Piston cup geometry was parameterized to determine optimum design 

characteristics. After more than 100 optimization cases, the optimum cup shape and injection 

settings were obtained. Using CFD simulation and the sMOGA method, piston cup geometry 

and engine operating parameters were optimized to minimize PFP and BSFC. Based on these 

studies, final full engine simulations were performed with optimized combustion chamber 

design and operating conditions. The main findings of this study are summarized below: 

• When comparing the optimized engine with the basic engine, the targeted reduction in 

BSFC and PFP was observed. 

• Optimal piston cup geometry improves mixture formation, increasing combustion 

efficiency. 

• Combustion chamber geometry, valve timing, and injection angle are critical parameters 

affecting the combustion process. 

• Combustion efficiency and engine performance were significantly improved by 

optimizing injection parameters and optimal piston cup geometry. 
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• Topological optimization can be performed quickly and efficiently using a multi-

objective genetic algorithm. 

• Significant improvements in fuel economy and engine life can be achieved by 

optimizing engine parameters and limiting PFP. 
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Abstract 

In this paper, the theoretical background and geometric properties of parallel Darboux 

equidistant ruled surfaces are examined by studying in detail the Twisted Cubic curve, which 

is considered one of the fundamental curves of differential geometry. Within the scope of the 

study, primarily, the Frenet-Serret moving frame elements, curvature, and torsion values of the 

base curve, along with the Darboux vectors that characterize the rotational dynamics of the 

surface, are calculated analytically. In order to provide the equidistance condition consistently 

in space, how the constant distance 𝑑 between the central planes is dynamically balanced and 

preserved via the translation functions in the tangent and binormal directions is clearly 

demonstrated by the obtained equations. In order to prove the geometric validity of the 

theoretical findings, the created system is meticulously examined at different parameter values. 

In particular, that special case where the striction point goes to infinity and the surface locally 

exhibits a cylindrical character due to the instantaneous vanishing of the curvature and torsion 

derivatives is detailed. It is stated that even in this singular case, the parallelism between the 

central planes is flawlessly preserved in the principal normal direction without any deviation. 

Additionally, at further parameter values reflecting the general bending characteristic of the 

system, it is proven that despite the spatial asymmetry and complicating form of the surface, 

the equidistant structure uncompromisingly maintains its geometric integrity. The obtained 

analytical results and the created geometric structures are modeled in three-dimensional space 

using MATLAB software, and all figures presented in the study are drawn with high precision 

through this program. As a result, this comprehensive example clearly reveals the structural 

parallelism between the base ruled surface, the equidistant surface, striction lines, generator 

lines, and central planes. 

Keywords: Darboux Vector, Equidistant Ruled Surface, Twisted Cubic Curve  
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1. Introduction 

Within the context of three-dimensional Euclidean space E³, ruled surfaces are classically 

understood as geometric loci formed by sweeping a straight line along a directrix curve (do 

Carmo, 1976; Damar, 2025; Orbay vd., 2009). Concurrently, researchers have broadened this 

scope by examining constant angle and constant curvature ruled surfaces within Minkowski 

space environments (Ali, 2020; Ali, 2018a; Ali, 2018b). Such spatial structures are highly 

valued for their practical implementations in disciplines like kinematics, computer-aided 

geometric design (CAGD), and architecture (Hunt, 1978). 

The theoretical foundation for parallel p-equidistant ruled surfaces was initially laid out by 

Valeontis in 1986. His definition requires the generator vectors of a pair of ruled surfaces to be 

mutually parallel across their striction lines, while maintaining a fixed distance between their 

corresponding polar planes (Valeontis, 1986). Building on this premise, numerous scholars 

have thoroughly investigated the integral and algebraic invariants associated with p-equidistant 

configurations (Masal & Kuruoğlu, 2000a; Masal & Kuruoğlu, 2000b; Özduran, 2019; Şenyurt, 

2012). The literature expanded further as alternative moving frames were introduced into the 

analysis, such as the application of modified orthogonal frames to these surfaces (Sarıaydım 

vd., 2022). As the field evolved, the paradigm was adapted to incorporate different generator 

vectors, leading to the study of parallel 𝑧-equidistant ruled surfaces derived using the principal 

normal vector of the striction curve's Frenet frame (As & Şenyurt, 2013) and parallel 𝑞-

equidistant variants constructed via the binormal vector (Li vd., 2022). 

From a dimensional standpoint, the mathematical framework of p-equidistant ruled surfaces 

has been successfully generalized to higher-dimensional spaces (Masal & Kuruoğlu, 2013). 

Alongside these dimensional extensions, the geometric behavior of equidistant surfaces has 

been explored in various non-Euclidean contexts. For instance, characterizations have been 

achieved within the Dual space (Gür Mazlum vd., 2022), while parallel p-equidistant structures 

have received targeted analysis in Minkowski space (Masal & Kuruoğlu, 2007; Azak vd., 2014; 

Masal & Kuruoğlu, 2009). 

While prior literature has deeply analyzed parallel equidistant surfaces formed by standard 

frame vectors, these investigations predominantly depend on static positional vector fields. 

Utilizing the Darboux vector as the surface generator, however, brings a distinct geometric 

advantage. In contrast to conventional basis vectors, the Darboux vector embodies the 

instantaneous rotational axis of the moving frame along a curve, making surfaces generated by 

it a specialized topic of interest (Ekici & Dede, 2011). Thus, the kinematic rotational dynamics 

of a curve are effectively converted into the static geometric characteristics of the corresponding 

surface when the ruled surface is framed using the Darboux vector. By capitalizing on the 

Darboux vector, our research establishes a critical link between spatial curve kinematics and 

ruled surface theory, setting it apart from earlier methodologies. Furthermore, the fact that the 

Darboux vector naturally generalizes only to odd-dimensional spaces of the form 2𝑛 + 1 

highlights its geometric significance (Kocayiğit vd., 2013). 

By adopting the Darboux vector as our generator, we ensure that the resulting ruled surface 

is swept by a rotational axis that is kinematically transported along the base curve. In this study, 

we provide a rigorous analysis of the characteristic polynomials, shape operators, and the first 

and second fundamental forms of the newly derived parallel 𝑑-equidistant ruled surfaces. 

Drawing on these computations, we outline the algebraic invariants and offer geometric 

interpretations for the surface pair  𝒮  and 𝒮∗. 

In our prior investigation (Yıldız vd., 2026), we formalized the concept of parallel Darboux 

𝑑-equidistant ruled surfaces. That research demonstrated that when the Darboux vectors of two 

spatial curves align in parallel, the generated ruled surfaces retain essential geometric properties 

namely, their developable characteristics and asymptotic lines proportionally scaled by the 

distance parameter 𝑑. 
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The primary objective of the current conference paper is to deploy this established theoretical 

framework onto a specific curve characterized by non-constant curvature and torsion: the 

Twisted Cubic. In contrast to planar curves or standard cylindrical helices, the shifting 

geometric coefficients of the Twisted Cubic serve as a robust and demanding benchmark for 

our theoretical assertions. Ultimately, we detail the explicit algebraic construction of both the 

base surface and its parallel equidistant counterpart. 

2. Preliminaries 

To construct and analyze the parallel Darboux equidistant ruled surfaces, we first establish 

the fundamental geometric components of the base curve, its associated frames, and the striction 

mechanics. 

Let 𝑟 and 𝑟∗ be two unit speed space curves in 𝐸3 with their associated moving Frenet-Serret 

frames denoted by {𝑇, 𝑁, 𝐵} and {𝑇∗, 𝑁∗, 𝐵∗}, respectively. The intrinsic geometric behaviors 

of these curves are characterized by their curvatures (𝜅, 𝜅∗) and torsions (𝜏, 𝜏∗). 

The Darboux vector W, which physically represents the instantaneous angular velocity of 

the moving Frenet frame of the base curve 𝑟, is defined as 𝑊(𝑡) =  𝜏(𝑡)𝑇(𝑡) +  𝜅(𝑡)𝐵(𝑡) [24]. 

The unit Darboux vector 𝐶(𝑡) is explicitly given by: 

                            𝐶(𝑡) =  𝑠𝑖𝑛𝜃 𝑇(𝑡) +  𝑐𝑜𝑠𝜃 𝐵(𝑡)                                                   
(1) 

where 𝑠𝑖𝑛𝜃 =
𝜏

||𝑊||
   𝑐𝑜𝑠𝜃 =

κ

||𝑊||
Similarly, for the 𝑟∗, the unit Darboux vector is                      

𝐶∗(𝑡) = sin 𝜃∗𝑇∗(𝑡∗) + cos 𝜃∗𝐵∗(𝑡∗). 
Two ruled surfaces generated by these Darboux vectors, parametrically given by            

𝛷𝐶(𝑡, 𝑣) =  𝑟(𝑡) +  𝑣𝐶(𝑡) and 𝛷𝐶∗(𝑡∗, 𝑣) =  𝑟∗(𝑡∗) +  𝑣𝐶∗(𝑡∗) (do Carmo, 1976), are called 

parallel 𝑑 −equidistant if: 

1. Their generator vectors (Darboux vectors) are parallel (𝐶 ∥ 𝐶∗). 

2. The distance between their central planes at corresponding points is a constant 𝑑.  

The striction curve 𝛾(𝑡), representing the locus of points where consecutive generator lines 

are closest to each other, is explicitly determined by (Yıldız vd., 2026): 

                                 𝛾(𝑡) = 𝑟(𝑡) −
𝜅(𝑡)

𝜏′(𝑡)𝜅(𝑡)−𝜅′(𝑡)𝜏(𝑡)
𝑊(𝑡).                                                           

(2) 

Since the generator vectors are identical (𝐶∗ = 𝐶) for parallel equidistant surfaces, the 

striction curve  𝛾∗(𝑡) of the equidistant ruled surface 𝒮∗ is rigidly related to the base striction 

curve by: 

                                𝛾∗(𝑡) = 𝛾(𝑡) + 𝑝(𝑡)𝑇(𝑡) + 𝑞(𝑡)𝐵(𝑡)                                                            

(3) 

where 𝑝 and 𝑞 represent the spatial translation functions in the tangent and binormal 

directions, respectively. 

Let 𝛼 denote the angle of rotation between the tangent vectors 𝑇 and 𝑇∗ (as well as between 

𝐵 and 𝐵∗). The corresponding moving frames {𝑇, 𝑁, 𝐵} and {𝑇∗, 𝑁∗, 𝐵∗} are related by the 

following transformation matrix: 

                            [
𝑇∗

𝑁∗

𝐵∗
] = [

𝑐𝑜𝑠𝛼 0 𝑠𝑖𝑛𝛼
0 1 0

𝑠𝑖𝑛𝛼 0 𝑐𝑜𝑠𝛼
] . [

𝑇
𝑁
𝐵

]                                                                   

(4) 

where 𝛼 = 𝜃∗ − 𝜃. Based on this frame transformation, the curvature and torsion of the 

equidistant base curve 𝑟∗ satisfy the following scaling relationships (do Carmo, 1976):       

              𝜅∗ = (𝜅 cos 𝛼 −  𝜏 sin 𝛼) (
𝑑𝑡

 𝑑𝑡∗ 
)  and  𝜏∗  =  (𝜅 sin 𝛼 +  𝜏 cos 𝛼) (

𝑑𝑡

 𝑑𝑡∗ 
)                        

(5) 
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The central planes of the base and equidistant surfaces, denoted as 𝐻 and 𝐻∗, are spanned 

by their respective tangent and binormal vectors, such that 𝐻 =  𝑆𝑝{𝑇, 𝐵} and 𝐻∗  =
 𝑆𝑝{𝑇∗, 𝐵∗}. To satisfy the constant equidistance condition spatially, the normal component of 

the displacement vector between the striction curves must vanish. Consequently, the constant 

distance 𝑑 between these central planes is explicitly governed by the following formula (Yıldız 

vd., 2026): 

𝑑 =
[𝜅(1 + 𝑝′−

𝜅2

 𝜅2+𝜏2 
)− 𝜏(𝑞′+

𝜅𝜏

 𝜅2+𝜏2 
)]

𝜅2+𝜏2                                                                      

(6) 

Within this formulation, the respective distances separating the polar planes 𝑆𝑝{𝑁, 𝐵} and 

the asymptotic planes 𝑆𝑝{𝑇, 𝑁} are defined as 𝑝 and 𝑞 . Based on (Yıldız vd., 2026), the 

relationship between the shape operators 𝑆 and 𝑆∗ of the two surfaces is given by (Yıldız vd., 

2026): 

𝑆∗  =  (
𝑑𝑡

 𝑑𝑡∗ 
)
2

(1 +
𝛼′

𝜃′) 𝑆                                                                                    

(7) 

Furthermore, the Gaussian curvature for both surfaces vanishes (𝐾 = 𝐾∗ = 0), confirming 

they are developable. 

3. Application: Parallel Darboux Equidistant Ruled Surfaces of the Twisted Cubic 

To concretely illustrate the theoretical results obtained, let us construct the parallel 𝑑-

equidistant ruled surfaces based on the Twisted Cubic curve. Let the base curves of ruled 

surfaces 𝛷𝐶(𝑡, 𝑣) and 𝛷𝐶∗(𝑡, 𝑣) be defined respectively as 

    𝑟(𝑡) =  (𝑡, 𝑡2, 𝑡3) 

𝑟∗(𝑡) =  (𝑡, 𝑡2, 𝑡3)

+ 
𝑑

√(1 + 9𝑡2 + 9𝑡4)(1 + 4𝑡2 + 9𝑡4)
(−𝑡(9𝑡2 + 2), 1

− 9𝑡4, 3𝑡(2𝑡2 + 1)) 

The moving Frenet frame {𝑇, 𝑁, 𝐵} and curvatures of 𝑟(𝑡) are obtained as 

𝑇(𝑡) =
1

√1 + 4𝑡2 + 9𝑡4
(1, 2𝑡, 3𝑡2) 

𝑁(𝑡) =
1

√(1 + 9𝑡2 + 9𝑡4)(1 + 4𝑡2 + 9𝑡4)
(−𝑡(9𝑡2 + 2), 1 − 9𝑡4, 3𝑡(2𝑡2 + 1)) 

   𝐵(𝑡) =
1

√1 + 9𝑡2 + 9𝑡4
(3𝑡2, −3𝑡, 1) 

         𝜅(𝑡) =
 2√9𝑡4 + 9𝑡2 + 1

(1 + 4𝑡2 + 9𝑡4)
3
2

 

𝜏(𝑡) =  
3

9𝑡4 + 9𝑡2 + 1
 

The Darboux vector 𝑊(𝑡) and the unit Darboux vector 𝐶(𝑡) of the base curve are explicitly 

obtained as 

𝑊(𝑡) =  
1

(1 + 9𝑡2 + 9𝑡4)(1 + 4𝑡2 + 9𝑡4)
3
2

(54𝑡6 + 81𝑡4 + 18𝑡2 + 3,−30𝑡3, 81𝑡6 + 54𝑡4

+ 27𝑡2 + 2) 

𝐶(𝑡) =
1

(1 + 9𝑡2 + 9𝑡4)(1 + 4𝑡2 + 9𝑡4)
3
 2 √

4(9𝑡4 + 9𝑡2 + 1)
(1 + 4𝑡2 + 9𝑡4)3 +

9
(9𝑡4 + 9𝑡2 + 1)2

 

           × (54𝑡6 + 81𝑡4 + 18𝑡2 + 3,−30𝑡3, 81𝑡6 + 54𝑡4 + 27𝑡2 + 2) 
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Let 𝛥(𝑡) =  √(1 − 𝑑𝜅(𝑡))
2
+ (𝑑𝜏(𝑡))

2
denote the denominator metric of the 

transformation, where 𝑑 is the constant distance between the central planes. The equidistant 

Frenet frame {𝑇∗, 𝑁∗, 𝐵∗}  for the parallel ruled surface 𝒮∗ is explicitly obtained as: 

𝑇∗(𝑡) =
1 − 𝑑𝜅(𝑡)

𝛥(𝑡)
𝑇(𝑡) +

𝑑𝜏(𝑡)

𝛥(𝑡)
𝐵(𝑡) 

𝑁∗(𝑡) =  𝑁(𝑡) 

    𝐵∗(𝑡) =
𝑑𝜏(𝑡)

𝛥(𝑡)
𝑇(𝑡) +

1 − 𝑑𝜅(𝑡)

𝛥(𝑡)
𝐵(𝑡) 

For parallel equidistant ruled surfaces, the generator vectors are strictly parallel. Hence, the 

non-normalized equidistant Darboux vector 𝑊∗(𝑡) and the unit Darboux vector 𝐶∗(𝑡) are 

explicitly obtained via the parameter transformation rate 
𝑑𝑡

𝑑𝑡∗
: 

            𝑊∗(𝑡) =  (
𝑑𝑡

𝑑𝑡∗
)𝑊(𝑡) =  

1

𝛥(𝑡)
𝑊(𝑡),   𝐶∗(𝑡) =  𝐶(𝑡). 

Using these explicit generator vectors, the base and parallel equidistant ruled surfaces are 

directly parameterized as: 

𝛷𝐶(𝑡,𝑣) = (𝑡, 𝑡2, 𝑡3) +  𝑣𝐶(𝑡) 

      𝛷𝐶∗(𝑡, 𝑣) =  [(𝑡, 𝑡2, 𝑡3)

+
𝑑

√(1 + 9𝑡2 + 9𝑡4)(1 + 4𝑡2 + 9𝑡4)
(−𝑡(9𝑡2 + 2), 1 − 9𝑡4, 3𝑡(2𝑡2 + 1))]

+  𝑣𝐶(𝑡) 
The striction lines 𝛾(𝑡) and 𝛾∗(𝑡) of the ruled surfaces 𝛷𝐶(𝑡,𝑣) and 𝛷𝐶∗(𝑡, 𝑣) are directly 

given by  

𝛾(𝑡)
=  (𝑡, 𝑡2 , 𝑡3 )

− 

[
 
 
 
 2√9𝑡4 + 9𝑡2 + 1

(1 + 4𝑡2 + 9𝑡4)
3

2⁄

(
3

9𝑡4 + 9𝑡2 + 1
)
′ 2√9𝑡4 + 9𝑡2 + 1

(1 + 4𝑡2 + 9𝑡4)
3

2⁄
− (

2√9𝑡4 + 9𝑡2 + 1

(1 + 4𝑡2 + 9𝑡4)
3

2⁄
)

′
3

9𝑡4 + 9𝑡2 + 1]
 
 
 
 

 

 

                     × ( 54𝑡6 +  81𝑡4 +  18𝑡2 +  3, , −30𝑡3, , 81𝑡6 +  54𝑡4 +  27𝑡2 +  2) 

 

𝛾∗(𝑡) =   𝛾(𝑡) + 
𝑑

(1 + 9𝑡2 + 9𝑡4)(1 + 4𝑡2 + 9𝑡4)
(−𝑡(9𝑡2 + 2)), 1 − 9𝑡4, 3𝑡( 2𝑡2 + 1), 

 

Let the central planes be 𝐻 = 𝑆𝑝{𝑇, 𝐵} and 𝐻∗ = 𝑆𝑝{𝑇∗, 𝐵∗}. For any 𝑋 ∈  𝐻 and 𝑋∗ ∈ 𝐻∗, 

from 〈𝛾𝑋⃗⃗⃗⃗  ⃗, 𝐶〉 = 0 and 〈𝛾∗𝑋∗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, 𝐶∗〉 = 0, the corresponding plane equations are evaluated at 

appropriate points. 

 

Case 1: Evaluation at 𝑡 =  0 

At 𝑡 = 0, the striction point locally goes to infinity since 𝜅′(0) =  0 and 𝜏′(0) =  0. Using 

the base points as the geometric reference, assuming 𝑑 = 1, the specific variables at 𝑡 = 0 are: 

𝑟(0) =  (0, 0, 0), 𝑟 ∗ (0) =  (0, 1, 0), 𝜅(0) =  2, 𝜏(0) =  3, 𝛥(0) =  √10 

The base and equidistant Frenet frames are evaluated as: 

𝑇(0) =  (1, 0, 0), 𝑁(0) =  (0, 1, 0), 𝐵(0) =  (0, 0, 1) 
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  𝑇∗(0) =  (−
1

√10
, 0,

3

√10
) , 𝑁∗(0) =  (0, 1, 0), 𝐵∗(0) =  (

3

√10
, 0, −

1

√10
) 

The Darboux vectors evaluated at this instant are: 

𝑊(0) =  (3, 0, 2),𝑊∗(0) =  (
3

√10
, 0,

2

√10
) , 𝐶(0) =  𝐶∗(0) =  (

3

√13
, 0,

2

√13
) 

Since the Darboux vectors maintain strict parallelism at these evaluation points, we can 

specify two points, 𝐴 and 𝐵, located on the central planes. These points are directly determined 

as: 𝐴(0,0,0) ∈  𝐻, 𝐵(0,1,0) ∈  𝐻∗. Since the distance between 𝐴 and 𝐵 is exactly 𝑑 = 1 (Figure 

2). along the principal normal 𝑁(0), the corresponding analytical equations of the central planes 

are explicitly derived as: 

𝐻 …  𝑦 =  0,     𝐻∗  …  𝑦 −  1 =  0 

 
Figure 1. Base Curve and Equidistant Ruled Surface 

 
Figure 2. Parallel Darboux Equidistant Ruled Surfaces (d=1, t=0) 

Case 2: Evaluation at 𝑡 =  1 

For 𝑡 = 1 and 𝑑 = 1 the analytical properties of the Twisted Cubic exhibit a fully general 

differential behavior. Evaluating the curvatures and the metric Δ yields: 
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                       𝑟(0) =  (1, 1, 1),   𝑟∗(1) =  (
8

19
,
11

19
,
28

19
),  

                         𝜅(1) =
 √19

7√14
, 𝜏(1) =  

3

19
, 𝛥(1) =  √(1 −

√266

98
)

2

+ (
3

19
)
3

 

The base Frenet frame is calculated as: 

𝑇(1) =
1

√14
(1, 2, 3),   𝑁(1) =

1

√266
(−11,−8, 9), 𝐵(1) =

1

√19
(3,−3, 1) 

The Darboux vectors are explicitly calculated as: 

𝑊(1) =
1

133√14
(78, −15, 82), 𝑊 ∗ (1) =

  (78,−15, 82)

𝛥(1)133√14
 

                        𝐶(1) =  𝐶∗(1) =  (
78

√13033
,−

15

√13033,82

√13033
) 

The striction points 𝛾(1) and 𝛾∗(1) are analytically evaluated. The Darboux vectors are 

strictly parallel at the striction points. Let A and B be two reference points on the central planes 

𝐻 and 𝐻∗, respectively, aligned along the normal direction 𝑁(1). These points are explicitly 

obtained as the striction points themselves: 𝐴 =  𝛾(1) ∈  𝐻, 𝐵 =  𝛾(1) +
1

√266
(−11, −8, 9) ∈

 𝐻∗.  
Let the exact components of point 𝐴 be denoted as (𝛾1, 𝛾2, 𝛾3) to formulate the plane 

equations. Substituting these components, the corresponding analytical equations of the central 

planes are explicitly derived as (Figure 3): 

                      𝐻 … − 11(𝑥 − 𝛾1) −  8(𝑦 − 𝛾2) +  9(𝑧 − 𝛾3) =  0 

𝐻∗  … − 11(𝑥 − 𝛾1) −  8(𝑦 − 𝛾2) +  9(𝑧 − 𝛾3) − √266 =  0. 

 
Figure 3. For t=1, d=1 distance 
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4. Conclusion 

In this study, we successfully applied the theory of parallel Darboux 𝑑-equidistant ruled 

surfaces to the Twisted Cubic curve. We demonstrated that even for curves with complex, 

variable curvature and torsion, the equidistant transformation preserves the developable nature 

of the surface. Furthermore, an examination of the corresponding reference points on this 

generated surface pair verified that the spatial distance between them remains strictly constant, 

in full accordance with the theoretical definition. The transition formulas derived in our 

previous work (Yıldız vd., 2026) provide a robust method for predicting the curvature 

properties of the offset surface 𝒮∗ without the need to recalculate its differential geometry from 

scratch. Future work will involve extending these applications to curves in Minkowski space. 
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Abstract 

In this study, a new family of ruled surfaces is defined by considering the B−pedal curve, which 

is described as the locus of the orthogonal projections onto the binormal vector of a 

differentiable space curve, as the base curve. The ruling of the surface is expressed as a linear 

combination of the tangent, principal normal and binormal vectors belonging to the Frenet 

frame of the curve. Thus, a more general structure than classical Frenet-directed surfaces is 

obtained. First, the fundamental definitions and relations concerning differentiable curves, 

Frenet vectors, curvature and torsion concepts, pedal curves and ruled surfaces are presented. 

Subsequently, the parametric equation of the ruled surface generated by the motion of the linear 

combination vector along the B−pedal curve is defined and the first, second and third 

fundamental forms of this surface are computed in detail. By means of the obtained coefficients, 

the Gaussian curvature and mean curvature of the surface are expressed explicitly and the 

relationships of these quantities with the curvature and torsion functions of the base curve are 

established. In addition, the striction curve and distribution parameter of the surface are 

determined and their parametric expressions are obtained. It is stated that the surface exhibits a 

developable property when the distribution parameter vanishes under certain conditions. In 

order to demonstrate the applicability of the theoretical results, a helix curve is selected as an 

example, various special cases are examined for different parameter values and the obtained 

ruled surfaces are visualized through graphical representations. 

Keywords: Pedal Curve, Ruled Surface, Gaussian Curvature, Fundamental Forms, Distribution 

Parameter, Striction Curve 
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1. Introduction  

 

In the literature of differential geometry, the relationships between the geometric properties 

of a curve and the surfaces constructed depending on this curve have always attracted attention. 

In particular, ruled surfaces, which are formed by the motion of a straight line (ruling) along a 

curve (base curve), have a wide range of applications both in theoretical mathematics and in 

architectural and engineering designs. The geometric characterization of ruled surfaces is 

carried out by means of invariants such as the first, second and third fundamental forms of the 

surface, as well as Gaussian and mean curvatures. In the literature, there are many studies on 

ruled surfaces constructed using the Frenet frame of a curve. However, the use of special curves 

derived from these curves (such as pedal curves and involute–evolute curves) instead of 

classical base curves provides new perspectives in surface geometry. A pedal curve is defined 

as the locus of the foot of the perpendiculars drawn from a fixed point to the tangents of a given 

curve (Kaya, 2025; Şenyurt et al, 2024). In this study, the pedal curve is considered as the base 

curve of a ruled surface and the ruling of the surface is defined as a linear combination of the 

Frenet frame vectors. The main aim of this study is to investigate in detail the differential 

properties of this newly defined family of ruled surfaces (striction curve, distribution parameter 

and curvatures) and to express these results in terms of the invariants of the original curve. The 

obtained computations and theorems not only include the existing special cases in the literature 

(for example, surfaces in the tangent or binormal directions) but also present a more general 

geometric model. 

 

For a differentiable curve  the Frenet vectors, curvatures and Frenet formulas are given, 

respectively, by 

= , = ,   = ,T N B T B
  

  

  


  
                                                                                   ( )1.1  

( )
3 2

det , ,
= ,   = ,
    

 
  

    

  
                                                                                                  ( )1.2   

( )= , = ,   = ,  .T N N T B B N         − + − =                                                               ( )1.3  

See (Gray,1961). In 3E , the locus of the orthogonal projection points from a point 3P E , 

not lying on the curve, onto the 𝑇, 𝑁 and 𝐵 binormal vectors of a regular curve   are called 

theT pedal− , N pedal−  and B pedal−  curves, respectively and their equations are 

given by 

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( )

,    , ,

,   , ,

,    , .

T

N

B

t t u t T t u t P t T t

t t q t N t q t P t N t

t t t B t t P t B t

  

  

    

= + = −

= + = −

= + = −

                                                              ( )1.4  

See (Elsharkawy et al, 2025; Elsharkawy et al, 2026). A surface formed by a straight line 

moving depending on the parameter of a curve is called a ruled surface and its parametric 

expression is given by 

( ) ( ), ( ) .X t v t vr t= +                                             ( )1.5  

See (do-Carmo,1976). The first, second and third fundamental forms of a ruled surface are  

given, respectively, by 
2 2

2 2

2 2

2 ,

2 ,

2 .

I Edt Fdtdv Gdv

II edt fdtdv gdv

III ldt mdtdv ndv

= + +

= + +

= + +

                             ( )1.6  
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See (Elsharkawy et al, 2025; Elsharkawy et al, 2026). Here, the coefficients of the first, second 

and third fundamental forms, the surface normal X , the Gaussian curvature K  and the mean 

curvature H are given as follows (Struik,1961): 

 

( ) ( ) ( ) ( ) ( ) ( )

, ,  , ,   , ,

, ,  , ,  g , ,

, ,  , ,  n , ,

t t t v v v

tt X tv X vv X

X X X X X Xt t t v v v

t v
X

t v

E X X F X X G X X

e X N f X N X N

l N N m N N N N

X X

X X

= = =

= = =

= = =


 = 



    ( )1.7  

( )

2

2 2

2
,   

2

eg f Eg eG fF
K H

EG F EG F

− + −
= = 

− −
                                                                                    ( )1.8  

7.1 Materials and Methods 

 

In this study, a theoretical and analytical approach based on differential geometry is adopted 

to construct and investigate ruled surfaces generated along the B−pedal curve of a differentiable 

space curve. First, the Frenet frame vectors, namely the tangent, principal normal, and binormal 

vectors, together with curvature and torsion functions of a regular space curve, are introduced 

as the fundamental geometric tools. The B−pedal curve, defined as the locus of orthogonal 

projection points onto the binormal vector of the original curve with respect to a fixed point, is 

considered as the base curve of the ruled surface.The ruling vector of the surface is defined as 

a linear combination of the Frenet frame vectors with scalar coefficients. By considering the 

motion of this vector along the B−pedal curve, a new family of ruled surfaces is parametrically 

constructed. Using differential geometric methods, the first, second, and third fundamental 

forms of the obtained surfaces are derived. Furthermore, Gaussian curvature, mean curvature, 

striction curve and distribution parameter are analytically computed and expressed in terms of 

the invariants of the original curve.To illustrate the obtained theoretical results, a helix curve is 

considered as an example and different parameter selections are examined to visualize the 

geometric behavior of the resulting ruled surfaces through graphical representations. 

8. Findings and Discussion 

 

2.1. Ruled Surfaces Obtained By The Motion Of The Vector 𝜞 = 𝒂𝑻 + 𝒃𝑵 + 𝒄𝑩 Along 

The B−Pedal Curve     

      

Definition 2.1 The equation of the ruled surface formed by the motion of the vector  

 

aT bN cB = + +  

along the B−pedal curve is written as 

( ) ( ),B Bt v v u av T bvN cvB   = +  = + + + + .                                                                     ( )2.1  

Here, the curve 𝛼𝐵 is the base curve of the surface and the vector,   is the ruling of the surface. 

 

Theorem 2.1 The first fundamental form of the ruled surface ( ),B t v 
 is given by 

( ) ( ) ( )2 2 2 2 2 2 2 2

1 1 1 1 1 12I x y z dt ax by cz dtdv a b c dv= + + + + + + + +                                                  ( )2.2  

where ( ) ( ) ( ) ( ) ( )1 1 1, 1 ,   , ,   , .x t v vb y t v v a c u z t v u vb        = − = − − = +      

Proof:  If the partial derivatives of the surface are taken and then relation ( )1.3 is used, 
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( ) ( )1 1 1 ,   B Bt v
x T y N z B aT bN cB  = + + = + +                                                                ( )2.3

is obtained. From relation (1.7), the coefficients 𝐸,𝐹 and 𝐺 of the first fundamental form are 

found as 
2 2 2

1 1 1

1 1 1

2 2 2

,

,

.

E x y z

F ax by cz

G a b c

= + +

= + +

= + +

                                                                                                           ( )2.4  

Substituting these expressions into ( )1.6 , the proof is completed. 

Theorem 2.2 The second fundamental form of the ruled surface ( ),B t v 
 is given by 

 

 22 3 2 3 2 3 1 3 1 3 1 3

2 2 2 2 2 2

3 3 3 3 3 3

v v vx x y y z z x x y y z z
II dt dtdv

x y z x y z

+ + + +
= +

+ + + +
 

where 

 

( ) ( )( )

( )( ) ( ) ( )

( )( )

( ) ( )
( ) ( )

( )

2 2

2 1 1

2 2 2

2 1 1 1

2

2 1 1

2 2

3 1 1

3 1 1

3 1 1

,    

=  +   

,

,    

,    

t t t

t tt

t

x x y u bv u v a c

y y x z u v a c u bv

z z y vb u v a c

x cy bz c u av v c b

y az cx bv a c c u

z bx ay b u v b

         

           

        

  

   

  

= − = + − − + −

= + − + − + − +

= + = + + −

= − = + − +

= − = + − +

= − = + − ( ) ( )2 2 .a a vc u  + + −

              ( )2.5  

Proof: If the partial derivatives are taken in expression ( )2.3 , 

( ) ( ) ( )2 2 2 1 1 1,   ,   0B B v v v Btt tv vv
x T y N z B x T y N z B    = + + = + + =                         

is obtained. Let the surface normal be denoted by BN 
 from relation ( )1.7  

3 3 3

2 2 2

3 3 3

T

x T y N z B
N

x y z

 + +
=

+ +
                                                                                                            ( )2.6   

is obtained. Accordingly, the coefficients 𝑒,𝑓 and 𝑔  of the second fundamental form are given 

by 

2 3 2 3 2 3 1 3 1 3 1 3

2 2 2 2 2 2

3 3 3 3 3 3

,   ,   g 0.v v vx x y y z z x x y y z z
e f

x y z x y z

+ + + +
= = =

+ + + +
                                                                           ( )2.7  

Substituting these expressions into ( )1.6 ,the proof is completed. 

Theorem 2.3 Let the Gaussian and mean curvatures of the ruled surface ( ),B t v 
 be denoted 

by  
BK    and 

BH  respectively. Then, these curvatures are given by 

( )

( ) ( )( ) ( )( )

( )( ) ( )( )

( )( ) ( )( )

2

1 3 1 3 1 3

22 2 2 2 2 2 2 2 2

3 3 3 1 1 1 1 1 1

2 2 2

2 3 2 3 2 3 1 3 1 3 1 3 1 1 1

22 2 2 2 2 2 2 2 2

1 1 1 1 1 1 3 3 3

,

2
.

2

v v v

B

v v v

B

x x y y z z
K

x y z x y z a b c ax by cz

x x y y z z a b c x x y y z z ax by cz
H

x y z a b c ax by cz x y z





+ +
= −

+ + + + + + − + +

+ + + + − + + + +
=

+ + + + − + + + +
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Proof: From relations ( )2.4 and ( )2.7 , 

( )( ) ( )

( )

( )( ) ( )( )

22 2 2 2 2 2 2

1 1 1 1 1 1

2

2 1 3 1 3 1 3

2 2 2

3 3 3

2 2 2

2 3 2 3 2 3 1 3 1 3 1 3 1 1 1

2 2 2

3 3 3

,

,

2
2

v v v

v v v

EG F x y z a b c ax by cz

x x y y z z
eg f

x y z

x x y y z z a b c x x y y z z ax by cz
Eg eG fF

x y z

− = + + + + − + +

+ +
− = −

+ +

+ + + + − + + + +
+ − = 

+ +

 

Substituting these expressions into ( )1.8 ,the desired result is obtained. 

Theorem 2.4 If the striction curve of the ruled surface ( ),B t v 
 is denoted by ( )B t , then its 

equation is given by 

( )
( )

( ) ( )( ) ( )
2 22 2 2 2 2

.T B

b a c u u b
t

b a c u u

     
 

      

− − − +
= + 

+ + − + +

 

Proof: From the definition of the striction curve, the expression of the striction curve belonging 

to the surface ( ),B t v 
 is written as  

( ) 1

2

,
B B

T
t 


= − 


 .  

See (Elsharkawy, 2025). From relations ( )1.3 and ( )2.3 , the tangent vector of the curve B  

and  

( )
1 22 2

B

B

T u N u B
T

u u

  

  

 − +
= =

 + +
  

where ( ) ( ) ( )( )2 22 2 2 2,    bT a c N bB b a c           = − + − +  = + + −  

are obtained. Substituting these expressions into the striction curve, the desired result is 

obtained. 

Theorem 2.5 If the distribution parameter of the ruled surface ( ),B t v 
 is denoted by

B , then 

( ) ( )( ) ( )

( ) ( )( ) ( )
2 22 2 2 2 2

B

b u c u b a c u a c b u a b

b a c u u

       


      

 + + − − + +
=

+ + − + +

. 

Proof: From the definition of the distribution parameter, 

( )1

2

det , ,
B

T


 
=


 is written (Elsharkawy,2025). From here, 

( )
( ) ( )( ) ( )

( )
1 22 2

det , ,
b u c u b a c u a c b u a b

T
u u

        

 

 + + − − + +
  =

+ +
 

is obtained. Substituting these expressions, the desired result is computed. 

 

Theorem 2.6 The third fundamental form of the ruled surface ( ),B t v 
 is given by 

( ) ( ) ( )2 2 2 2 2 2 2 2

5 5 5 5 4 5 4 5 4 4 4 42 v v v v v vIII x y z dt x x y y z z dtdv x y z dv= + + − + + + + +  

where  
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3 3 3
4 4 42 2 2 2 2 2 2 2 2

3 3 3 3 3 3 3 3 3

5 4 4 5 4 4 4 5 4 4

,   ,   ,

,   ,   t t t

x y z
x y z

x y z x y z x y z

x x y y y x z z z y       

= = =
+ + + + + +

= − = + − = +

    

are functions. 

Proof: If the partial derivatives of the expression BN 
 in relation ( )2.6 are taken,

( ) ( )5 5 5 4 4 4,   B B v v vt v
N x T y N z B N x T y N z B = + + = + +  

are obtained. From relation ( )1.7 , the coefficients of third fundamental form are computed as  

2 2 2 2 2 2

5 5 5 5 4 5 4 5 4 4 4 4,   ,   n .v v v v v vl x y z m x x y y z z x y z= + + = + + = + +                          ( )2.8            

Substituting these expressions into relation ( )1.6 , the proof is completed.  

 

Corollary 2.1 If 1,  0a b c= = =  then ( ) ( ), ,T

B Bt v t v  = is a developable surface. 

Corollary 2.2 If 0,  1, 0a b c= = = then ( ) ( ), ,N

B Bt v t v  = . 

Corollary 2.3 If 0,  0, 1a b c= = = then ( ) ( ), ,B

B Bt v t v  = . 

 

Example 1. For the helix ( ) ( )cos ,sin ,2t t t t = the Frenet vectors and curvatures are found, 

respectively, as 

( ) ( ) ( )
1 1 1 2

sin ,cos ,2 , cos , sin ,0 , 2sin , 2cos ,1 , ,
5 55 5

T t t N t t B t t  = − = − − = − = = , 

with respect to the origin, the B  pedal curve is  ( )
4 4 8

cos sin ,sin cos ,
5 5 5

B

t t t
t t t t t

 
= − + 
 

 

and the vector ( )1
sin 5 cos 2 sin , cos 5 sin 2 cos ,2

5
a t b t c t a t b t c t a c = − − + − − + . 

Accordingly, the equation of the ruled surface ( ),B t v 
 is found as 

( )
sin 5 cos 2 sin ,4 4 8

, cos sin ,sin cos ,
5 5 5 5 cos 5 sin 2 cos ,2

B B

a t b t c tt t t v
t v v t t t t

a t b t c t a c
 

 − − + 
= +  = − + +       − − + 

. 

Now, let us examine the surfaces according to the values of , ,a b c . 

 

Special Case 1. If 1, 0a b c= = = then ( ) ( ), ,T

B Bt v t v  = . The equation of the surface is written 

as  ( ) ( )
4 4 8

, cos sin ,sin cos , sin ,cos ,2
5 5 5 5

T

B

t t t v
t v t t t t t t

 
= − + + − 
 

 as illustrated in Figure 1. 
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Figure 1. For ( )0,2 ,t  ( )0,2v the base curve B  (red curve) and the ruled surface 
T

B  

are depicted. 

 

Special Case 2. If  0.5, 0b a c= = = then  ( ) ( ), ,N

B Bt v t v  = .  The equation of the surface  is 

written as   ( )
4 4 8

, 1 cos sin , 1 sin cos ,
2 5 2 5 5

N

B

v t v t t
t v t t t t

    
= − − − +    

    
 as illustrated in Figure 2. 

 

  

Figure 2. For ( ), ,t   − ( )2,2v −  the base curve B  (red curve) and the ruled surface 
N

B  

are depicted. 

Special Case 3. If 0, 3a b c= = = then ( ) ( ), ,B

B Bt v t v  =  . The equation of the surface is 

written as ( ) ( )
4 4 8 3

, cos sin ,sin cos , 2sin , 2cos ,1
5 5 5 5

B

B

t t t v
t v t t t t t t

 
= − + + − 
 

 

as illustrated in Figure 3. 

 

Figure 3. For ( )1.5 ,1.5 ,t   − ( )1.2,1.2v − the base curve B  (red curve) and the ruled 

surface 
B

B  are depicted. 
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Special Case 4. If 0.2, 0.4, 1.2a b c= = = then, the equation of the surface  ( ),T t v 
 is written 

as ( )
sin 2 5 cos 12sin ,4 4 2

, cos sin ,sin cos ,
5 5 5 5 5 cos 2 5 sin 12cos ,8

T

t t tt t t v
t v t t t t

t t t
 

 − − + 
= + − +       − − 

 

as illustrated in Figure 4. 

 

 

Figure 4. For ( )1.5 ,1.5 ,t   − ( )1,1v −  the base curve B  (red curve) and the ruled surface 

B 
 are depicted. 

 

Special Case 5. If 1, 0a b c= = = then, the equation of the surface ( ),B t v 
 is written as 

( ) ( )4 4 8
, cos sin ,sin cos , 2.5sin 3 5 cos ,2.5cos 3 5 sin ,5

5 5 5 5
B

t t t v
t v t t t t t t t t   

= − + + − − − 
 

 

as illustrated in Figure 5. 

 
       

Figure 5. For  2 ,2 ,t   −  2,2v − the base curve B  (red curve) and the ruled surface  

B 
 are depicted. 

 

Special Case 6. If 0, 2, 1b a c= = =  then, the equation of the surface ( ),B t v 
 is written as  
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( )
4 4 8 5 5

, cos sin ,sin cos ,
5 5 5

B

t t t v
t v t t t t 

 +
= − +  
 

 as illustrated in Figure 6. This surface is a 

developable surface ( )0BK  = . 

 

Figure 6. For  2 ,2 ,t   −  2,2v −  the base curve B  (red curve)  and the ruled surface 

B 
 are depicted. 

 

Special Case 7. If  0, 1a b c= = = then, the equation of the surface ( ),B t v 
 is written as  

( ) ( )4 4 8
, cos sin ,sin cos , 5 cos 2sin , 5 sin 2cos , 1

5 5 5 5
B

t t t v
t v t t t t t t t t   

= − + + − + − − + 
 

 

as illustrated in Figure 7. 

 
 

Figure 7. For  2 ,2 ,t   −  2,2v − the base curve B  (red curve), and the ruled surface 

B 
are depicted. 

 

9. Conclusion and Recommendations 

 

In this study, the B−pedal curve, defined as the locus of the orthogonal projections onto the 

binormal vector of a space curve, has been considered as the base curve of a newly constructed 
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family of ruled surfaces. Unlike classical approaches in the literature, the ruling of the surface 

has been defined as a general linear combination of the Frenet frame vectors, providing a more 

comprehensive and flexible geometric framework. As a result of the analytical investigations, 

the first, second and third fundamental forms of the constructed ruled surface, together with its 

Gaussian and mean curvatures, have been explicitly expressed in terms of the invariants of the 

original curve. Furthermore, the striction curve and the distribution parameter of the surface 

have been determined, and their functional dependence on both the curvature functions of the 

base curve and the directional coefficients 𝑎, 𝑏, 𝑐 has been clearly established. It has been shown 

that, in the critical case where the distribution parameter vanishes, the surface exhibits a 

developable structure. In addition, the singularities of the surface are theoretically characterized 

as being concentrated along the striction curve, where the geometric structure becomes 

degenerate. The obtained theoretical results have been illustrated on a helix example and the 

geometric behavior of the resulting ruled surfaces has been visualized through graphical 

representations for different parameter selections. These findings not only extend the existing 

studies on pedal-based ruled surfaces but also provide a unified and generalized model that 

includes many classical cases as special configurations. 
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Abstract 

In this study, new families of pedal curves are defined by using the Frenet frame associated 

with the parallel curves of a space curve and the differential geometric properties of these curves 

are investigated in detail. Based on the classical pedal curve approach, new pedal curves are 

obtained by considering the geometric locus of the orthogonal projection points drawn from a 

fixed pedal point onto the Frenet vectors associated with the parallel curves of a space curve. 

In this context, different types of pedal curves are constructed by taking into account the 

tangent, principal normal and binormal vectors of the parallel curves and the analytical structure 

of each curve is systematically established. The Frenet frame components, curvatures and 

torsions of the obtained pedal curves are explicitly computed by using methods of differential 

geometry; through these quantities, the local and global behaviors of the curves are examined. 

In addition, geometric characterizations of the pedal curves are presented, the relationships 

between these curves and the Frenet structure of the parallel curves are evaluated and the 

fundamental geometric properties of the curves are explained. In order to provide a more 

concrete understanding of the theoretical results, computations are carried out on appropriate 

examples and the geometric behaviors of the obtained pedal curves are supported by graphical 

illustrations. Thus, it is shown that the pedal curves constructed through the Frenet frames 

associated with parallel space curves provide a new perspective to the differential geometry 

literature and introduce a structure that may contribute to new research directions in the context 

of curve theory. In this respect, the study addresses the relationship between pedal curves and 

parallel curves within a more general framework and also points to potential areas of application 

in higher-dimensional geometric modeling and applied geometry. 

Keywords: Differential Geometry, Pedal Curves, Parallel Curves, Frenet Frame, Curvature and 

Torsion, Space Curves 
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1. Introduction 

  

In the characterization of space curves, the limitations of the Frenet–Serret frame at 

inflection points have led to the widespread use of more flexible frameworks such as the Bishop 

(parallel transport), Quasi and Alternative frames in the literature (Ateş et al, 2019; Körpınar et 

al, 2015). These frames not only describe the intrinsic properties of curves but also enable the 

construction of new families of curves and surfaces associated with a given base curve. In this 

context, parallel (offset) curves, which have extensive applications in kinematics and computer-

aided design (CAD), can be characterized by simpler equations through the Bishop frame 

(Aldossary and Gazwani, 2020; Körpınar et al, 2015). Furthermore, normal vector–based 

definitions and Quasi frames make it possible to construct parallel curves even in the presence 

of singular points (Güler, 2022; Sağıroğlu and Köse, 2024). 

In addition to parallel curves, pedal curves, defined as the loci of the projections onto the 

frame vectors of a curve, constitute an important component of the concept of associated curves 

(Şenyurt et al, 2022). Recent studies have shown that pedal curves can be defined via alternative 

frame vectors, that these structures provide a basis for Smarandache curves and that they 

possess distinctive geometric reflections on surfaces (Canlı et al, 2024; Kaya, 2024; Şenyurt et 

al, 2024). This development has also been extended to surface theory, where new ruled surface 

models have been introduced by considering tangent-pedal (T-pedal) or normal-pedal (N-pedal) 

points as the generating curves (Elsharkawy et al, 2025; Elsharkawy et al, 2026). 

In this study, these two fundamental concepts in the literature are combined and pedal curves 

are defined via the Frenet vectors of the parallel curve of a space curve. For these new pedal 

curves, formed by the orthogonal projection points drawn from a fixed point outside the curve 

onto the Frenet frame of the parallel curve, the Frenet vectors, curvatures, and torsions are 

computed separately and their geometric characterizations are obtained. 

For a differentiable curve  , the Frenet vectors, curvatures and Frenet formulas are 

respectively given by 

= , = ,   = ,T N B T B
  

  

  


  
                  ( )1.1  

3 2

,
= ,   =
    

 
  

     

  
                   ( )1.2  

( )= , = ,   = ,  T N N T B B N         − + − = .                                     ( )1.3  

Furthermore, for r IR , the parallel curve corresponding to the curve  is defined by 

( ) ( ) ( )N t t rN t = + .                                ( )1.4  

The Frenet vectors and curvatures of this curve were given in reference (Sağıroğlu and Köse, 

2024). In the present study, the Frenet vectors and curvatures of the parallel curve are 

reformulated as follows . If derivatives of the ( )1.4 are taken and the necessary computations 

are carried out, then 

( )

( ) ( ) ( )

( ) ( ) ( )( )

1 1

2 2 2

1 2 1 2 2 1 1 2

2 2 2 2 2 2 2

1 2 2 2 2 1 2 2 2 1 2 2 1 2 2

,

,

,

,

, .

N

N

N N

N

N N N

x T z B

x T y N z B

z y T z x z x N x y B

x y T y x z N z y B

x y y x z z y x y z x z x z y





 

    

      

 = +

 = + +

  = − + − +

   = − + + − + +

      = + − − − + − +
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is obtained. From relations  ( )1.1 and ( )1.2 , the 1 1, ,T N 1,B  Frenet vectors, the curvature 1  and 

the torsion 1  of the parallel curve are given by 

( )

( ) ( )( )

1 1
1 2 2 2 2

1 1 1 1

1 1 1

1 2 1 2 2 1 1 2

1 22 2 2

2 1 1 1 2 2 1

,

x z
T T B

x z x z

N B T

z y T z x z x N x y B
B

y x z z x z x

= +
+ +

= 

− + − +
=

+ + −

                 ( )1.5  

 

( ) ( )( )

( )

22 2 2

2 1 1 1 2 2 1

1 3
2 2 2
1 1

,
y x z z x z x

x z


+ + −

=

+

                  ( )1.6  

 

( ) ( ) ( )( )

( ) ( )( )
1 2 2 2 2 1 2 2 2 1 2 2 1 2 2

1 22 2 2

2 1 1 1 2 2 1

x y y x z z y x y z x z x z y

y x z z x z x

   


  + − − − + − +
=

+ + −
              ( )1.7  

where  

( ) ( )( ) ( )2 2 2

1 1 2 2 2, ,  , , .x r z r x r y r z r          = − = = − = − + =  

Furthermore, from relation (1.3), the Frenet formulas corresponding to the Frenet vectors of the 

parallel curve are obtained as 

 

( )1 1 1 1 1 1 1 1 1 1 1 1 1 1= , = ,   = ,  NT N N T B B N          − + − = .              ( )1.8  

 

1.1 Materials and Methods 

 

In this study, a theoretical and analytical approach based on differential geometry was 

adopted to construct and characterize new families of pedal curves associated with the Frenet 

frames of parallel curves of space curves. The study was carried out within the framework of 

Euclidean three−dimensional space 𝐸3 and all geometric derivations were obtained analytically 

through Frenet−Serret theory. First, for a regular differentiable space curve 𝛼(𝑠), the Frenet 

frame {𝑇, 𝑁, 𝐵} curvature 𝜅, and torsion 𝜏 were considered as the fundamental geometric 

apparatus. Based on these quantities, the parallel curve corresponding to the original curve was 

defined by using a displacement parameter (𝑟) along the principal normal direction. The Frenet 

vectors, curvature, torsion and Frenet formulas of the parallel curve were explicitly 

reformulated and employed as the geometric basis of the study. Subsequently, pedal curves 

were constructed by considering the orthogonal projection points drawn from a fixed pedal 

point (𝑃), chosen outside the curve, onto the Frenet vectors of the parallel curve. In this 

framework, pedal curves associated with the tangent, principal normal and binormal vectors of 

the parallel curve were defined. In addition, generalized pedal curves corresponding to vectors 

lying in the osculating plane, normal plane, rectifying plane and combined Frenet directions 

were also introduced. For each obtained pedal curve, derivatives up to the required order were 

computed analytically and the corresponding Frenet vectors, curvature and torsion functions 

were derived using vector operations, inner products, cross products, and Frenet−Serret 

formulas. The geometric characterizations of the resulting pedal curves were then investigated 

in terms of their intrinsic differential geometric properties.To illustrate the theoretical results, 
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representative examples including a helix curve were considered and graphical visualizations 

of the corresponding parallel and pedal curves were generated for different offset parameters in 

order to analyze their geometric behavior. 

 

2. Findings and Discussion  

 

2.1 New Families Of Pedal Curves Constructed By The Frenet Frames Of Parallels Of 

Space Curves And Their Geometric Characterizations 

 

Definition 2.1 Let N  be the parallel curve associated with the curve  . The geometric locus 

of the orthogonal projection points drawn from a point P , not lying on the curve N  onto the 

tangent vector 
1T is called the 1T − pedal curve. According to this definition, if the 1T − pedal 

curve denoted by  then its equation is given by 

( ) ( ) ( ) ( ) ( ) ( )1 1,   ,N Ns s u s T s u P s T s  = + = − .              ( )2.1  

See (Şenyurt et al, 2024). 

Theorem 2.1 Let the Frenet vectors of the 1T − pedal curve be denoted by ,T N   and B  

Then, these vectors are given by 

 

( )

( ) ( )

( ) ( ) ( ) ( )( ) ( )

( ) ( ) ( )( ) ( ) ( ) ( )( ) ( )

1 1 1 1 1

2 2

1 1 1

2 3 2 2 2 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2
2 2 22 2 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

,

,

u T u N
T

u u

N B T

u T u u N u u u u u u B

B

u u u u u u u u u



  



  

  

                 

                

+ +
=

+ +

= 

     − + + + + + − + − 
 =

     + + + + + + − + − 
 

 

respectively. 

Proof. Taking derivatives in relation ( )2.1  and then considering relation ( )1.8 , we obtain 

( )1 1 1 1 1,  u T u N    = + +                                  ( )2.2

( ) ( ) ( )( )2 2 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1,u u T u u N u B            = + − + + + +                          ( )2.3  

( )

( ) ( ) ( )( ) ( )

2 3 2 2

1 1 1 1 1 1 1 1 1

2 2

1 1 1 1 1 1 1 1 1 1 1 1           

u T u u N

u u u u u u B

        

          

   = − +

    + + + + − + − 
 

                            ( )2.4  

Substituting these expressions into relation (1.1) completes the proof. 

Theorem 2.2. Let the curvatures of the 1T − pedal curve be denoted by   and   Then, 

these curvatures are given by 

( ) ( ) ( )( ) ( ) ( ) ( )( ) ( )

( ) ( )( )

2
2 2 22 2 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3
2 2 2

1 1 1

,

u u u u u u u u u

u u



                



  

     + + + + + + − + − 
 

=

+ +
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( ) ( ) ( ) ( ) ( )( ) ( )

( ) ( ) ( )( ) ( ) ( ) ( )( ) ( )

2 3 2 2 2 2

1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 3

2
2 2 22 2 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

.

  

u u u u u u u u u

u u u u u u u u u



                    



                

     − + + + + + − + − 
 

=
     + + + + + + − + − 
 

 

where 

( ) ( ) ( )( )

( ) ( )( ) ( )( )

( ) ( ) ( )( )

2 2

1 1 1 1 1 1 1 1 1 1 1

2 2 2

2 1 1 1 1 1 1 1 1 1 1 1

2 2

3 1 1 1 1 1 1 1 1 1 1 1 1 1

,

,

.

u u u u

u u u u

u u u

          

           

           

   = + − − + +


   = + + + + − +

  = + + +

 

Proof. Taking the norms of relations ( )2.2  and ( )2.4 , substituting these norms into relation 

( )1.2 , the curvature is obtained. Taking the derivative of expression ( )2.3 , we obtain 

 

1 1 2 1 3 1T N B    = + +                                                                                                                                  ( )2.5  

Substituting relations ( )2.4  and ( )2.5  into relation ( )1.2 , the torsion is obtained. 

Definition 2.2 Let N  be the parallel curve associated with the curve  . The geometric locus 

of the orthogonal projection points drawn from a point P , not lying on the curve N , onto the 

principal normal vector 1N is called the 1N − pedal curve. If the pedal curve is denoted by  , 

then its equation is given by 

1 1,   ,N NuN u P N  = + = − .                                                                                                                        

( )2.6  

Theorem 2.3 Let the Frenet vectors of the 1N − pedal curve be denoted by ,T N   and B . Then, 

these vectors are given by 

( )

( ) ( ) ( )

( )( ) ( )( ) ( )( )

( )( ) ( )( ) ( )( )

1 1 1 1 1 1 1 1

2 2 2

1 1 1 1 1

1 1 1 3 1 1 2 1 1 1 1 1 1 1 3 1 1 1 1 2 1 1

2 2 2

1 1 1 3 1 1 2 1 1 1 1 1 1 3 1 1 1 2 1

,

,

u T u N u B
T

u u u

N B T

u u T u u N u u B
B

u u u u u u



  



   

   

                

                

− + +
=

− + +

= 

− − + − − + − −
=

− − + − − + − −

 

where 

( )

( )

( )

1 1 1 1 1 1

2 2

2 1 1 1 1 1 1 1

3 1 1 1 1

,

,

.

u u

u u u

u u

     

       

  

 = − −

= − + −

 = +

 

Proof. Taking derivatives in relation ( )2.6  and then considering relation ( )1.8 , we obtain 
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( )1 1 1 1 1 1 1 1,u T u N u B     = − + +                      

( )2.7  

1 1 2 1 3 1,T N B    = + +                                                 

( )2.8  

( )( ) ( )( )

( )( )
1 1 1 3 1 1 2 1 1 1 1 1 1 1 3 1

1 1 1 2 1 1          

u u T u u N

u u B

           

   

  = − − + − −

+ − −
                                           

( )2.9  

Substituting these expressions into relation ( )1.1 completes the proof. 

Theorem 2.4 Let the curvatures of the 1N − pedal curve be denoted by   and  . Then, these 

curvatures are given by 

( )( ) ( )( ) ( )( )

( ) ( ) ( )( )

2 2 2

1 1 1 3 1 1 2 1 1 1 1 1 1 3 1 1 1 2 1

3
2 2 2 2

1 1 1 1 1

,
u u u u u u

u u u



                


   

− − + − − + − −
=

− + +

 

( )( ) ( )( ) ( )( )

( )( ) ( )( ) ( )( )
1 1 1 3 1 1 2 4 1 1 1 1 1 1 3 5 1 1 1 2 1 6

2 2

1 1 1 3 1 1 2 1 1 1 1 1 1 3 1 1 1 2 1

u u u u u u

u u u u u u


                


             

− − + − − + − −
=

− − + − − + − −
 

where 

 

( )
4 1 1 1 2

5 2 1 1 1 1 3

6 3 1 1 2

,

,

.

    

      

   

= −

= + −

= +

 

Proof. Taking the norms of relations ( )2.7  and ( )2.9 , and substituting these norms into 

relation ( )1.2 , the curvature is obtained. Taking the derivative of expression ( )2.3 , we obtain 

 

4 1 5 1 6 1T N B    = + + .                 ( )2.10  

Substituting relations ( )2.9  and ( )2.10  into relation ( )1.2 , the torsion is obtained. 

Definition 2.3 Let N  be the parallel curve associated with the curve  . The geometric locus 

of the orthogonal projection points drawn from a point P , not lying on the curve N  onto the 

binormal vector 1B is called the 1B − pedal curve. If the pedal curve is denoted by  then its 

equation is given by 

1 1,   ,N NuB u P B  = + = − .                  ( )2.11  

Theorem 2.5 Let the Frenet vectors of the 1B − pedal curve be denoted by ,T N   and B . Then, 

these vectors are given by 
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( ) ( )

( )( ) ( ) ( )

( )( ) ( ) ( )

1 1 1 1 1 1

2 22

1 1 1

1 1 3 2 1 1 1 3 1 1 2 1 1 1 1

2 2 2

1 1 3 2 1 1 3 1 2 1 1 1

,

,

T u N u B
T

u u

N B T

u u T u N u B
B

u u u u



  



 

 

          

           

− +
=

+ +

= 

 − − + − + +
=

 − − + − + +

 

where 

 

( )

1 1 1 1

2

2 1 1 1 1 1 1

2 2

3 1 1

,

,

.

u

u u

u u

  

    

  

= −

 = − −

 = −

 

Proof. Taking derivatives in relation ( )2.11  and then considering relation ( )1.8 , we obtain 

1 1 1 1 1 1,T u N u B   = − +                            ( )2.12  

1 1 2 1 3 1,T N B    = + +                               ( )2.13  

( )( ) ( ) ( )1 1 3 2 1 1 1 3 1 1 2 1 1 1 1u u T u N u B               = − − + − + + .                               ( )2.14  

Substituting these expressions into relation ( )1.1  completes the proof. 

Theorem 2.6 Let the curvatures of the 1B − pedal curve be denoted by   and   . Then, these 

curvatures are given by 

( ) ( ) ( )

( ) ( )( )

2 2 2

1 1 3 2 1 1 3 1 2 1 1 1

3
2 22 2

1 1 1

,
u u u u

u u



         


 

 − − + − + +
=

+ +

 

( )( ) ( )( ) ( )( )

( )( ) ( )( ) ( )( )
1 1 1 3 1 1 2 4 1 1 1 1 1 1 3 5 1 1 1 2 1 6

2 2 2

1 1 1 3 1 1 2 1 1 1 1 1 1 3 1 1 1 2 1

u u u u u u

u u u u u u


                


              

− − + − − + − −
=

− − + − − + − −
 

where 

 

( )
4 1 1 1 2

5 2 1 1 1 1 3

6 3 1 1 2

,

,

.

    

      

   

= −

= + −

= +

 

Proof. Taking the norms of relations ( )2.12  and ( )2.14 , and substituting these norms into 

relation (1.2), the curvature is obtained. Taking the derivative of expression ( )2.13 , we obtain 

4 1 5 1 6 1T N B    = + + .                ( )2.15  

Substituting relations ( )2.14  and ( )2.15  into relation ( )1.2 , the torsion is obtained. 

Definition 2.4 Let N  be the parallel curve associated with the curve  . The geometric locus 

of the orthogonal projection points drawn from a point P , not lying on the curve N  onto the 

vector 

( )1 12 2

1
X aT bN

a b
= +

+
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lying in the osculating plane, is called the 1 1T N − pedal curve. If the pedal curve is denoted 

by  then its equation is given by 

,   ,N NuX u P X  = + = − .               ( )2.16  

Theorem 2.7 Let the Frenet vectors of the 1 1T N − pedal curve be denoted by ,T N   and B  

Then, these vectors are given by 

1 1 2 1 3 1

2 2 2

1 2 2

4 1 5 1 6 1

2 2 2

4 5 6

+

T N B
T

N B T

T N B
B



  



 +  + 
=

 +  + 

= 

  + 
=

 +  + 

 

where 

 

1 1 1 1 1 1
1 1 2 32 2 2 2 2 2

, , ,
au ub bu ub ub

a b a b a b

  


 − +
 = +  =  =

+ + +
 

( ) ( )

( ) ( )

( ) ( )

4 2 3 2 1 1 3 2 1 1 1 3 1 1

5 3 1 2 1 1 1 3 2 1 1

6 1 2 1 1 1 3 1 1 2 1 2 1 1

,

,

.

   

  

    

  =   − −  +  −

  =   − −  −

  =   +  − −  −

 

Proof. Taking derivatives in relation ( )2.16  and then considering relation ( )1.8 , we obtain

  

1 1 2 1 3 1T N B  =  +  +  ,                                               ( )2.17  

( ) ( ) ( )1 2 1 1 1 2 1 1 1 3 1 1 1 3 2 1 1 1T N B         =  − +  +  − +  − ,                                 ( )2.18  

4 1 5 1 6 1+T N B   =   +  .                                                                                              ( )2.19  

Substituting these expressions into relation ( )1.1  completes the proof. 

Theorem 2.8 Let the curvatures of the 1 1T N − pedal curve be denoted by   and   Then, 

these curvatures are given by 

( )

2 2 2

4 5 6

3
2 2 2 2
1 2 2

,
 +  + 

=

 +  + 

 

( ) ( )( ) ( ) ( )( )
( ) ( ) ( )( )
1 2 1 1 1 1 2 1 1 1 3 1 1 4 3 2 1 1 1 1 2 1 1 1 3 1 1 6

2 1 1 1 3 1 1 1 1 1 2 1 1 1 3 2 1 1 1 5

2 2 2

4 5 6



         

         


     − −  +  −  +  − +  +  − 

  +  +  − +  − −  − 

=
 +  + 

. 

Proof. Taking the norms of relations ( )2.17  and ( )2.19  and substituting these norms into 

relation ( )1.2 , the curvature is obtained. Taking the derivative of expression ( )2.18 , we obtain 
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( ) ( )( )
( ) ( ) ( )( )
( ) ( )( )

1 2 1 1 1 1 2 1 1 1 3 1 1 1

2 1 1 1 3 1 1 1 1 1 2 1 1 1 3 2 1 1 1 1

3 2 1 1 1 1 2 1 1 1 3 1 1 1

    

    

T

N

B

      

         

     

  =  −  −  +  −

  +  +  − +  − −  −

 +  − +  +  −

                            ( )2.20  

Substituting relations ( )2.19  and ( )2.20  into relation ( )1.2 , the torsion is obtained.  

 

Definition 2.5 Let N  be the parallel curve associated with the curve  . The geometric locus 

of the orthogonal projection points drawn from a point P , not lying on the curve N , onto the 

vector 

( )1 12 2

1
Y aN bB

a b
= +

+
 

lying in the normal plane, is called the 1 1N B − pedal curve. If the pedal curve is denoted by 

 , then its equation is given by 

,   ,N NuY u P Y = + = − .                  ( )2.21  

Theorem 2.9 Let the Frenet vectors of the 1 1N B − pedal curve be denoted by ,T N  and B . 

Then, these vectors are given by 

1 1 2 1 3 1

2 2 2

1 2 3

4 1 5 1 6 1

2 2 2

4 5 6

+

T N B
T

N B T

T N B
B

  

  

  

  

+ +
=

+ +

= 

+
=

+ +

 

where 

1 1 1 1 1 1
1 1 2 32 2 2 2 2 2

, , ,
ua au ub u b ua

a b a b a b

  
   

 − +
= − = =

+ + +
 

( ) ( )

( ) ( )

( ) ( )

4 2 3 2 1 1 3 2 1 1 1 3 1 1

5 3 1 2 1 1 1 3 2 1 1

6 1 2 1 1 1 3 1 1 2 1 2 1 1

,

,

.

         

         

          

 = − − + −

 = − − −

 = + − − −

 

Proof. Taking derivatives in relation ( )2.21  and then considering relation ( )1.8 , we obtain 

1 1 2 1 3 1T N B   = + +                             ( )2.22  

( ) ( ) ( )1 2 1 1 1 2 1 1 1 3 1 1 1 3 2 1 1 1T N B             = − + + − + −                                  ( )2.23  

4 1 5 1 6 1+T N B    = +                                                                                             ( )2.24  

Substituting these expressions into relation ( )1.1  completes the proof. 

Theorem 2.10 Let the curvatures of the 1 1N B − pedal curve be denoted by   and  . Then, 

these curvatures are given by 
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( )

2 2 2

4 5 6

3
2 2 2 2

1 2 3

,
  



  

+ +
=

+ +

 

( ) ( )( ) ( ) ( )( )
( ) ( ) ( )( )
1 2 1 1 1 1 2 1 1 1 3 1 1 4 3 2 1 1 1 1 2 1 1 1 3 1 1 6

2 1 1 1 3 1 1 1 1 1 2 1 1 1 3 2 1 1 1 5

2 2 2

4 5 6

                   

               


  

    − − + − + − + + −

  + + − + − − −

=
+ +

. 

Proof. Taking the norms of relations (2.22) and (2.24), and substituting these norms into 

relation (1.2), the curvature is obtained. Taking the derivative of expression (2.23), we obtain 

( ) ( )( )
( ) ( ) ( )( )
( ) ( )( )

1 2 1 1 1 1 2 1 1 1 3 1 1 1

2 1 1 1 3 1 1 1 1 1 2 1 1 1 3 2 1 1 1 1

3 2 1 1 1 1 2 1 1 1 3 1 1 1

    

    

T

N

B

     

         

     

  =  −  −  +  −

  +  +  − +  − −  −

 +  − +  +  −

                ( )2.25  

Substituting relations (2.24) and (2.25) into relation (1.2), the torsion is obtained.  

Definition 2.6 Let N  be the parallel curve associated with the curve  . The geometric locus 

of the orthogonal projection points drawn from a point P , not lying on the curve N , onto the 

vector ( )1 12 2

1
Z aT bB

a b
= +

+
 lying in the rectifying plane, is called the 1 1T B − pedal curve. 

If the pedal curve is denoted by  , then its equation is given by 

 

,   ,N NuZ u P Z  = + = −                                      ( )2.26  

Theorem 2.11 Let the Frenet vectors of the 1 1T B − pedal curve be denoted by ,T N   and B . 

Then, these vectors are given by 

1 1 2 1 3 1

2 2 2

1 2 3

4 1 5 1 6 1

2 2 2

4 5 6

+

T N B
T

N B T

T N B
B

  

  

  

  



  



+ +
=

+ +

= 

+
=

+ +

 

where 

( )1 1 1

1 1 2 32 2 2 2 2 2
, , ,

u a bu a u b

a b a b a b

  
   

− 
= + = =

+ + +
 

( ) ( )

( ) ( )

( ) ( )

,
4 2 3 2 1 1 3 2 1 1 1 3 1 1

,
5 3 1 2 1 1 1 3 2 1 1

.
6 1 2 1 1 1 3 1 1 2 1 2 1 1

             

          

             

 = − − + −

 = − − −

 = + − − −

 

Proof. Taking derivatives in relation (2.26) and then considering relation (1.8), we obtain 
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1 1 2 1 3 1T N B   = + + ,                                                                                                     ( )2.27  

( ) ( ) ( )1 2 1 1 1 2 1 1 1 3 1 1 1 3 2 1 1 1T N B               = − + + − + − ,                                       ( )2.28  

4 1 5 1 6 1+T N B      = + .     ( )2.29  

Substituting these expressions into relation (1.1) completes the proof. 

 

Theorem 2.12 Let the curvatures of the 1 1T B − pedal curve be denoted by 𝜅Υ and 𝜏Υ. Then, 

these curvatures are given by 

𝜅Υ  =
√𝜐4

2 + 𝜐5
2 + 𝜐6

2

(𝜐1
2 + 𝜐2

2 + 𝜐3
2)

3
2

, 

( ) ( )( ) ( ) ( )( )
( ) ( ) ( )( )
1 2 1 1 1 1 2 1 1 1 3 1 1 4 3 2 1 1 1 1 2 1 1 1 3 1 1 6

2 1 1 1 3 1 1 1 1 1 2 1 1 1 1 3 2 1 1 5

2 2 2

4 5 6

                   

              


  


    − − + − + − + + −

  + + − + − − −

=
+ +

. 

Proof. Taking the norms of relations (2.27) and (2.29), and substituting these norms into 

relation (1.2), the curvature is obtained. Taking the derivative of expression (2.28), we obtain 

( ) ( )( )
( ) ( ) ( )( )
( ) ( )( )

1 2 1 1 1 1 2 1 1 1 3 1 1 1

2 1 1 1 3 1 1 1 1 1 2 1 1 1 1 3 2 1 1 1

3 2 1 1 1 1 2 1 1 1 3 1 1 1

    

    

T

N

B

         

              

         

   = − − + −

  + + − + − − −

 + − + + −

                               ( )2.30  

Substituting relations (2.29) and (2.30) into relation (1.2), the torsion is obtained. 

 

Definition 2.7 Let N  be the parallel curve associated with the curve  . The geometric locus 

of the orthogonal projection points drawn from a point P , not lying on the curve N , onto the 

vector 

( )1 1 12 2

1
aT bN cB

a b c
 = + +

+ +
 

is called the 1 1 1T N B − pedal curve. If the pedal curve is denoted by  , then its equation is 

given by 

,   ,N Nu u P  = +  = −  .                  ( )2.31  

Theorem 2.13. Let the Frenet vectors of the 
1 1 1T N B − pedal curve be denoted by 𝑇Γ, 𝑁Γ, 𝐵Γ. 

Then, these vectors are given by 

1 1 2 1 3 1

2 2 2

1 2 3

4 1 5 1 6 1

2 2 2

4 5 6

+

T N B
T

N B T

T N B
B

  

  

  

  



  



+ +
=

+ +

= 

+
=

+ +

 

where 
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( )1 1 11 1 1 1
1 1 2 32 2 2 2 2 2 2 2 2

, , ,
u b u a cu a ub u c ub

a b c a b c a b c

    
   

 + − − +
= + = =

+ + + + + +
 

( ) ( )

( ) ( )

( ) ( )

,
4 2 3 2 1 1 3 2 1 1 1 3 1 1

,
5 3 1 2 1 1 1 3 2 1 1

.
6 1 2 1 1 1 3 1 1 2 1 2 1 1

             

          

             

 = − − + −

 = − − −

 = + − − −

 

Proof. Taking derivatives in relation (2.31) and then considering relation (1.8), we obtain 

1 1 2 1 3 1T N B   = + + ,                           ( )2.32  

( ) ( ) ( )1 2 1 1 1 2 1 1 1 3 1 1 1 3 2 1 1 1T N B              = − + + − + − ,                      ( )2.33  

4 1 5 1 6 1+T N B     = + .                                                                                           ( )2.34  

Substituting these expressions into relation (1.1) completes the proof. 

Theorem 2.14. Let the curvatures of the 1 1 1T N B − pedal curve be denoted by   and . Then, 

these curvatures are given by 

( )

2 2 2

4 5 6

3
2 2 2 2
1 2 3

,
  



  


+ +
=

+ +

 

( ) ( )( ) ( ) ( )( )
( ) ( ) ( )( )

1 2 1 1 1 1 2 1 1 1 3 1 1 4 3 2 1 1 1 1 2 1 1 1 3 1 1 6

2 1 1 1 3 1 1 1 1 1 2 1 1 1 1 3 2 1 1 5

2 2 2

4 5 6

                       

                


  



    − − + − + − + + −

  + + − + − − −

=
+ +

. 

Proof. Taking the norms of relations (2.32) and (2.34), and substituting these norms into 

relation (1.2), the curvature is obtained. Taking the derivative of expression (2.33), we obtain 

( ) ( )( )
( ) ( ) ( )( )
( ) ( )( )

1 2 1 1 1 1 2 1 1 1 3 1 1 1

2 1 1 1 3 1 1 1 1 1 2 1 1 1 1 3 2 1 1 1

3 2 1 1 1 1 2 1 1 1 3 1 1 1

    

    

T

N

B

          

               

          

   = − − + −

  + + − + − − −

 + − + + −

                   ( )2.35  

Substituting relations (2.34) and (2.35) into relation (1.2), the torsion is obtained. 

Example 2.1. For the helix curve ( ) ( )
1

cos ,sin ,
2

s s s s = , the Frenet vectors and curvatures 

are respectively given by 

( ) ( ) ( )
1 1 1 1

sin ,cos ,1 , cos , sin ,0 , sin , cos ,1 , ,
2 2 2 2

T s s N s s B s s  = − = − − = − = = . 

Accordingly, the equation of the parallel curve N  corresponding to this curve and its Frenet 

apparatus are respectively obtained as 

( )
1 1

cos , sin ,
2 2 2

N

s
s r s r s

    
= − −    

    
, 
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1
2

1

1
2

1 1 1 1
sin , cos , ,

2 2 21 2

,

1 1 1 1
sin , cos , ,

2 2 21 2

T r s r s
r r

N N

B s s r
r r

    
= − − −    

    − +

=

 
= − − 

 − +

( ) ( )
1 12 2

1 2 1
,   

2 1 2 2 1 2

r

r r r r
 

−
= = 

− + − +
 

The visual representation of the helix and its parallel curve is given in Figure 2.1. 

 

 
a) r=0.2    b) r=0.4 

 

Figure 2.1. The helix curve is shown in blue, while the parallel curve of the helix is shown in 

red. 

 
Figure 2.2. In these visualizations, the offset parameter was taken as 𝑟 = 0.3, the parameter 

interval was chosen as [−3𝜋, 3𝜋]. The pedal point was selected as the origin point. Pedal 

curves are represented by (a) 𝑇1 −pedal curve, (b) 𝑁1 −pedal curve and (c) 𝐵1 −pedal curve.  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

229 
 

 
Figure 2.3  In these visualizations, the offset parameter was taken as 𝑟 = 0.3, the parameter 

interval was chosen as [−3𝜋, 3𝜋]. The pedal point was selected as the origin point. Pedal curves 

are represented by (a) 𝑇1𝑁1 −pedal curve, (b) 𝑇1𝐵1 −pedal curve, (c) 𝑁1𝐵1 −pedal curve and 

(d) 𝑇1𝑁1𝐵1 −pedal curve. 

 
Figure 2.4. In these visualizations, the offset parameter was taken as 𝑟 = 0.3, the parameter 

intervalwas chosen as [−3𝜋, 3𝜋]. The pedal point was selected as the (
3

2
, −1,2). Pedal curves 

are represented by (a) 𝑇1 −pedal curve, (b) 𝑁1 −pedal curve and (c) 𝐵1 −pedal curve. 
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Figure 2.5  In these visualizations, the offset parameter was taken as 𝑟 = 0.3, the parameter 

interval was chosen as [−3𝜋, 3𝜋]. The pedal point was selected as the (
3

2
, −1,2). Pedal curves 

are represented by (a) 𝑇1𝑁1 −pedal curve, (b) 𝑇1𝐵1 −pedal curve, (c) 𝑁1𝐵1 −pedal curve and 

(d) 𝑇1𝑁1𝐵1 −pedal curve. 

 

 

3. Conclusion and Recommendations 

 

In this study, pedal curves constructed on the Frenet vectors of the parallel of a space curve 

were theoretically defined and analyzed in detail. Within this framework, the Frenet vectors of 

the parallel curve and the new pedal curves generated by these vectors were explicitly derived. 

For each obtained pedal curve, the corresponding Frenet frame, curvature and torsion functions 

were analytically computed and their geometric characterizations were established. The study 

demonstrated that the combination of the concepts of parallel curves and pedal curves yields a 

systematic approach for constructing new families of associated curves in Euclidean three-

dimensional space. In particular, pedal curves generated from the tangent, principal normal, 

binormal, osculating-plane, normal-plane, rectifying-plane and combined Frenet directions of 

the parallel curve provide a broad geometric framework that extends the classical notion of 

pedal curves. The obtained formulas reveal how the intrinsic geometric invariants of the original 

curve and its parallel directly affect the geometry of the newly generated pedal curves. 
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Furthermore, the theoretical results were applied to a helix and a special trigonometric curve in 

order to illustrate the geometric behavior of the constructed curves. By varying the parameter, 

the influence of the parallel displacement on the resulting pedal curves was visualized and 

interpreted geometrically. These examples indicate that even small variations in the offset 

parameter may significantly alter the curvature and torsion structures of the generated pedal 

curves, leading to substantially different spatial configurations. Another important outcome of 

this study is that the derived constructions preserve a strong relationship with the Frenet 

geometry of the original curve while simultaneously generating richer associated structures. In 

this respect, the presented approach not only generalizes several classical pedal-curve 

constructions but also provides a unified framework for producing new geometric models 

through Frenet-based transformations. From an applied perspective, these structures may 

contribute to geometric modeling, kinematics, trajectory design, computer-aided geometric 

design (CAGD/CAD), robotic path planning and animation theory. Since the generated curves 

depend explicitly on Frenet invariants, they may also be useful in applications requiring 

curvature-controlled motion and smooth spatial interpolation. As a continuation of this work, 

the same constructions can be extended to alternative moving frames such as the Bishop, quasi, 

or alternative frames. Moreover, these pedal structures may be generalized to Minkowski 

spaces, dual spaces, spherical geometries or higher-dimensional manifolds. Another potential 

research direction is the investigation of surfaces generated from these pedal curves and the 

examination of their differential geometric properties. 
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Abstract 

Open-field burning of agricultural residues remains a common low-cost practice in many 

regions because it enables rapid post-harvest land preparation. However, it constitutes a 

significant environmental problem with multidimensional adverse effects on climate change, 

air quality, soil health, and public health. This study provides a comprehensive evaluation of 

the drivers, emission profile, and environmental and social consequences of agricultural residue 

burning in light of the recent literature. The reviewed evidence indicates that this practice leads 

to the release of pollutants such as PM₂.₅, PM₁₀, black carbon, CO₂, CH₄, CO, NOₓ, NH₃, and 

volatile organic compounds, thereby degrading regional air quality while also intensifying 

climate change through both short-lived climate pollutants and greenhouse gas emissions. In 

addition, agricultural burning has been shown to reduce soil organic matter, cause nutrient 

losses, diminish microbial activity, impair water retention capacity, and ultimately decrease 

agricultural productivity over the long term. From a public health perspective, exposure to 

PM₂.₅ in particular is associated with elevated risks of respiratory and cardiovascular diseases, 

with more pronounced effects among vulnerable populations. This, in turn, imposes an 

additional economic burden through increased healthcare expenditures, labor productivity 

losses, and broader declines in social welfare. Furthermore, the burning of agricultural residues 

results in resource wastage and opportunity costs within rural production systems, as materials 

that could otherwise be utilized as biomass, compost, or soil amendments are removed from 

productive use. The study emphasizes that sustainable alternatives—including residue 

incorporation into soil, biomass and energy recovery, composting, and circular utilization—

offer lower environmental costs and greater long-term benefits compared with open burning. In 

conclusion, agricultural residue burning should be understood not merely as a field management 

practice, but as a structural sustainability challenge that must be addressed through its 

interrelated climate, environmental, health, and rural development dimensions. Accordingly, 

the findings underscore the need for integrated management approaches that combine restrictive 

measures with incentives, infrastructure development, and farmer support mechanisms.  

mailto:su.turan@gmail.com
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1. Giriş 

Tarımsal üretim sonrasında ortaya çıkan bitkisel artıkların yönetimi, günümüzde yalnızca 

bir arazi hazırlama meselesi olmaktan çıkmış; iklim değişikliği, hava kalitesi, toprak sağlığı, 

halk sağlığı ve kırsal sürdürülebilirlik açısından çok boyutlu bir çevre yönetimi sorunu hâline 

gelmiştir. Hasat sonrasında tarlada kalan anız ve diğer ürün artıklarının açık alanda yakılması, 

özellikle buğday, pirinç, mısır ve şeker kamışı gibi yüksek miktarda artık oluşturan ürün 

sistemlerinde yaygın biçimde başvurulan bir uygulamadır (Hall et al., 2024). Bu uygulamanın 

yaygınlığında, çiftçiler açısından yakmanın çoğu zaman en hızlı, en düşük maliyetli ve en az 

işgücü gerektiren seçenek olarak görülmesi belirleyici olmaktadır (Lin & Begho, 2022). 

Bununla birlikte, kısa vadeli operasyonel kolaylık sağlayan bu yöntem; uzun vadede çevresel 

ve toplumsal maliyetleri artıran yapısal bir sorun üretmektedir (Erbaugh et al., 2024; Parambil-

Peedika et al., 2025). 

Açık alanda tarımsal artık yakımı sırasında PM₂.₅, PM₁₀, siyah karbon (BC), CO₂, CH₄, CO, 

NOₓ, NH₃ ve çeşitli uçucu organik bileşikler (VOCs) atmosfere salınmakta; bu emisyonlar hem 

yerel hem de bölgesel ölçekte hava kalitesini bozmaktadır (Becerra-Pérez et al., 2025). 

Özellikle ince partikül madde (PM₂.₅), atmosferde daha uzun süre asılı kalabilmesi ve daha uzak 

mesafelere taşınabilmesi nedeniyle halk sağlığı üzerinde kritik bir risk oluşturmaktadır (Biswal 

et al., 2025; Ravish et al., 2025). Dünya Sağlık Örgütü (WHO, 2024), dış ortam hava kirliliğini 

en önemli çevresel sağlık tehditlerinden biri olarak tanımlamakta; ince partikül maruziyetini 

erken ölümler, solunum sistemi hastalıkları ve kardiyovasküler olaylarla ilişkilendirmektedir. 

Bu nedenle tarımsal yangınlar, yalnızca kısa süreli duman olayları olarak değil; önleyici halk 

sağlığı politikaları kapsamında ele alınması gereken çevresel maruziyet kaynakları olarak 

değerlendirilmelidir (Sangkham, 2024; WHO, 2024). 

Tarımsal artık yakımı aynı zamanda önemli bir iklim baskısı yaratmaktadır. Açık yanma 

sürecinde açığa çıkan siyah karbon, metan ve diğer kısa ömürlü iklim kirleticileri ile uzun 

ömürlü sera gazları, yalnızca anlık hava kirliliğine değil, aynı zamanda kısa ve orta vadeli 

ısınmanın güçlenmesine de katkı sunmaktadır (Parambil-Peedika et al., 2025; Becerra-Pérez et 

al., 2025). Literatür, tarımsal artık yakımının iklim etkisinin sadece CO₂ emisyonlarıyla sınırlı 

olmadığını; aerosol kaynaklı radyatif zorlama, yüzey sıcaklığı değişimleri ve sınır tabaka 

dinamikleri üzerinden daha karmaşık bir çevresel baskı ürettiğini göstermektedir (Liu et al., 

2021; Xie et al., 2025; Pandey et al., 2026). Bu nedenle tarımsal yakma, yalnızca bir atık 

bertaraf tercihi değil, aynı zamanda azaltılması gereken bir iklim riski olarak ele alınmalıdır. 

Bunun yanında, tarımsal artıkların yakılması toprak kalitesi ve tarımsal verimlilik üzerinde de 

önemli olumsuz etkiler doğurmaktadır. Bitkisel artıkların yanmasıyla toprağa geri 

kazandırılabilecek organik madde ve karbon kaybedilmekte; bu durum toprak organik 

maddesinin yenilenmesini sınırlamakta, mikrobiyal çeşitliliği zayıflatmakta ve besin 

döngüsünü bozarak uzun dönemli üretkenliği tehdit etmektedir (Lal, 2025; Parambil-Peedika 

et al., 2025). Ayrıca azot, fosfor, potasyum ve kükürt gibi temel bitki besin elementlerinin bir 

kısmı yanma sırasında kayba uğramakta; yüzey örtüsünün ortadan kalkması ise su tutma 

kapasitesi, agregat stabilitesi ve toprak yapısı üzerinde olumsuz etkiler yaratmaktadır (Lin & 

Begho, 2022; Rao et al., 2024; Sahoo et al., 2025). Dolayısıyla anız yakma, kısa vadede kolaylık 

sağlasa da, orta ve uzun vadede toprağın üretken kapasitesini aşındıran ve sürdürülebilir 

tarımsal üretim hedefleriyle çelişen bir uygulamadır. 

Ekonomik açıdan bakıldığında ise tarımsal artık yakımı, ilk bakışta düşük maliyetli bir 

yöntem gibi görünse de, gerçekte sağlık harcamaları, işgücü kaybı, verim azalması ve kırsal 

sistemlerde kaynak israfı şeklinde önemli gizli maliyetler doğurmaktadır (Krishna et al., 2023; 

Lan et al., 2022). Türkiye’de de anız yakımı, özellikle Güneydoğu Anadolu ve Doğu Akdeniz 

hattında bölgesel hava kirliliğini artıran ve mevcut PM₂.₅ yüküne ek baskı oluşturan bir unsur 

olarak dikkat çekmektedir (Bahşi et al., 2023). Bu nedenle konu, yalnızca bir tarla uygulaması 
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olarak değil; halk sağlığı, çevre yönetimi, iklim politikası ve kırsal kalkınma boyutlarıyla 

birlikte ele alınmalıdır. 

Bu çalışmada, tarımsal artık yakımının iklim, hava kalitesi, toprak ve halk sağlığı üzerindeki 

çok boyutlu etkileri bütüncül bir çerçevede değerlendirilmektedir. İlk olarak tarımsal yakma 

uygulamalarının kapsamı ve nedenleri ele alınmakta; ardından emisyon profili, iklim değişikliği 

üzerindeki etkiler, hava kalitesi ve halk sağlığı sonuçları ile toprak kalitesi üzerindeki 

yansımalar incelenmektedir. Ayrıca sağlık harcamaları, verim kaybı ve kırsal üretim 

sistemlerine yönelik gizli ekonomik ve sosyal maliyetler tartışılmakta; son olarak anızın toprağa 

karıştırılması, biyokütle/enerji geri kazanımı ve kompostlama gibi sürdürülebilir alternatifler 

üzerinden çözüm seçenekleri sunulmaktadır. Böylece çalışma, tarımsal artık yakımını yalnızca 

yasaklanması gereken bir uygulama olarak değil; döngüsel ekonomi ve sürdürülebilir tarım 

ilkeleri doğrultusunda yeniden düşünülmesi gereken stratejik bir politika alanı olarak 

konumlandırmaktadır. 

2. Tarımsal Yakma Uygulamalarının Kapsamı ve Nedenleri 

Tarımsal yakma uygulamaları, hasat sonrasında tarlada kalan bitkisel artıkların yerinde 

yakılarak uzaklaştırılmasına dayanan ve özellikle pirinç, buğday, mısır ile şeker kamışı gibi 

yüksek miktarda hasat artığı oluşturan ürün sistemlerinde yaygın biçimde başvurulan bir arazi 

yönetim yöntemidir (Hall et al., 2024). Küresel ölçekte geliştirilen GloCAB veri seti, tarım 

alanlarındaki yanmanın söz konusu ürün gruplarında belirgin biçimde yoğunlaştığını ortaya 

koymakta; bu durum, tarımsal yakmanın yalnızca belirli bölgelerle sınırlı bir uygulama 

olmadığını, aksine farklı coğrafyalarda tekrar eden yapısal bir üretim pratiği hâline geldiğini 

göstermektedir (Hall et al., 2024). Bu uygulamanın sürdürülmesinde en belirleyici unsur, 

çiftçiler açısından yakmanın çoğu durumda en hızlı, en düşük maliyetli ve en az işgücü 

gerektiren seçenek olarak değerlendirilmesidir (Lin & Begho, 2022). Özellikle hasat ile bir 

sonraki ekim dönemi arasındaki sürenin kısa olması, anızın tarladan uzaklaştırılması, taşınması 

ya da toprağa karıştırılması için ilave zaman, ekipman ve finansman gereksinimi yaratmakta; 

işgücü yetersizliği ile alternatif artık yönetim teknolojilerine erişimde yaşanan sınırlılıklar da 

yakmayı pratik bir çözüm olarak öne çıkarmaktadır (Lin & Begho, 2022; Erbaugh et al., 2024). 

Bunun yanı sıra, ürün artıklarının çoğu zaman düşük ekonomik değere sahip olması, mekanize 

hasat yöntemlerinin tarlada daha fazla ve dağınık biçimde artık bırakması, ayrıca yakmasız 

uygulamalar için gerekli makine ve altyapıya erişimdeki eşitsizlikler bu pratiğin devamlılığını 

güçlendiren diğer önemli etkenler arasında yer almaktadır (Erbaugh et al., 2024). Dolayısıyla 

tarımsal yakma, yalnızca bireysel düzeyde alınmış basit bir çiftçi kararı olarak değil; ekonomik 

baskılar, üretim takviminin dayattığı zaman kısıtları, teknolojiye erişim sorunları ve kırsal 

alandaki kurumsal yönetişim eksiklikleriyle şekillenen çok boyutlu bir yönetim sorunu olarak 

ele alınmalıdır (Erbaugh et al., 2024; Parambil-Peedika et al., 2025). Bu yönüyle tarımsal 

yakma, tarımsal üretim sistemlerinin teknik işleyişi kadar, kırsal kalkınma politikaları, destek 

mekanizmaları ve sürdürülebilir artık yönetimi stratejileriyle de doğrudan ilişkili yapısal bir 

çevre sorunu niteliği taşımaktadır (Parambil-Peedika et al., 2025). 

3. Tarımsal Yangınlardan Kaynaklanan Emisyon Profili 

Tarımsal yangınlar, açık alanda gerçekleşen biyokütle yanması nedeniyle hem birincil 

partikül emisyonları hem de gaz fazı kirleticiler üreten karmaşık bir emisyon profiline sahiptir. 

Açık alan tarımsal artık yakımının başlıca emisyonları arasında PM₂.₅, PM₁₀, siyah karbon (BC), 

CO₂ ve CH₄ yer almakta; ayrıca CO, NOₓ, NH₃ ve çeşitli uçucu organik bileşikler (VOCs) de 

önemli eşlik eden kirleticiler olarak bildirilmektedir (Becerra-Pérez et al., 2025). Bu durum, 

tarımsal yangınların yalnızca kısa süreli duman oluşumuna neden olan yerel olaylar değil, aynı 

zamanda bölgesel hava kalitesi ve iklim sistemi üzerinde etkili önemli bir emisyon kaynağı 

olduğunu göstermektedir (Becerra-Pérez et al., 2025). 

Partikül madde (PM₂.₅ ve PM₁₀) bakımından, tarımsal yakmanın en dikkat çekici çıktısı ince 

ve kaba partikül konsantrasyonlarındaki artıştır. Özellikle PM₂.₅, küçük aerodinamik çapı 
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nedeniyle atmosferde daha uzun süre asılı kalabilmekte ve daha uzak mesafelere 

taşınabilmektedir. Kuzeybatı Hindistan’da 2022–2024 dönemini inceleyen güncel çalışmalar, 

ürün artığı yakımının özellikle Ekim–Kasım döneminde yüzey PM₂.₅ düzeylerinde belirgin 

artışlara neden olduğunu ve bu artışın bölgesel hava kalitesi üzerinde ciddi baskı oluşturduğunu 

göstermektedir (Biswal et al., 2025). Benzer şekilde, farklı ürün artığı türlerini karşılaştıran bir 

çalışma, pirinç, buğday ve şeker kamışı artığı yakımının PM₂.₅ ve PM₁₀ seviyelerinde anlamlı 

yükselişlere yol açtığını ortaya koymuştur (Ravish et al., 2025). 

Türkiye bağlamında da benzer bir tablo dikkat çekmektedir. Türkiye genelinde 2024 yılına 

ait uzaktan algılama temelli bir değerlendirme, anız yakımının özellikle Ege, Güneydoğu 

Anadolu ve İç Anadolu bölgelerinde yoğunlaştığını; olayların büyük ölçüde buğday ve arpa 

ekim alanlarında kümelendiğini ve daha çok yaz ile sonbahar aylarında gerçekleştiğini 

göstermiştir (Eraslan, 2026). Bu mekânsal ve mevsimsel yoğunlaşma, tarımsal yakmanın 

Türkiye’de de partikül madde birikimini artırabilecek dönemsel bir baskı unsuru olduğunu 

düşündürmektedir. Nitekim Mardin–Diyarbakır sınırında, Köksalan Köyü/Sürendal mevkiinde 

20 Haziran 2024 tarihinde gerçekleşen bir anız yakma olayı üzerine yapılan güncel bir çalışma, 

olayın 248.77 hektarlık bir alanı etkilediğini ve yangın sırasında atmosferik kirletici yükünde 

belirgin artış yaşandığını ortaya koymuştur; çalışmada özellikle SO₂ konsantrasyonunun 49.6 

µg/m³’e kadar yükseldiği ve kirleticilerin rüzgâr koşullarına bağlı olarak çevre alanlara 

taşındığı rapor edilmiştir (Çınar et al., 2025). Bu çalışma doğrudan PM₂.₅ ve PM₁₀ ölçümü 

sunmamakla birlikte, anız yakımının Türkiye’de de yalnızca yerel bir arazi yönetimi sorunu 

olmadığını; atmosferik kirletici birikimi, taşınım ve hava kalitesi bozulması açısından somut 

sonuçlar ürettiğini göstermektedir (Çınar et al., 2025). Ayrıca aynı çalışma, 2014–2023 

döneminde Türkiye’de anız yakımına bağlı olarak yılda ortalama 201 orman yangını meydana 

geldiğini ve yaklaşık 585.66 hektar alanın zarar gördüğünü bildirerek, bu uygulamanın çevresel 

etkilerinin tarım parselleriyle sınırlı kalmadığını ortaya koymaktadır (Çınar et al., 2025). Bu 

nedenle, uluslararası literatürde PM₂.₅ ve PM₁₀ artışıyla ilişkilendirilen tarımsal yakma 

pratiklerinin, Türkiye’de de özellikle yoğun tarımsal üretim yapılan ve meteorolojik 

durgunluğun görüldüğü dönemlerde bölgesel hava kalitesi üzerinde kayda değer risk 

oluşturduğu değerlendirilebilir (Eraslan, 2026; Çınar et al., 2025). 

Siyah karbon ve sera gazları açısından tarımsal yangınlar, hem kısa ömürlü iklim kirleticileri 

hem de uzun ömürlü sera gazları üreten önemli bir kaynaktır. Siyah karbon, eksik yanmanın 

tipik bir ürünü olup güçlü ışık soğurma özelliği nedeniyle kısa vadeli ısınmayı artırabilmektedir; 

buna karşılık CO₂, biyokütlede depolanmış karbonun hızla atmosfere dönmesine neden olurken, 

CH₄ ve bazı envanter çalışmalarında izlenen N₂O da toplam iklim etkisini güçlendirmektedir 

(Becerra-Pérez et al., 2025; Song et al., 2024). Özellikle Song ve ark. (2024), açık saman 

yakımından kaynaklanan sera gazı envanterinde CO₂, CH₄ ve N₂O’yu temel bileşenler olarak 

raporlamıştır. 

Diğer kirleticiler arasında CO, NOₓ, NH₃ ve VOC’ler öne çıkmaktadır. Bu kirleticiler yalnızca 

doğrudan hava kalitesini bozmakla kalmamakta, aynı zamanda atmosferde ikincil reaksiyonlara 

katılarak ikincil partikül madde oluşumu ve troposferik ozon üretimi gibi süreçleri de 

desteklemektedir. Ravish ve ark. (2025), farklı ürün artığı yakma dönemlerinde yalnızca 

partikül madde değil, aynı zamanda bazı gaz kirleticiler ve özellikle benzende belirgin artışlar 

gözlendiğini bildirmiştir. Dolayısıyla tarımsal yangınların emisyon profili, birincil duman 

emisyonlarıyla sınırlı kalmayıp, atmosferik dönüşümler yoluyla daha geniş ve kalıcı çevresel 

etkiler yaratmaktadır (Ravish et al., 2025; Becerra-Pérez et al., 2025). 

4.  İklim Değişikliği Üzerindeki Etkiler 

Tarımsal yangınlar, yalnızca yerel hava kirliliği oluşturan bir yanma süreci değil, aynı 

zamanda iklim sistemi üzerinde çok katmanlı etkiler yaratan önemli bir emisyon kaynağıdır. 

Açık alanda bitkisel artık yakımı sırasında ortaya çıkan emisyonlar; kısa ömürlü iklim 

kirleticileri, ışınımsal dengeyi etkileyen aerosol bileşenleri ve uzun ömürlü sera gazları 
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üzerinden hem kısa hem de orta vadede ısınmayı güçlendirebilmektedir. Güncel 

değerlendirmeler, tarımsal artık yakımının iklim etkisinin yalnızca CO₂ salımıyla sınırlı 

olmadığını; özellikle siyah karbon, metan ve eşlik eden aerosol-gaz karışımı nedeniyle daha 

karmaşık bir iklim baskısı oluşturduğunu göstermektedir (Parambil-Peedika et al., 2025; 

Becerra-Pérez et al., 2025). 

Kısa ömürlü iklim kirleticileri açısından tarımsal yakma, özellikle siyah karbon ve CH₄ 

bakımından dikkat çekicidir. Siyah karbon, eksik yanma sonucu oluşan ve güneş ışınımını güçlü 

biçimde soğuran ince karbonlu partiküllerden oluşur; bu nedenle atmosferde kısa süre 

kalmasına rağmen güçlü bir ısınma etkisi yaratır. Metan ise kısa vadede yüksek ısınma 

potansiyeline sahip bir başka iklim kirleticisidir ve yakın dönem ısınmasının azaltılmasında 

kritik bir bileşen olarak değerlendirilmektedir. Tarımsal biyokütle yanmasının küresel siyah 

karbon emisyonlarına anlamlı katkı verdiği ve açık alan yakımında CH₄ salımının da düzenli 

olarak raporlandığı belirtilmektedir (Parambil-Peedika et al., 2025; CCAC, 2025). 

Bölgesel ısınma ve atmosferik etkiler bakımından, tarımsal yangınlardan salınan karbonlu 

aerosoller ve duman bulutları, atmosferin ışınım dengesini ve sınır tabaka dinamiklerini 

değiştirebilmektedir. Siyah karbonun ışık soğurucu özelliği, atmosferde doğrudan ısınmaya yol 

açarken; duman taşınımı, aerosollerin optik derinliğini artırarak yüzey-gökyüzü enerji 

alışverişini etkileyebilmektedir. Literatür, tarımsal artık yakımına bağlı aerosollerin bölgesel 

ölçekte radyatif zorlama, yüzey sıcaklığı değişimi ve sınır tabaka yüksekliğinde baskılanma 

gibi etkiler oluşturabileceğini ortaya koymaktadır. Özellikle artık temelli yangınların kara 

yüzeyi sıcaklığını değiştirebildiği ve bölgesel iklimi modüle edebildiği vurgulanmaktadır (Liu 

et al., 2021; Pandey et al., 2026; Xie et al., 2025). 

Karbon yönetimi açısından değerlendirildiğinde, tarımsal yakma; bitkisel artıkta depolanmış 

karbonun kısa sürede atmosfere salınmasına neden olarak döngüsel karbon yönetimi ilkeleriyle 

çelişmektedir. Açık yakma, kısa vadede arazi hazırlığını kolaylaştırsa da, karbonun toprakta 

tutulması, biyokömüre dönüştürülmesi, hayvan yemi/enerji hammaddesi olarak 

değerlendirilmesi veya kontrollü geri kazanım gibi daha düşük emisyonlu seçeneklere kıyasla 

daha olumsuz bir iklim profili ortaya koymaktadır. Güncel çalışmalar, açık saman yakımının 

karbon nötrlüğü hedefleriyle uyumsuz olduğunu; buna karşılık alternatif artık yönetimi 

stratejilerinin emisyon azaltımı ve karbon yönetimi açısından daha avantajlı olduğunu 

göstermektedir (Liu et al., 2023; Sun et al., 2025). Ancak burada önemli bir nüans vardır: bazı 

alternatif uygulamalar (örneğin doğrudan toprağa geri verme) belirli koşullarda farklı sera gazı 

akışlarını artırabilir; bu nedenle en uygun seçenek, bölgeye ve üretim sistemine göre yaşam 

döngüsü ve net emisyon dengesi temelinde değerlendirilmelidir (Sun et al., 2025). 

Tarımsal yangınlar iklim değişikliğini yalnızca CO₂ emisyonları üzerinden değil; kısa 

ömürlü iklim kirleticileri, aerosol kaynaklı radyatif etkiler ve zayıf karbon yönetimi pratikleri 

üzerinden çok boyutlu biçimde beslemektedir. Bu nedenle tarımsal artıkların yakılması, iklim 

politikaları bağlamında yalnızca bir tarımsal atık bertaraf yöntemi olarak değil, aynı zamanda 

azaltılması gereken bir iklim riski olarak ele alınmalıdır (Parambil-Peedika et al., 2025; Liu et 

al., 2023). 

5. Hava Kalitesi ve Halk Sağlığı Üzerindeki Etkiler 

Tarımsal yangınlar, açık alanda biyokütle yanması sonucu PM₂.₅, PM₁₀, siyah karbon, 

karbonmonoksit, azot oksitler ve uçucu organik bileşikler gibi kirleticileri atmosfere salarak 

hava kalitesini bozmakta ve halk sağlığı üzerinde çok yönlü riskler oluşturmaktadır. Özellikle 

ince partikül madde (PM₂.₅), küçük çapı nedeniyle alt solunum yollarına ve alveollere kadar 

ulaşabildiğinden, tarımsal yangın dumanının sağlık etkilerinde temel belirleyicilerden biri 

olarak öne çıkmaktadır (Becerra-Pérez et al., 2025; Sangkham, 2024). Ayrıca DSÖ, dış ortam 

hava kirliliğini küresel ölçekte en önemli çevresel sağlık risklerinden biri olarak tanımlamakta 

ve ince partikül maruziyetini erken ölüm, solunum sistemi hastalıkları ve kardiyovasküler 

olaylarla ilişkilendirmektedir (WHO, 2024). 
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Solunum sistemi etkileri bakımından, tarımsal yangın dumanına maruziyet; öksürük, hırıltı, 

nefes darlığı, astım alevlenmesi, bronşit ve solunum yolu irritasyonu gibi akut etkilerle 

ilişkilendirilmektedir. Güncel çalışmalar, özellikle ürün artığı yakımından kaynaklanan 

partiküller ve polisiklik aromatik hidrokarbonlar gibi yanma ürünlerinin, astım ve kronik 

bronşit dahil olmak üzere çeşitli solunum hastalıkları riskini artırdığını göstermektedir 

(Becerra-Pérez et al., 2025). Şeker kamışı yakımına ilişkin 2025 tarihli çalışmada, işçiler ve 

yakın çevrede yaşayan topluluklarda solunum sistemi üzerinde olumsuz etkiler için literatürde 

tutarlı kanıt bulunduğunu bildirmektedir (Manrique et al., 2025). Benzer biçimde, ürün artığı 

yakım dönemlerinde PM₂.₅ düzeylerindeki artışın, ortam hava kalitesini kötüleştirerek 

solunumsal semptom yükünü artırdığı gösterilmiştir (Ravish et al., 2025). 

Kardiyovasküler etkiler açısından da risk göz ardı edilemez. PM₂.₅ maruziyeti; sistemik 

inflamasyon, oksidatif stres, endotelyal disfonksiyon ve otonom sinir sistemi dengesizliği 

üzerinden kalp-damar sistemi üzerinde olumsuz etkiler yaratabilmektedir; güncel bir çalışma, 

ince partikül maruziyetini birden fazla hastalık grubu ile ilişkilendirmekte ve biyolojik 

mekanizmaların kardiyovasküler etkileri desteklediğini vurgulamaktadır (Sangkham, 2024). 

Tarımsal biyokütle yakımına özgü olarak, şeker kamışı yakımına ilişkin bir çalışmada bu 

maruziyetin yalnızca solunum değil, kardiyovasküler sağlık etkileri ile de bağlantılı olduğunu 

belirtmektedir (Manrique et al., 2025). Bu nedenle tarımsal yangınlar, yalnızca solunum sistemi 

değil, kalp-damar sağlığı bakımından da önemli bir çevresel risk kaynağı olarak 

değerlendirilmelidir (WHO, 2024). 

Hassas gruplar üzerindeki riskler daha yüksektir. Çocuklar, yaşlılar, gebeler, kronik solunum 

veya kardiyovasküler hastalığı bulunan bireyler ile tarım işçileri ve açık havada çalışanlar, 

tarımsal yangınlardan kaynaklanan kirleticilere karşı daha kırılgan gruplardır. DSÖ, hava 

kirliliğinin çocuk sağlığı için başlıca çevresel tehditlerden biri olduğunu vurgulamakta; 

özellikle gelişmekte olan akciğer yapısı ve daha yüksek solunum hızı nedeniyle çocukların daha 

fazla risk altında olduğunu belirtmektedir (WHO, 2024). Yapılan bir çalışmada işçiler ve komşu 

yerleşimlerde yaşayan toplulukların özel olarak etkilenebildiğini ve kırılgan nüfuslara 

odaklanan daha fazla çalışmaya ihtiyaç olduğunu ifade edilmektedir (Manrique et al., 2025). 

Bu çerçevede, tarımsal yangınların halk sağlığı yükü toplum geneline yayılmakla birlikte, 

etkiler eşit dağılmamakta; hassas gruplarda daha ağır sonuçlar ortaya çıkabilmektedir (Rizzo et 

al., 2025). 

Tarımsal yangınlar hava kalitesini bozarak kısa vadede solunumsal yakınmaları ve akut 

kardiyovasküler stresi artırmakta, uzun vadede ise hassas gruplar başta olmak üzere toplum 

sağlığı üzerinde birikimli riskler oluşturmaktadır. Bu nedenle tarımsal artık yakımı, yalnızca 

tarımsal üretim pratiği değil, aynı zamanda önleyici halk sağlığı politikaları kapsamında ele 

alınması gereken bir çevresel maruziyet sorunudur (Becerra-Pérez et al., 2025; WHO, 2024). 

6.  Toprak Kalitesi ve Tarımsal Verimlilik Üzerindeki Etkiler 

Tarımsal artıkların yakılması, kısa vadede arazi hazırlığını hızlandırsa da, orta ve uzun 

vadede toprak kalitesi ile tarımsal verimlilik üzerinde olumsuz sonuçlar doğurabilmektedir. 

Güncel sistematik çalışmalar, ürün artığı yakımının yalnızca hava kalitesini bozmadığını; aynı 

zamanda toprakta organik karbon döngüsünü zayıflattığını, besin maddesi rezervlerini 

azalttığını ve agroekosistem hizmetlerini aşındırdığını göstermektedir (Parambil-Peedika et al., 

2025). Ayrıca toprağın fiziksel, kimyasal ve biyolojik özelliklerinin korunmasının verimlilik 

için temel olduğu; bu nedenle anızın yakılarak ortadan kaldırılmasının sürdürülebilir toprak 

yönetimi ilkeleriyle çeliştiği vurgulanmaktadır (Țopa et al., 2025; Lal, 2025). 

Organik madde kaybı açısından, tarımsal yakma toprağa geri dönebilecek bitkisel materyali 

ortadan kaldırarak organik karbon girdisini azaltır. Bu durum, toprak organik maddesinin 

yenilenmesini sınırlar ve uzun vadede toprak verimliliğinin temel bileşenlerinden biri olan 

organik karbon havuzunu zayıflatır. Ürün artığı yakımının toprak mikrobiyal çeşitliliğini 

azalttığını ve besin döngüsünü bozarak uzun dönemli üretkenliği tehdit ettiği bilinmektedir 
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(Parambil-Peedika et al., 2025). Toprak organik maddesinin su ve besin tutma, kök gelişimi ve 

yapısal stabilite açısından “toprak sağlığının kalbi” olarak tanımlandığı düşünüldüğünde, bu 

kayıp doğrudan verimlilik baskısı yaratmaktadır (Lal, 2025). 

Besin elementi kaybı da tarımsal yakmanın en belirgin etkilerinden biridir. Yanma sırasında 

bitkisel artıkta depolanmış azot, fosfor, potasyum ve kükürt gibi bitki besin elementlerinin bir 

bölümü gaz fazına veya kül formuna geçerek topraktan uzaklaşmakta, özellikle azot kaybı ciddi 

boyutlara ulaşabilmektedir. Anız yakımının reaktif azot kayıpları açısından önemli bir kaynak 

olduğu ve bunun gübre etkinliğini dolaylı biçimde zayıflattığı bilinmektedir (Lin & Begho, 

2022). Benzer biçimde, pirinç sapı yakımının faydalı toprak mikroorganizmalarına zarar 

verdiği ve belirgin besin kaybına yol açtığı tespit edilmiştir (Rao et al., 2024). Besin 

tükenmesinin uzun vadeli ürün verimini tehdit eden temel mekanizmalardan biri olduğunu 

doğrulanmaktadır (Parambil-Peedika et al., 2025). 

Su tutma kapasitesi ve toprak yapısındaki bozulma bakımından, ürün artıklarının yakılması 

toprağı yüzey örtüsünden mahrum bırakarak agregat stabilitesini, infiltrasyonu ve nem 

korunmasını olumsuz etkileyebilmektedir. Bitkisel artıkların tarlada bırakılması, normalde 

yüzey sıcaklığını düzenler, buharlaşmayı azaltır ve toprağın nemini korumaya yardımcı olur; 

buna karşılık yakma bu koruyucu tabakayı ortadan kaldırır (Sahoo et al., 2025). Deneysel 

çalışmalar, yakmanın toprak agregatlarının suya dayanıklılığını düşürebildiğini ve bazı yapısal 

bileşenleri zayıflatabildiğini göstermiştir (Wuest et al., 2005). Türkiye’den buğday anızı 

yakımını inceleyen çalışma da, yakılmış alanlarda toprakların fiziksel ve hidrolojik 

özelliklerinde değişim görüldüğünü ve bunun toprak-su yönetimi açısından dikkate alınması 

gerektiğini ortaya koymaktadır (Akış, 2022). Bu bozulmalar, kök gelişimini, suyun toprakta 

tutulmasını ve sonuç olarak verim istikrarını olumsuz etkileyebilmektedir. 

Bir başka ifade ile tarımsal yakma kısa vadeli operasyonel kolaylık sağlasa da; organik 

madde kaybı, besin elementi kaybı ve toprak yapısındaki bozulma yoluyla toprağın üretken 

kapasitesini zayıflatmaktadır. Bu nedenle, anız yakımının verimlilik açısından hızlı çözüm gibi 

görünmesine karşın, sürdürülebilir tarımsal üretim ve toprak koruma hedefleri bakımından net 

bir yapısal risk oluşturduğu değerlendirilmektedir (Parambil-Peedika et al., 2025; Lin & Begho, 

2022). 

7. Ekonomik ve Sosyal Gizli Maliyetler 

Tarımsal artıkların yakılması, çiftçi açısından kısa vadede düşük maliyetli ve hızlı bir arazi 

temizleme yöntemi gibi görünse de, gerçekte sağlık harcamaları, üretkenlik kaybı ve kırsal 

üretim sistemlerinde uzun vadeli aşınma şeklinde önemli gizli maliyetler üretmektedir. Açık 

yakma; hava kirliliği, toprak besin kaybı ve ekosistem hizmetlerindeki bozulma yoluyla 

maliyeti tarlanın dışına ve geleceğe aktaran bir uygulamadır; bu nedenle özel maliyet ile 

toplumsal maliyet arasında belirgin bir fark oluşmaktadır (Krishna et al., 2023; Parambil-

Peedika et al., 2025). 

Sağlık harcamaları bakımından, tarımsal yangınlardan kaynaklanan PM₂.₅ maruziyeti; 

solunum ve kardiyovasküler hastalık yükünü artırarak hem hanehalkı hem de sağlık sistemi 

üzerinde ek ekonomik baskı oluşturmaktadır. Hindistan ölçeğinde yapılan modelleme 

çalışması, ürün artığı yakımının 2003–2019 döneminde yılda 44.000–98.000 PM maruziyeti 

ilişkili erken ölüme yol açtığını, ortalama etkinin ise yaklaşık 69.000 erken ölüm/yıl düzeyinde 

olduğunu göstermiştir; aynı çalışma, yalnızca yakma zamanlamasında sınırlı bir değişikliğin 

bile yıllık 3.2 milyar ABD doları düzeyinde önlenebilir sağlık-fayda değeri yaratabileceğini 

ortaya koymuştur (Lan et al., 2022). Bu bulgu, tarımsal yakmanın sağlık etkilerinin yalnızca 

klinik değil, aynı zamanda ciddi bir ekonomik yük anlamına geldiğini göstermektedir. Ayrıca 

artan ürün artığı yakımıyla birlikte benzo[a]piren maruziyetine bağlı yaşam boyu akciğer 

kanseri riskinin yükseldiği ve nüfusun önemli bir bölümünün ulusal sınır değerlerin üzerinde 

maruziyete açık kaldığı da gösterilmiştir (Huang et al., 2022). 
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Türkiye açısından bakıldığında da benzer bir durum görülmektedir. Tarımsal artık yakımı 

özellikle Güneydoğu Anadolu ve Doğu Akdeniz hattında kısa süreli fakat yoğun partikül 

yükleri oluşturarak, mevcut PM₂.₅ kaynaklarına ek bir sağlık riski bindirmektedir. Türkiye’de 

uzaktan algılama temelli bir çalışma, yalnızca 2019 yılı için Güneydoğu Anadolu Bölgesi’nde 

ürün artığı yakımına bağlı olarak 14.444,307 Gg sera gazı ve 117,809 Gg partikül madde 

salındığını göstermiştir; bu da tarımsal yakmanın bölgesel hava kalitesini bozabilecek ölçekte 

bir emisyon kaynağı olduğunu ortaya koymaktadır (Bahşi et al., 2023). Benzer biçimde, 

Mardin–Diyarbakır sınırında 20 Haziran 2024’te meydana gelen büyük anız yangınının 248,77 

hektarlık alanı etkilediği, 15 kişinin yaşamını yitirdiği ve 78 kişinin yaralandığı bildirilmiştir; 

bu olay, tarımsal yakmanın yalnızca çevresel değil, doğrudan sağlık sistemi üzerinde de ani ve 

ağır bir yük yaratabildiğini göstermektedir (Çınar et al., 2025). Her ne kadar Türkiye’de 

tarımsal yangınlara özgü sağlık harcaması yükü düzenli ve ayrı bir kalem olarak henüz 

sistematik biçimde hesaplanmıyor olsa da, ulusal PM₂.₅ yüküne ilişkin veriler bu maliyetin 

boyutunu dolaylı olarak göstermektedir: 2019 yılı için uzun dönem PM₂.₅ maruziyetine 

atfedilen erken ölüm sayısı 37.768 olarak tahmin edilmiş, araştırmacılar gerçek yükün veri 

eksiklikleri nedeniyle daha yüksek olabileceğini vurgulamıştır (Aykaç et al., 2025). Daha 

güncel sivil toplum temelli ulusal değerlendirmeler ise, PM₂.₅ kirliliğine bağlı erken ölümlerin 

2023’te 63.851, 2024’te ise 62.644 düzeyinde gerçekleştiğini; toplam ekonomik yükün ise yılda 

yaklaşık 138 milyar ABD doları ile 2024 GSYH’sinin yaklaşık %10’una ulaştığını 

bildirmektedir (Temiz Hava Hakkı Platformu [THHP], 2025). Bu nedenle, Türkiye’de anız 

yakımının sağlık ekonomisi bakımından etkisi, yalnızca acil servis başvuruları, solunum-

kardiyovasküler morbidite ve işgücü kaybı üzerinden değil; zaten yüksek olan ulusal PM₂.₅ 

kaynaklı hastalık ve ölüm yükünü büyüten “önlenebilir ek maliyet” olarak değerlendirilmelidir. 

Özellikle tarımsal yakmanın mevsimsel pikler yarattığı illerde, maruziyetin azaltılması; hem 

hanehalkı cepten sağlık harcamalarını hem de kamu sağlık bütçesi üzerindeki baskıyı düşürme 

potansiyeline sahiptir (Aykaç et al., 2025; THHP, 2025). 

Verim kaybı açısından, tarımsal yakma kısa vadede işgücü ve zaman tasarrufu sağlasa da, 

orta ve uzun vadede toprak organik maddesi ve besin döngüsünü zayıflatarak tarımsal 

üretkenliği baskılayabilmektedir. Ürün artığı yakımının toprak besinlerini tükettiğini, 

mikrobiyal çeşitliliği azalttığını ve bunun uzun dönemli ürün verimini tehdit ettiği bilinmektedir 

(Parambil-Peedika et al., 2025). Benzer şekilde, Doğu Hindistan’da yapılan çalışma, yakmanın 

yalnızca bölgesel hava kalitesini değil, aynı zamanda besin ve karbon döngüsünü etkileyerek 

uzun vadeli üretkenlik kayıplarına katkı verebildiğini vurgulamaktadır (Urban Cordeiro et al., 

2024). Dolayısıyla burada görünmeyen maliyet, bugünkü arazi hazırlama kolaylığının 

gelecekte daha yüksek gübre ihtiyacı, daha kırılgan toprak yapısı ve daha düşük verim istikrarı 

olarak geri dönmesidir. 

Kırsal üretim sistemlerine uzun vadeli etkiler ise çoğu zaman doğrudan 

muhasebeleştirilmeyen, fakat yapısal sonuçlar doğuran bir başka boyuttur. Ürün artıkları 

yalnızca “atık” değil; hayvan yemi, toprak örtüsü, organik madde girdisi ve enerji hammaddesi 

olarak da değer taşıyabilmektedir. Yapılan bir çalışmada dünya genelinde üretilen tarımsal 

artıkların önemli bir kısmının yakıldığını, bunun ise hava kirliliği ve sağlık zararları yanında 

besin geri dönüşümünü kısıtladığını ve tarım-hayvancılık entegrasyonunun potansiyel 

faydalarını azalttığını belirtilmektedir (Krishna et al., 2023). Nitekim Doğu Hindistan 

örneğinde, azalan hanehalkı işgücü ve hayvan varlığı, ürün artığının yem olarak kullanımını 

düşürmekte; bu da mekanize hasat ve ardından yakma eğilimini güçlendirerek kırsal üretim 

sistemlerinde daha kırılgan, dış girdiye bağımlı bir dönüşümü tetiklemektedir (Urban Cordeiro 

et al., 2024). Ayrıca Meksika ölçeğinde yapılan 2025 çalışması, yakılan mısır sapının enerjiye 

dönüştürülmesi hâlinde yıllık yaklaşık 840 milyon ABD doları değer üretilebileceğini 

göstererek, açık yakmanın aynı zamanda önemli bir fırsat maliyeti yarattığını ortaya koymuştur 

(Becerra-Pérez et al., 2025). 
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Ez cümle, tarımsal yakma uygulamaları tarlada ucuz görünse de, gerçekte sağlık sistemi 

üzerinde ek yük, üretim kapasitesinde aşınma ve kırsal ekonomide kaynak israfı yaratan bir 

dışsallık üretmektedir. Bu nedenle tarımsal yangınların ekonomik değerlendirmesi yalnızca 

çiftçinin anlık maliyeti üzerinden değil; toplumsal sağlık yükü, kaybedilen verim ve kırsal 

sistemlerin uzun vadeli sürdürülebilirliği birlikte ele alınarak yapılmalıdır (Lan et al., 2022; 

Krishna et al., 2023; Parambil-Peedika et al., 2025). 

8. Sürdürülebilir Alternatifler ve Yönetim Seçenekleri 

Tarımsal artıkların açık alanda yakılması yerine uygulanabilecek sürdürülebilir seçenekler, 

hem emisyon azaltımı hem de toprak verimliliğinin korunması açısından daha dengeli sonuçlar 

üretmektedir. Güncel literatür, etkili artık yönetiminin tek bir yönteme indirgenemeyeceğini; 

anızın toprağa karıştırılması, biyokütle/enerji geri kazanımı ve kompostlama temelli döngüsel 

kullanımın bölge, ürün deseni, ekipman erişimi ve ekonomik fizibiliteye göre birlikte 

değerlendirilmesi gerektiğini göstermektedir (Reddy et al., 2025; Oraby et al., 2025; Ravish et 

al., 2025). 

Anızın toprağa karıştırılması, bitkisel artıkların toprakta parçalanarak organik madde ve 

karbon girdisine dönüşmesini sağladığı için en yaygın önerilen yakmasız seçeneklerden biridir. 

Bu yaklaşım, toprak organik karbonunu artırabilmekte, besin döngüsünü desteklemekte ve uzun 

vadede toprak sağlığını iyileştirebilmektedir. Yapılan bir çalışma, alternatif ürün artığı yönetimi 

uygulamalarının özellikle birlikte kompostlanmış biyokömür ve toprakta değerlendirme 

seçenekleriyle emisyonları azaltma ve toprak kalitesini destekleme potansiyeline dikkat 

çekmektedir. Bir başka çalışmada da toprakta artık bırakma ve karıştırmanın su korunumu ve 

verimlilik açısından olumlu sonuçlar verebildiğini belirtilmektedir (Na Talang et al., 2024; 

Reddy et al., 2025). 

Biyokütle/enerji geri kazanımı, tarımsal artıkların atık değil, enerji hammaddesi olarak 

değerlendirilmesine dayanmaktadır. Artıkların biyogaz, pelet, briket, biyoyakıt ya da diğer 

termokimyasal dönüşüm süreçlerinde kullanılması, hem açık yakmadan kaynaklanan 

emisyonları azaltabilmekte hem de fosil yakıt ikamesi sağlayabilmektedir. Yapılan çalışmalar 

ürün artıklarının enerji üretiminde kullanılmasının çevresel fayda yanında ekonomik değer 

yaratma potansiyeli taşıdığını; ancak bunun için lojistik, toplama, depolama ve teknoloji 

yatırımlarının kritik olduğunu vurgulamaktadır (Gatkal et al., 2024; Reddy et al., 2025; Wang 

et al., 2025). Özellikle Çin’de 2024 itibarıyla büyük ürün saplarının toplam değerlendirme 

oranının %88,1’e ulaştığı ve bunun %8,3’ünün enerji üretiminde kullanıldığı bildirilmiştir; bu 

durum, uygun politika ve altyapı ile enerji geri kazanımının ölçeklenebilir olduğunu 

göstermektedir (Wang et al., 2025). 

Kompostlama ve döngüsel kullanım ise ürün artıklarının organik gübre, malç, toprak 

düzenleyici ya da başka biyobazlı girdilere dönüştürülmesini ifade etmektedir. Kompostlama, 

yakmaya kıyasla besin elementlerinin sistem içinde tutulmasına ve organik maddenin yeniden 

toprağa kazandırılmasına olanak vermektedir. Yapılan çalışmalar, kompostlamanın özellikle 

ürün artığını “atık” olmaktan çıkarıp döngüsel ekonomi kapsamında yeniden kullanılabilir bir 

kaynağa dönüştürdüğünü; organik gübre üretimi, malçlama ve bazı durumlarda biyokömürle 

birlikte kullanımın toprak sağlığı ve emisyon azaltımı açısından avantaj sağlayabildiğini ortaya 

koymaktadır (Reddy et al., 2025; Rathore et al., 2025; Oraby et al., 2025). Ayrıca güncel hava 

kalitesi çalışmaları, açık yakmanın yasaklanmasının tek başına yeterli olmadığını; 

kompostlama ve biyokütle kullanımına yönelik teşviklerin birlikte devreye alınmasının daha 

etkili sonuç verdiğini belirtmektedir (Ravish et al., 2025). 

Sürdürülebilir artık yönetimi açısından en uygun yaklaşım, ürün artıklarını yakarak sistem 

dışına çıkarmak yerine, onları toprak iyileştirici, enerji girdisi veya döngüsel biyokaynak olarak 

değerlendiren bütüncül bir yönetim modelidir. Bu nedenle politika düzeyinde yasaklayıcı 

önlemlerin yanında; ekipman desteği, yerel toplama altyapısı, biyokütle pazarlarının 
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geliştirilmesi ve çiftçi teşviklerinin birlikte tasarlanması gerektiği düşünülmektedir (Reddy et 

al., 2025; Ravish et al., 2025). 

9. Sonuç ve Öneriler 

Tarımsal artıkların açık alanda yakılması, kısa vadede düşük maliyetli ve hızlı bir arazi 

temizleme yöntemi olarak tercih edilse de, mevcut literatür bu uygulamanın iklim değişikliği, 

hava kalitesi, halk sağlığı, toprak kalitesi ve kırsal üretim sistemleri üzerinde çok boyutlu ve 

çoğu zaman birikimli olumsuz etkiler yarattığını açık biçimde göstermektedir. Tarımsal yakma; 

PM₂.₅ ve PM₁₀ gibi partikül maddeler, siyah karbon, metan ve diğer kirleticiler yoluyla hem 

bölgesel hava kalitesini bozmakta hem de kısa ömürlü iklim kirleticileri üzerinden ısınmayı 

güçlendirmektedir. Bunun yanında, organik madde ve besin elementi kaybı ile su tutma 

kapasitesindeki azalma, toprağın üretkenliğini zayıflatarak uzun vadede tarımsal verimlilik 

üzerinde baskı oluşturmaktadır. Dolayısıyla anız yakımı, yalnızca bir tarla yönetim tercihi 

değil; çevresel dışsallıkları yüksek, toplumsal maliyet üreten yapısal bir sürdürülebilirlik 

sorunudur. Bu çerçevede, tarımsal yakmanın azaltılmasına yönelik politikaların yalnızca 

yasaklayıcı düzenlemelerle sınırlı kalmaması gerekmektedir. Etkin bir dönüşüm için anızın 

toprağa karıştırılması, biyokütle ve enerji geri kazanımı, kompostlama ve diğer döngüsel 

kullanım seçeneklerinin yerel koşullara uygun biçimde yaygınlaştırılması önem taşımaktadır. 

Ayrıca çiftçilere ekipman desteği, finansal teşvikler, yayım hizmetleri ve alternatif artık 

yönetimi altyapısı sağlanmadan kalıcı davranış değişikliği oluşturmak güç görünmektedir. Bu 

nedenle karar vericiler açısından en rasyonel yaklaşım; tarımsal artıkların yakılarak sistem 

dışına çıkarılması yerine, bunların toprak iyileştirici, enerji kaynağı ve döngüsel biyokaynak 

olarak değerlendirilmesini esas alan bütüncül bir yönetim modelinin benimsenmesidir. Sonuç 

olarak, tarımsal yangınların azaltılması; yalnızca çevre koruma değil, aynı zamanda iklim 

uyumu, halk sağlığı, tarımsal verimlilik ve kırsal kalkınma hedefleri açısından da stratejik bir 

öncelik olarak ele alınması gerektiği düşünülmektedir. 
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Özet 

Modern mühimmat sistemlerinde yüksek tahrip gücü ile işleme, taşıma ve depolama gibi 

operasyonlarda kazara ateşlenmelere karşı güvenlik (duyarsızlık) ihtiyacını aynı anda 

karşılamak önemli mühendislik problemlerinden biridir. CL-20 gibi oldukça yüksek enerjiye 

sahip ancak fiziksel şoklara karşı son derece hassas olan patlayıcıların operasyonel güvenliğini 

sağlamak amacıyla plastik bağlı patlayıcılara (PBX) yönelik araştırma ve geliştirme faaliyetleri 

hem akademik hem de endüstriyel düzeyde tüm dünyada devam etmektedir. Bu sistemlerde 

kullanılan polimerik bağlayıcılar, patlayıcı materyalin kristallerini bir matris içerisinde 

hapsedip şok enerjisini emerek duyarsız patlayıcı konseptinin temelini oluşturmaktadır. 

Duyarsız patlayıcı sistemlerinde kullanılan HTPB gibi geleneksel inert (enerjik olmayan) 

bağlayıcılar mühimmatı çarpma, düşme ve ani ısı gibi dış etkilere karşı güvenli hale getirirken, 

patlama enerjisini önemli oranda azaltmakta ve sistemde oksijen açlığı yaratarak termodinamik 

bir düşüşe neden olmaktadır. Sağlanan bu duyarsızlığın yanında mühimmatın yüksek 

performans özelliklerinin korunması adına, yapılarında ekzotermik (ısı veren) gruplar 

barındıran GAP (Glisidil Azit Polimeri) gibi enerjik bağlayıcıların kullanılması çok önemlidir. 

Bu çalışmada daha önce araştırılmamış olan %60 CL-20 ve %30 NONA ana patlayıcı 

matrisinden oluşan yapıya kütlece %10 oranında HTPB ve GAP bağlayıcılarının eklenmesinin 

patlayıcı performans parametrelerine etkisi, Kistiakowsky-Wilson kuralları ve Kamlet-Jacobs 

(K-J) termodinamik denklemleri kullanılarak incelenmiştir. Elde edilen bulgulara göre; %10 

inert HTPB içeren formülasyonda şiddetli bir oksijen açlığı (%-59,1) meydana gelmiş ve 

sistemde çok büyük miktarda yanmamış katı karbon (is) kaldığı değerlendirilmiştir. Bunun 

sonucunda tasarlanan duyarsız patlayıcı sisteminin patlama ısısı 256,9 cal/g, detonasyon hızı 

5551 m/s ve basıncı 13,44 GPa seviyesine kadar gerilemiştir. Aynı formülasyonda inert HTPB 

yerine %10 oranında enerjik GAP bağlayıcısı kullanıldığında, oksijen dengesi (%-33,15) 

iyileşmiş ve sistemdeki tüm karbonun gaza dönüştüğü değerlendirilmiştir. Gerçekleştirilen 

termodinamik hesaplamalarla GAP enerjik bağlayıcısının sağladığı ekzotermik destekle birlikte 

patlama ısısı yaklaşık 4,5 kat artarak 1120,9 cal/g'a, detonasyon hızı 8831 m/s'ye ve basıncı 

HTPB'nin yaklaşık 3 katına çıkarak 35,19 GPa'ya yükseldiği görülmüştür. Bu bulgular, enerjik 

bağlayıcıların duyarsız patlayıcı formülasyonlarında inert bağlayıcıların yarattığı termodinamik 

düşüşü tersine çevirdiği ve laboratuvar veya endüstriyel uygulamalar öncesinde termodinamik 

değerlendirmelerin önemini ortaya koymuştur.  

Anahtar Kelimeler: Duyarsız patlayıcılar, polimerik bağlayıcılar, termodinamik analiz, 

patlayıcı performansı 
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Abstract 

In modern ammunition systems, one of the key engineering challenges is simultaneously 

addressing the need for safety (insensitivity) against accidental firing during operations such as 

processing, transporting, and storing high-explosive munitions. Research and development 

activities on plastic-bonded explosives (PBX) continue worldwide at both academic and 

industrial levels to ensure the operational safety of explosives such as CL-20, which have very 

high energy but are extremely sensitive to physical shocks. The polymer binders in these 

systems are key to making explosives safer by holding the explosive crystals in place and 

absorbing shock energy. Traditional inert (non-energetic) binders like HTPB used in insensitive 

explosive systems help make ammunition safe from outside impacts, drops, and sudden heat, 

while also reducing the energy of an explosion and lowering temperature by creating a lack of 

oxygen in the system. Along with being safe, it's important to use energetic binders like GAP 

(Glycidyl Azide Polymer), which have heat-releasing groups, to maintain the high performance 

of the ammunition. In this study, the effect of adding 10% by mass of HTPB and GAP binders 

to a previously unstudied structure consisting of a 60% CL-20 and 30% NONA primary 

explosive matrix on the explosive performance parameters was investigated using the 

Kistiakowsky-Wilson rules and Kamlet-Jacobs (K-J) thermodynamic equations. The results 

showed that the mixture with 10% inert HTPB had a serious lack of oxygen (-59.1%), and a lot 

of unburned solid carbon (soot) was left over. As a result, the explosion heat of the designed 

insensitive explosive system decreased to 256.9 cal/g, the detonation velocity to 5551 m/s, and 

the pressure to 13.44 GPa. When 10% energetic GAP binder was used instead of inert HTPB 

in the same formulation, the oxygen balance improved, and it was found that all the carbon in 

the system turned into gas. Thermodynamic calculations revealed that with the heat produced 

by the GAP energetic binder, the explosion heat went up about 4.5 times to 1120.9 cal/g, the 

detonation velocity rose to 8831 m/s, and the pressure increased to 35.19 GPa, which is about 

3 times higher than that of HTPB. These findings show that using energetic binders can fix the 

drop in performance caused by inert binders in safer explosive mixtures and emphasize the need 

to assess thermodynamics before testing in labs or industries. 

Keywords: Insensitive explosives, polymeric binders, thermodynamic analysis, explosive 

performance 

1. Introduction  

The success of field operations involving modern explosive and munition systems is closely 

linked to the destructive power of these systems. The quantitative definition of destructive 

power is expressed in terms of explosive performance parameters. Therefore, maximizing 

destructive power and performance parameters is of great importance for both military and 

civilian purposes (Anniyappan et al., 2020). The ultimate destructive capacity of an explosive 

cannot be expressed using a conventional measure of power. What is important here is the 

concept of brisance that is, the fragmenting effect which takes into account the shock wave 

generated at the moment of detonation, the chemical reaction, and the thermodynamic products. 

The fundamental parameters that determine explosive performance and are widely used are the 

detonation velocity (D) and the detonation pressure (P). (Politzer & Murray, 2019). The 

detonation velocity indicates the system's shock and energy transfer capabilities. The detonation 

pressure, on the other hand, represents the destructive force applied to the target following the 

shock wave (He et al., 2022). In conclusion, the goal of an ideal munitions and explosive system 

is to maintain the highest possible explosive performance without compromising physical 

security features (Badgujar, 2017). 

CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaizowurtzitane) is one of the world’s 

most important commercial explosives due to its specific lattice structure, high crystal density, 

and excellent oxygen balance. With a detonation velocity exceeding 9,500 m/s and a detonation 

pressure exceeding 42 GPa, it exhibits excellent thermodynamic performance. It serves as a 
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high-energy primary explosive alternative to traditional explosives such as RDX and HMX. 

However, in addition to these significant explosive parameters, it is highly sensitive to external 

mechanical stimuli such as impact, friction, and shock. Due to this high physical sensitivity, it 

cannot be used alone as the primary explosive in munition systems. These operational risks 

limit its widespread use. Consequently, to enable the use of this important high-energy primary 

explosive material in munitions and explosive systems, the explosive crystals must be 

desensitized against external shocks (Bao et al., 2020; Hang et al., 2025). 

2,2',2'',4,4',4'',6,6',6''-nonanitro-1,1':3',1''-triphenyl, commonly known as NONA, is defined 

as a high-energy explosive that is heat-resistant and thermally stable due to its poly-nitro 

groups. It can decompose via an exothermic reaction directly in the solid state and maintains its 

chemical stability up to 450 °C. Due to this thermal stability at high temperatures, it is 

recognized as a strategic energetic material that can be safely used in aviation, space, and oil 

drilling operations under harsh environmental conditions (Song et al., 2020; Yang et al., 2018). 

The primary motivation for formulating a mixture of 60% CL-20 and 30% NONA as 

primary and secondary explosives in this study is to combine the need for high destructive 

power with environmental and thermal stability in munitions design within an innovative 

matrix. The aim is to design a more stable structure by combining CL-20’s exceptional 

detonation velocity and pressure characteristics—which are highly sensitive to mechanical 

shocks such as impact or friction—with NONA, which possesses high-temperature and heat 

resistance properties. By adding 10% inert HTPB or energetic GAP binders to this structure—

which contains 60% CL-20 and 30% NONA—a new explosive matrix has been created that 

has not been previously modeled in the literature.   

Traditional binders such as hydroxyl-terminated polybutadiene (HTPB), which is widely 

used for desensitization in energetic material formulations, are employed. With its low glass 

transition temperature and high flexibility, HTPB forms an inert (non-energetic) polymer 

matrix that protects energetic crystals from physical shocks (Saha et al., 2024; Zhang et al., 

2019). Due to its inert nature, HTPB does not contribute energy to the chemical reaction at the 

moment of detonation. In systems using HTPB, a significant oxygen deficit develops, and 

unreacted solid carbon (soot) may form. Consequently, thermodynamic performance 

parameters of the munition, such as detonation velocity, pressure, and blast heat, may be 

adversely affected (Elbeih et al., 2021). To prevent this loss of thermodynamic performance 

and to strike a balance between the munition system’s destructive power and safety, energetic 

binders such as Glycidyl Azide Polymer (GAP) are gaining prominence. GAP acts as a catalyst 

that directly supplies energy to the system through the exothermic decomposition and positive 

formation enthalpy of the high-energy azide (-N3) groups in its molecular chain. (Liu et al., 

2020). The use of GAP as a polymeric binder compensates for the oxygen deficiency and energy 

loss caused by inert binders. As a result, while the physical insensitivity of the munitions is 

maintained, the system’s performance parameters are significantly improved compared to inert 

formulations (Jarosz et al., 2019). 

2. Materials and Methods 

The aim of this study is to analyze, through thermodynamic calculations, the effect of the 

binder type on the performance parameters of high-energy insensitive explosives. In this 

context, for the first time in the literature, a composition containing 60% by mass of 

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaizowurtzitane (CL-20) and 30% 

2,2',2'',4,4',4'',6,6',6''-nonanitro-1,1':3',1''-terphenyl (NONA). The remaining 10% by mass was 

designated as a variable binder. Thermodynamic modeling performed using two different 

formulations is listed below; 

Formulation 1: 60% CL-20 / 30% NONA / 10% Inert HTPB 

Formulation 2: 60% CL-20 / 30% NONA / 10% Energetic GAP 
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The "pseudo-molecule" approach, widely used in the literature to determine the chemical 

equilibrium of energetic mixtures at the moment of detonation, was chosen. Here, the total 

number of moles of carbon (C), hydrogen (H), nitrogen (N), and oxygen (O) atoms in a 1-gram 

explosive mixture (PBX) was calculated based on the mass ratios of the components, and an 

average empirical formula (CaHbNcOd) was derived for each formulation. Using the same mass 

ratios and the Rules of Mixtures, the theoretical maximum densities (ρ0) of the formulations 

and the average standard enthalpies of formation (∆Ho
f) of the mixtures were calculated. The 

obtained data were used as input in the explosion reactions. 

Based on the derived pseudo-molecular formula (CaHbNcOd), the oxygen equilibrium (Ω), 

which indicates the system’s oxidation capacity during the explosion, was calculated using 

Equation 1. The oxygen equilibrium (Ω) is considered one of the most critical determinants of 

thermodynamic performance (Muravyev et al., 2022; Politzer & Murray, 2019). 

𝛺 (%) =
(𝑑−2𝑎−

𝑏

2
)𝑥1600

𝑀𝐴
          (1) 

Where, a, b, c, and d represent the number of carbon, hydrogen, nitrogen, and oxygen atoms in 

the formula, respectively; MA represents the average molecular weight of the mock molecule. 

      After calculating the oxygen balance, the Kistiakowsky-Wilson (K-W) rules were applied 

to theoretically predict the final gas products that would result from the combustion reaction. 

Two different K-W rules were used depending on the extent of the system’s oxygen deficiency: 

a) Traditional K-W Rules (Ω > −40%): These rules apply to systems where oxygen deficiency 

is relatively moderate. According to this rule, the carbon atoms in the system are first oxidized 

to carbon monoxide (CO). The remaining oxygen converts hydrogen into water (H2O). If free 

oxygen remains in the reaction, this oxygen is used to convert the CO gas in the system into 

CO2, Nitrogen, on the other hand, is released as N2 gas without directly participating in the 

reaction. (Muthurajan et al., 2004).  

b) Modified K-W Rules (Ω ≤ −40%): These are used specifically in cases of severe oxygen 

deficiency caused by inert polymers that are very rich in carbon (e.g., HTPB). Here, the order 

of oxidation changes. The limited available oxygen is first used to convert all hydrogen into 

water (H2O). The remaining oxygen oxidizes carbon to CO. Excess carbon that cannot be 

oxidized due to the severe oxygen deficiency in the system precipitates as unburned solid 

carbon (C(s)), which makes no thermodynamic contribution to the reaction products. (Lal et al., 

2023; Mathews & Ball, 2008). 

    After determining the detonation reactions and products using the K-W rules, the 

performance parameters indicating the explosive’s ultimate destructive power (brisance) were 

calculated numerically using the Kamlet-Jacobs (K-J) empirical equations (Equations 2, 3, and 

4) (Politzer & Murray, 2019). 

𝛷 = 𝑁√𝑀√𝑄           (2) 

𝐷 = 1.01𝛷𝑜.5(1 + 1.30𝜌𝑜)         (3) 

𝑃 = 15.58𝛷𝜌𝑜
2          (4) 

Where, Φ represents the characteristic power parameter of the propellant, N represents the total 

number of moles of gas products per gram of explosive (mol/g), M represents the average 

molecular weight of the released gases (g/mol), and Q represents the heat of combustion 

released as a result of the combustion reaction (cal/g). Using the obtained Φ power value and 

the theoretical maximum mixture density ρo, the detonation pressure (P, GPa) and detonation 

velocity (D, m/s) values were calculated for both formulations. 

3. Findings and Discussion 

To clearly analyze the thermodynamic effects and performance changes caused by the 10% 

binders (HTPB or GAP) added to the main matrix of the study, it is first necessary to define the 

thermodynamic reference points of the pure constituents that make up the core matrix. 

Accordingly, the theoretical performance parameters of pure CL-20 and pure NONA 
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explosives, based on Kamlet-Jacobs and Kistiakowsky-Wilson calculations, along with 

literature references, are presented in Table 1. 

 

Table 1. Theoretical performance parameters of pure CL-20 and NONA explosives 

Parameters CL-20 NONA 

Theoretical Density, ρo 2.04 1.780 - 1.816 

Oxygen Balance (Ω), -% 10.95 51.63 

Heat of Explosion (Q), cal/g 1423.3 915.0 

Detonation Velocity (D), m/s 9740 7720 - 7890 

Detonation Pressure (P), GPa 45.25 25.01 - 26.58 

 

CL-20, one of the most powerful primary explosives known today, has a relatively near-

ideal oxygen balance of 10.95%. With a detonation velocity of 9740 m/s and a detonation 

pressure of 45.25 GPa, CL-20 offers immense thermodynamic destructive potential. However, 

this high destructive power is accompanied by the material’s extreme sensitivity to physical 

shocks. To balance this operational sensitivity at the thermal level, the secondary explosive 

NONA has been incorporated into the formulation. Although NONA has a relatively lower 

detonation velocity (7720–7890 m/s) and a weak oxygen balance (–51.63%), it possesses a 

strategic heat-resistant structure known in the literature for its excellent thermal stability and 

high decomposition temperature. 

This core matrix, composed of two pure materials (60% CL-20 and 30% NONA) that 

combine strength and thermal resistance properties, theoretically promises a very high reference 

detonation velocity in the 9000 m/s range. After this baseline potential was determined, 

formulation scenarios were examined to see how the inert (HTPB) and energetic (GAP) 

polymers, to be added to the system at a mass fraction of 10% for desensitization purposes, 

reduce or compensate for this high potential. 

In the initial formulation of the study, 10% of the inert HTPB polymer, a traditional 

insensitizing binder, was incorporated into the main explosive matrix, which consisted of 60% 

CL-20 and 30% NONA by mass, and the system’s thermodynamic results were examined. The 

inclusion of HTPB, which is oxygen-free and extremely rich in carbon and hydrogen, reduced 

the mixture’s total oxygen balance (Ω) to -59.16%, resulting in a severe oxygen deficiency. 

Since the oxygen balance fell well below the -40% threshold, the Modified Kistiakowsky-

Wilson (Mod-KW) rules were applied. In this reaction kinetics, the limited oxygen in the system 

was primarily consumed to convert hydrogen into water; since there was no oxygen left to 

oxidize the carbon atoms, a very large portion of the carbon in the structure could not participate 

in the reaction and precipitated in the system as solid carbon (soot). The heat of explosion (Q) 

of the formulation designed using HTPB has decreased to 256.9 cal/g. The detonation velocity 

(D), which indicates the system’s macroscopic destructive power, was calculated at 5551 m/s, 

while the detonation pressure (P) was 13.44 GPa. These findings thermodynamically 

demonstrate that while inert binders provide operational physical safety to the munition, they 

significantly reduce the energy of the explosive matrix. 

Thermodynamic calculations were redone by integrating an energetic GAP binder, which 

contains heat-releasing azide groups, into the same matrix at a 10% replacement rate for HTPB. 

With the inclusion of GAP in the formulation, it was observed that the oxygen atoms contained 

in the binder compensated for the deficiency in the system’s oxygen balance. The Ω value was 

increased to -33.15%, exceeding the critical thermodynamic threshold of -40%.  

This increase in oxygen balance altered the explosion dynamics by shifting the reaction 

kinetics from the Mod-K-W to the Traditional K-W rules. The "solid carbon (soot)" dead weight 

associated with HTPB use was completely eliminated, and all components in the system were 

converted to a gaseous state at a 100% rate. Thanks to GAP’s exothermic nature, the positive 
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formation enthalpy (+0.9895 kJ/g) injected into the system supported the explosive reaction 

and raised the detonation heat to 1120.9 cal/g. As a result of the high heat release generated by 

the gaseous products, the detonation velocity reached 8,831 m/s, and the detonation pressure 

reached a high level of 35.19 GPa. Consequently, the thermodynamic losses caused by the inert 

binder were successfully compensated. Based on the findings, the comparative performance 

parameter values for the 10% inert (HTPB) and 10% energetic (GAP) binder formulations are 

presented in Table 2. 

 

Table 2. Thermodynamic performance parameters of 10% HTPB and 10% GAP binders 

Parameters 10% HTPB (inert) 10% GAP (energetic) 

Oxygen Balance (Ω), -% 59.16 33.15 

Physical Residue High levels of solid carbon Zero-carbon (soot) 

Heat of Explosion (Q), cal/g 256.9  1120.9 

Detonation Velocity (D), m/s 5551 8831 

Detonation Pressure (P), GPa 13.44 35.19 

     

 The results of the evaluations showed that a change in binder content of only 10% by mass in 

the polymeric matrix (the transition from HTPB to GAP) did not produce a linear 10% effect 

on explosive performance. On the contrary, this change significantly altered the thermodynamic 

limits of detonation. As the oxygen equilibrium threshold was exceeded, the reaction 

mechanism changed, resulting in an asymmetric increase in performance. When the physical 

energy dissipation caused by oxygen deficiency was eliminated, significant increases of 

approximately 4.5 times in detonation temperature and approximately 3 times in detonation 

pressure were recorded. A net acceleration of +3280 m/s was imparted to the detonation 

velocity. These findings demonstrate that relying solely on inert polymers is not mandatory for 

ensuring operational safety in the design of next-generation insensitive munitions (IM). It 

clearly demonstrates that energetic binders such as GAP resolve the trade-off between power 

and safety, serving as a strategic alternative by significantly enhancing explosive performance 

parameters.   

4. Conclusion and Recommendations 

In this study, 60% CL -20 and 30% NONA primary explosive matrices was investigated, 

where 10% by mass of inert (HTPB) and energetic (GAP) binders were added, have been 

successfully modeled using the Kistiakowsky-Wilson and Kamlet-Jacobs equations. The 

findings clearly demonstrate the thermodynamic performance losses caused by the use of 

traditional inert polymers in insensitive munitions (IM) designs aimed at ensuring operational 

safety. The 10% HTPB reduced the system’s oxygen balance to -59.16%, leading to incomplete 

combustion and the formation of solid carbon (soot). Consequently, the heat of explosion 

decreased to 256.9 cal/g, and the detonation velocity dropped to 5551 m/s. In contrast, when 

the same proportion of energetic GAP was used, the exothermic azide groups in the polymer’s 

structure compensated for the oxygen deficiency (–33.15%) and ensured the complete 

conversion of carbon into gas. Thanks to this thermodynamic compensation by GAP, the heat 

of explosion increased by approximately 4.5 times to 1120.9 cal/g, the detonation velocity 

reached 8831 m/s, and the pressure reached 35.19 GPa, thereby reversing the losses caused by 

the inert binder. This demonstrates that a 10% mass change in the propellant matrix does not 

result in a linear effect on performance; rather, it significantly alters the reaction mechanism, 

leading to an asymmetric increase in performance. 

     This thermodynamic modeling study represents a preliminary phase of a much more 

comprehensive research effort. In modern munitions technology, striking a balance between 

"maximum destructive power" and "maximum physical insensitivity" is an extremely costly, 

risky, and time-consuming process using traditional synthesis and characterization methods in 
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a laboratory setting. Therefore, the ultimate goal of this study is to create a high-accuracy 

thermodynamic dataset by quantifying the performance behaviors that inert (HTPB) and 

energetic (GAP) binders will exhibit at different mass ratios, in hybrid polymer combinations, 

and in various matrices. In subsequent studies, these expanded structure-property datasets 

obtained through theoretical thermodynamic calculations will be directly utilized in training 

Machine Learning (ML) algorithms (e.g., SVR, QSPR, etc.). Thanks to this data-driven rational 

design approach, which is gaining increasing importance in literature, the algorithms will be 

able to autonomously learn the complex chemical reaction mechanisms, oxygen balance values, 

and thermodynamic limits within the munitions. The machine learning methodology to be 

developed will have the potential to predict with high accuracy the effect of binder types and 

ratios in insensitive munition formulations, which have not yet been physically synthesized or 

cast in the laboratory, on final performance parameters (detonation velocity, pressure, and 

temperature). As a result, the most ideal munition formulations that simultaneously meet the 

high-energy and safety requirements of military standards can be directly optimized in a 

computer environment. 
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Abstract 

The concept of urban regeneration plays a key role in revitalizing degraded urban areas. 

Contrary to conventional construction projects, these projects are undertaken in a highly 

unstable socio-economic environment. In essence, urban regeneration projects (URPs) involve 

the participation of various stakeholders such as such as tenants, local authorities and landlords. 

This multi-actor nature can often trigger serious disputes, escalating prolonged dispute 

resolution process, delaying project timelines, and increasing costs. Although existing studies 

pinpoint the significance of the disputes in URPs, a detailed and industry-validated taxonomy 

of the dispute causes have not been investigated thoroughly. To bridge this gap, this study 

creates a comprehensive classification of dispute causes specific to URPs. An in-depth literature 

review was first conducted to identify potential causes of disputes. Next, a series of Focus 

Group Discussion (FGD) sessions was conducted to validate and elaborate on the outputs of 

the literature review. The final version of the expert-validated taxonomy consists of 21 distinct 

dispute causes that focus on six main pillars: administrative, contractual, ownership, planning, 

financial, and external. By precisely mapping the structure of these dispute causes, this research 

provides decision-makers with a knowledge to predict potential disputes in URPs. 

Keywords: Project Management, Urban Regeneration Projects, Dispute Management, Dispute 

Causes, Focus Group Discussion.  
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1. Introduction and Research Background 

Urbanization has recently long been increasing globally. It is predicted that approximately 70% 

of the world population will live in urban areas or cities. Owing to this tendency, housing-

related problems, such as deprived areas and urban decay, place greater pressure on cities. 

Therefore, the URPs become highly critical to renew the existing cities while enhancing the 

well-being of the societies (Mirzakhani et al., 2021). In essence, URPs aim to transform an area 

by incorporating locals and other stakeholders, embracing a variety of goals and initiatives, and 

fostering collaboration among many stakeholders (Turok, 2004). The fundamental aim of the 

URPs is to create economically and socially balanced neighborhoods (Mirzakhani et al., 2021). 

URPs are the construction projects that is capable of re-developing an area by changing the use 

of land. Furthermore, URPs are delivered by allocating all the means of physical, economic, 

social and environmental resources into the decayed areas (Mirzakhani et al., 2021). Given the 

fact that the decay in the urban area can also cause decay in education, cultural infrastructure, 

housing, food, and economic conditions, URPs could enhance the prosperity of the area by 

resolving urban decay (Jang, 2020). 

     URPs can be implemented in different sizes, such as urban scale, territorial scale, and 

building scale (Mirzakhani et al., 2021; Mohan et al., 2019). Depending on the size of URPs, 

different objectives can be targeted, such as community renewal, economic renewal, social 

renewal, or physical renewal (Mohan et al., 2019). These objectives could add new dimensions 

to the complexity of urban regeneration projects, which, in turn, lead to more complicated 

relationships/interface among the stakeholders (Capolongo et al., 2019). In URPs, state actors, 

local authorities, organizations, private businesses, individuals (landowners, building owners, 

tenants), and Non-governmental Organizations (NGOs) play active roles and influence 

planning, design and implementation of these projects (Mirzakhani et al., 2021). Although state 

actors play an important role in mediating and organizing the URPs, private-sector participation 

is also essential for enabling investment and the smooth execution of construction activities. 

Considering that the success of the URPs is attributed to the satisfaction of the local 

communities and local residents, they also become a key stakeholder of the URPs (Mirzakhani 

et al., 2021).      Besides, urban regeneration can be applied on a variety project type such as 

residential buildings, commercial buildings, public facilities, traffic facilities, and recreational 

spaces that have different goals and users (Yu & Lee, 2012). Moreover, urban regeneration 

projects can also be applied on the cultural and/or historical buildings to create positive image 

for attracting more investment and tourists (Trumbull, 2016).  

     The abovementioned factors make the URPs more sophisticated compared to conventional 

construction projects. URPs can be viewed as having various types of stakeholders which must 

be coordinated throughout the entire project. On one side of the spectrum is the profit-seeking 

private sector, along with state actors or local authorities developing policies or programs 

related to the public good, while on the other side are property owners seeking to maximize the 

value of their property. Since stakeholder involvement introduces multiple perspectives and 

priorities, URPs are often considered prone to disputes, particularly in cases of forced 

displacement, unreasonable valuation, or regulatory requirements. When disputes are not 

avoided and resolved reasonably and effectively, dispute resolution processes are triggered, 

damaging the financial viability and social legitimacy of the URPs.  

     Looking at the existing literature presented in Table 1, a very limited number of studies have 

examined the causes of disputes from the perspectives of URPs. Most of the existing studies 

relate to the management strategies and outcomes of disputes, but fail to assess what exactly 

creates or causes these disputes in URPs. Instead, current state-of-the-art focuses on 

conventional construction projects and neglects the differences of the URPs. The lack of this 

theoretical basis prevents the generation of proactive strategies when it comes to dispute 
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management in URPs, since decision-makers are provided with little knowledge about potential 

disputes that can be triggered in URPs.    

     Consequently, this study aims to identify, classify, and validate the causes that might trigger 

disputes in urban regeneration projects. This will be accomplished through combined 

implementation of an in-depth review of past research in the related domains and FGD 

methodology. FGD has long been adopted as an ideal technique since it offers more genuine 

settings where participants can both influence and be impacted by each other (Casey & Krueger, 

2000). Another benefit of FGD technique is that it gives participants a synergistic effect. It is 

group interaction (Stewart & Shamdasani, 2014). Furthermore, focus groups are preferable to 

one-on-one interviews when data gathering opportunities are restricted (Vanderstoep & 

Johnston, 2009). As also highlighted by Patton (2002), FGD is deemed to be ideal technique to 

formalize the tacit knowledge of construction practitioners.  

2. Review of the Related Works 

Urban regeneration is a strategic endeavor that uses long-term projections to generate solutions 

for urban issues. The concept of urban regeneration focuses on various aspects of urban 

landscape. The main purpose of urban regeneration is to design, develop, and deliver an urban 

area that meets the needs of people living nearby. At this point, determining the urban priorities 

and delivering them becomes critical for the success of the URPs. This strategy can be achieved 

by making collaborations with a variety of organizations, agencies, and communities. By doing 

this, particular demands and needs of a particular area, town, city, or neighborhood can be 

determined and utilized during the development of URPs (Roberts and Skyes, 2000). Although 

the concept of urban regeneration is critical for the future of the cities as well as societies, very 

few efforts have been made to determine dispute causes for URPs. Table 1 summarizes these 

studies conducted specifically for conflicts and disputes in URPs.  

 

Table 1. Literature review results for conflicts and disputes in URPs 
Researchers Aim of the Study Method Gap 

(Yu & Lee, 2012) Proposing conflict-risk assessment model 

for urban regeneration projects 

Fuzzy FMEA 

analysis 

Determination of dispute 

factors specific to urban 

regeneration projects 

(Mohan et al., 

2019). 

Investigation of the impact of policy on 

the economic welfare in regenerated areas 

Difference-in-

difference analysis 

Determination of dispute 

factors specific to urban 

regeneration projects 

Wang and Xiang 

(Y. Wang & 

Xiang, 2019) 

Investigation of mechanisms underlying 

stakeholder conflict in urban regeneration 

projects 

Structural Equation 

Modeling 

Determination of dispute 

factors specific to urban 

regeneration projects 

Zhang et al. 

(Zhang et al., 

2021) 

Analysis of differences among 

stakeholders in urban regeneration 

projects 

DEMATEL Determination of dispute 

factors specific to urban 

regeneration projects 

Wang et al. (2022) Identification and analysis of Street-level 

regeneration projects conducted with 

collaborative governance to find out 

conflicts 

Interviews Determination of dispute 

factors specific to urban 

regeneration projects 

Kim et al. (2023) Collaborative governance for the solution 

of conflicts in cultural heritage-led 

regeneration projects 

Document-based 

analysis, interviews 

and inductive 

approach 

Determination of dispute 

factors specific to urban 

regeneration projects 

Kim et al. (2023) Investigation of active participation of 

students and local residents into town 

regeneration Project in the university to 

reduce conflicts 

Text mining Determination of dispute 

factors specific to urban 

regeneration projects 

Tan et al. (2024) Investigation of micro-level processes for 

supporting collaborative planning in 

urban regeneration projects to solve 

conflicts 

Case study Determination of dispute 

factors specific to urban 

regeneration projects 
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     Although existing studies made substantial contributions to the dispute management in 

URPs, they neglected to reveal the practical experience of the Turkish decision-makers. Given 

that Türkiye has a long history and experience in the area of URPs, the knowledge of the 

Turkish construction practitioners becomes highly critical for the literature. Therefore, this 

study has an objective to fill this gap by developing the a taxonomy of dispute causes for the 

URPs. 

3. Methodology 

This study aims to develop a taxonomy for the dispute causes that might be escalated in URPs. 

Accordingly, two-step methodology has been adopted in this study. In the first step, an in-depth 

literature review was conducted to identify and synthesize the causes of dispute in the existing 

body of knowledge. Next, a series of FGD sessions were conducted with the participation of 

the construction practitioners who have experience in the related domains. By doing so, this 

study combines theoretical knowledge with practical experience.   

3.1. Identification of dispute causes through literature review  

An in-depth literature review was conducted to examine related research on urban planning and 

construction management. Since there is limited research on URPs, dispute causes in 

conventional construction projects were documented. As presented in Table 2, an initial list of 

dispute causes was obtained by examining earlier research on contractual claims, expropriation 

issues, and stakeholder management. This review was based only on existing documents and 

research (not real-world observation) so that it has limitations. Academic theories often don’t 

fully reflect the real-life social and political conditions in low-trust environments. Therefore, it 

was important to test these ideas in the field to make sure the initial list is accurate and practical. 

 

Table 2. Determination of Dispute Factors in Urban Regeneration Projects 
Main Dispute Factors Disputes References 

Project characteristics Not giving technical plans /specifications in 

adequate detail 

(Erdis & Ozdemir, 2013; Marzouk et 

al., 2011b) 

Type of construction and complex projects (Erdis & Ozdemir, 2013; Marzouk et 

al., 2011b; Tanriverdi et al., 2021) 

High level of project uncertainty (Marzouk et al., 2011b; Tanriverdi et 

al., 2021) 

Types of procurement method adopted (Muhammuddin et al., 2023) 

Differences such as language, work culture, etc. 

in technical specification 

(Erdis & Ozdemir, 2013) 

Human-origin factors Incompetence of stakeholders in technical and 

administrative issues 

(Demirdöğen, 2023; Do et al., 2023; 

Erdis & Ozdemir, 2013; Illankoon et 

al., 2022b; Kumar Viswanathan et al., 

2020; Mahamid, 2014; Malaka Silva 

et al., n.d.; Marzouk et al., 2011b; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; Tanriverdi et al., 2021) 

Stakeholders’ lack of interpersonal skills 

(communication etc.) 

(Illankoon et al., 2022b; Marzouk et 

al., 2011b; Tanriverdi et al., 2021) 

Unrealistic demands and expectations in project 

process 

(Demirdöğen, 2023; Do et al., 2023; 

Erdis & Ozdemir, 2013; Francis et al., 

2022; Malaka Silva et al., n.d.; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; Tanriverdi et al., 2021) 

Conflicting goals and objectives of project 

parties 

(Ahmed et al., 2023; Illankoon et al., 

2022b; Marzouk et al., 2011b) 

Imperfect accountability mechanism (Demirdöğen, 2023) 

Negative attitude, behaviors and habits of 

stakeholders 

(Do et al., 2023; Erdis & Ozdemir, 

2013; Francis et al., 2022; Malaka 

Silva et al., n.d.; Marzouk et al., 

2011b; Naji et al., n.d.) 

Lack of trust among project parties (Demirdöğen, 2023; Illankoon et al., 

2022b; Marzouk et al., 2011b) 

Not emphasizing the deficiencies detected by 

stakeholders 

(Erdis & Ozdemir, 2013) 
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Internal disputes and contradictions among 

owners 

(Demirdöğen, 2023) 

Leadership disputes for owners (Demirdöğen, 2023) 

Stakeholders’ interventions that hinder each 

other 

(Erdis & Ozdemir, 2013; Hemanth Sai 

Kalyan et al., 2022) 

Adversarial approach in handling disputes (Demirdöğen, 2023; Malaka Silva et 

al., n.d.; Marzouk et al., 2011b) 

Competitive/adversarial attitude (Tanriverdi et al., 2021) 

Owners’ loss of housing (Demirdöğen, 2023) 

Deficiency of either judicial or academic studies (Erdis & Ozdemir, 2013) 

Delays on the part of the contractor (Hemanth Sai Kalyan et al., 2022; J. 

Wang et al., 2023) 

Opportunistic behaviour of project parties (Demirdöğen, 2023; Illankoon et al., 

2022b; Kumar Viswanathan et al., 

2020; Marzouk et al., 2011b; 

Tanriverdi et al., 2021; J. Wang et al., 

2023) 

Stakeholders’ un-fulfillment of contract 

obligations 

(Marzouk et al., 2011b) 

Financial failure of stakeholders / Bankruptcy (Alrasheed et al., 2023; Demirdöğen, 

2023; Malaka Silva et al., n.d.; Naji et 

al., n.d.) 

Poor and ineffective communication between 

parties 

(Demirdöğen, 2023; Do et al., 2023; 

Francis et al., 2022; Kumar 

Viswanathan et al., 2020; Mahamid, 

2014; Malaka Silva et al., n.d.; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; J. Wang et al., 2023) 

Suspension of works (Kumar Viswanathan et al., 2020; 

Shash & Habash, 2020; Tanriverdi et 

al., 2021) 

Work stoppage (Alrasheed et al., 2023) 

Project withdrawal (Alrasheed et al., 2023) 

Rejection of evictions and demolitions (Demirdöğen, 2023) 

Refusal of tenants’ emigration (Demirdöğen, 2023) 

Relocation of settlers (Demirdöğen, 2023) 

Reluctance of project participants to deal 

promptly with changes 

(Illankoon et al., 2022b; Marzouk et 

al., 2011b) 

Poor estimation practices during the feasibility 

study 

(Muhammuddin et al., 2023) 

Excessive correspondence (Tanriverdi et al., 2021) 

Problems with authorities or neighbors affecting 

progress 

(Marzouk et al., 2011b) 

Dispute in sale price (Demirdöğen, 2023) 

Persons’ disbelief, fear, and habit of not saying 

the faults 

(Erdis & Ozdemir, 2013) 

Contractual Intermediate changes in contract (Hemanth Sai Kalyan et al., 2022) 

Delays in approvals or decision-making (Demirdöğen, 2023; Hemanth Sai 

Kalyan et al., 2022; Kumar 

Viswanathan et al., 2020; Mahamid, 

2014; Tanriverdi et al., 2021; J. Wang 

et al., 2023) 

Insufficient documents (inc. 

inadequate/incomplete specification) 

(Francis et al., 2022; Hemanth Sai 

Kalyan et al., 2022; Mahamid, 2014; 

Malaka Silva et al., n.d.; Naji et al., 

n.d.) 

Insurance (Hemanth Sai Kalyan et al., 2022) 

Ambiguities in contracts (Alrasheed et al., 2023; Demirdöğen, 

2023; Francis et al., 2022; Hemanth 

Sai Kalyan et al., 2022; Kumar 

Viswanathan et al., 2020; Malaka 

Silva et al., n.d.; Marzouk et al., 

2011b; Muhammuddin et al., 2023; 

Naji et al., n.d.; Shash & Habash, 

2020; Tanriverdi et al., 2021; J. Wang 

et al., 2023) 

Weakness in contract language and instruments (Shash & Habash, 2020) 
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Inadequate scope definition (Do et al., 2023; Illankoon et al., 

2022b; Marzouk et al., 2011b; 

Tanriverdi et al., 2021) 

Inadequate material estimating (Marzouk et al., 2011b) 

Contradictory and erroneous information in the 

mass of documents 

(Demirdöğen, 2023; Do et al., 2023; 

Francis et al., 2022; Illankoon et al., 

2022b; Mahamid, 2014; Malaka Silva 

et al., n.d.; Marzouk et al., 2011b; 

Shash & Habash, 2020; Tanriverdi et 

al., 2021) 

Misinterpretations of the contract provisions (Illankoon et al., 2022b; Mahamid, 

2014; Muhammuddin et al., 2023; 

Naji et al., n.d.; Tanriverdi et al., 

2021; J. Wang et al., 2023) 

Inadequate or unfair risks 

identification/allocation 

(Do et al., 2023; Francis et al., 2022; 

Illankoon et al., 2022b; Malaka Silva 

et al., n.d.; Marzouk et al., 2011b; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; Tanriverdi et al., 2021) 

Unrealistic obligations (Kumar Viswanathan et al., 2020; 

Tanriverdi et al., 2021) 

Failure to properly administer the contract (Francis et al., 2022; Illankoon et al., 

2022b; Muhammuddin et al., 2023) 

Breach of contract  (Mahamid, 2014; Muhammuddin et 

al., 2023; J. Wang et al., 2023) 

Lack of dispute resolution process in case a 

dispute occurred 

(Demirdöğen, 2023; Marzouk et al., 

2011b; Shash & Habash, 2020; 

Tanriverdi et al., 2021) 

Demolition of building Illegal construction (Demirdöğen, 2023; Hemanth Sai 

Kalyan et al., 2022) 

Lack of communication between the authorities 

and owners 

(Hemanth Sai Kalyan et al., 2022) 

Differences between neighbors and owners (Hemanth Sai Kalyan et al., 2022) 

Delays in demolition (Demirdöğen, 2023) 

Personal vengeance (Hemanth Sai Kalyan et al., 2022) 

Compensation Denial of compensation (Hemanth Sai Kalyan et al., 2022; J. 

Wang et al., 2023) 

Delays in compensation (Hemanth Sai Kalyan et al., 2022) 

Compensated amount not satisfactory (Hemanth Sai Kalyan et al., 2022) 

Compensation for tenants (Demirdöğen, 2023) 

Unreasonable compensation standard (Demirdöğen, 2023) 

Failure to make interim awards on the extension 

of time and compensation 

(Muhammuddin et al., 2023) 

Increase interest rates for compensation (Hemanth Sai Kalyan et al., 2022) 

Land Acquisition Unjust acquiring of land (Hemanth Sai Kalyan et al., 2022; 

Marzouk et al., 2011b) 

Lateness in giving of site possession (Malaka Silva et al., n.d.; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; Shash & Habash, 2020; 

Tanriverdi et al., 2021; J. Wang et al., 

2023) 

Unfair Compensation (Hemanth Sai Kalyan et al., 2022) 

Occupation without consent (Hemanth Sai Kalyan et al., 2022) 

Planning-origin and 

Construction Process- 

origin dispute factors 

Insert features of material, technology and 

device to be used in technical specification 

without examining in detail 

(Erdis & Ozdemir, 2013; Hemanth Sai 

Kalyan et al., 2022) 

Unrealistic project planning (Do et al., 2023; Mahamid, 2014; 

Muhammuddin et al., 2023; Shash & 

Habash, 2020) 

Lack of expert personnel during composition of 

technical specification 

(Erdis & Ozdemir, 2013) 

Not being able to foresee the technical details 

during composition of technical specification 

(Erdis & Ozdemir, 2013; 

Muhammuddin et al., 2023) 

Design errors (Do et al., 2023; Francis et al., 2022; 

Mahamid, 2014; Malaka Silva et al., 

n.d.; Muhammuddin et al., 2023; Naji 
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et al., n.d.; Tanriverdi et al., 2021; J. 

Wang et al., 2023) 

Delayed design information or drawings (Tanriverdi et al., 2021; J. Wang et al., 

2023) 

Poor quality design (Malaka Silva et al., n.d.; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; J. Wang et al., 2023) 

Incompatibilities related with construction 

arising from the jobsite conditions 

(Erdis & Ozdemir, 2013; Tanriverdi et 

al., 2021) 

Revision demands related with construction (Erdis & Ozdemir, 2013) 

Not clearly describing the construction poses 

belonging to construction activities in the 

specification 

(Erdis & Ozdemir, 2013) 

Deficiency in a standard format related to 

contract documents and technical specifications 

(Erdis & Ozdemir, 2013) 

Disagreements between stakeholders on quality 

of construction in technical specification 

(Erdis & Ozdemir, 2013; Hemanth Sai 

Kalyan et al., 2022; Tanriverdi et al., 

2021) 

Quality of works (Demirdöğen, 2023; Francis et al., 

2022; Mahamid, 2014; Malaka Silva 

et al., n.d.; Naji et al., n.d.) 

Late supply of equipment and materials (Marzouk et al., 2011b; J. Wang et al., 

2023) 

Changing needs of owner such as material 

specification 

(Do et al., 2023; Marzouk et al., 

2011b; Muhammuddin et al., 2023) 

Materials damaged during storage (Muhammuddin et al., 2023) 

Variation in quantities (J. Wang et al., 2023) 

Poor supervision, performance and productivity (Do et al., 2023; Marzouk et al., 

2011b; Muhammuddin et al., 2023) 

Shortage and nonavailability in resources (Kumar Viswanathan et al., 2020; 

Marzouk et al., 2011b) 

Poor site safety conditions (J. Wang et al., 2023) 

Changes in designs, material types and 

specifications by stakeholders 

(Do et al., 2023; Marzouk et al., 

2011b; Shash & Habash, 2020) 

Insufficient quality control procedures (Kumar Viswanathan et al., 2020; 

Mahamid, 2014; Marzouk et al., 

2011b; Shash & Habash, 2020) 

Not determining the aim of project clearly and 

explicitly 

(Erdis & Ozdemir, 2013) 

Defective works (Alrasheed et al., 2023) 

Inadequate design information (Francis et al., 2022; Mahamid, 2014; 

Muhammuddin et al., 2023; J. Wang 

et al., 2023) 

Change orders (Demirdöğen, 2023; Kumar 

Viswanathan et al., 2020; Mahamid, 

2014; Malaka Silva et al., n.d.; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; Shash & Habash, 2020; 

Tanriverdi et al., 2021) 

Change in scope (Do et al., 2023; Francis et al., 2022; 

Kumar Viswanathan et al., 2020; 

Malaka Silva et al., n.d.; Naji et al., 

n.d.; Tanriverdi et al., 2021; J. Wang 

et al., 2023) 

Time overruns (Alrasheed et al., 2023; Kumar 

Viswanathan et al., 2020; Malaka 

Silva et al., n.d.; Muhammuddin et al., 

2023; Naji et al., n.d.; Tanriverdi et 

al., 2021) 

Cost overruns (Kumar Viswanathan et al., 2020; 

Muhammuddin et al., 2023) 

Disagreement over scope variation (Muhammuddin et al., 2023; 

Tanriverdi et al., 2021) 

Request in acceleration (Malaka Silva et al., n.d.; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; Tanriverdi et al., 2021) 

Construction defects (Demirdöğen, 2023) 
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Poorly drafted or incomplete and unsubstantiated 

claims 

(Muhammuddin et al., 2023) 

Not explaining the inspection issues adequately (Erdis & Ozdemir, 2013) 

Financial Changes in contractual agreements (Hemanth Sai Kalyan et al., 2022) 

Adamant nonpayment (Hemanth Sai Kalyan et al., 2022) 

Changes in costs/volatile price escalation (Alrasheed et al., 2023; Demirdöğen, 

2023; Mahamid, 2014; Muhammuddin 

et al., 2023; J. Wang et al., 2023) 

Deductions (Hemanth Sai Kalyan et al., 2022) 

Incorrect pricing of work  (Muhammuddin et al., 2023) 

Inaccurate bill of quantities (Mahamid, 2014) 

Insufficient financial planning (Demirdöğen, 2023; Mahamid, 2014; 

Tanriverdi et al., 2021; J. Wang et al., 

2023) 

Unbalanced bidding (J. Wang et al., 2023) 

Back-to-back payment (Alrasheed et al., 2023) 

Non releasing of deposits (Hemanth Sai Kalyan et al., 2022) 

Unjustified delays for payment by the owner (Alrasheed et al., 2023; Francis et al., 

2022; Hemanth Sai Kalyan et al., 

2022; Kumar Viswanathan et al., 

2020; Mahamid, 2014; Malaka Silva 

et al., n.d.; Muhammuddin et al., 

2023; Naji et al., n.d.; Tanriverdi et 

al., 2021) 

External dispute factors Using unqualified material, device and 

technology in technical specifications 

(Erdis & Ozdemir, 2013) 

Not given in the specification of technological 

innovations 

(Erdis & Ozdemir, 2013) 

Unforeseen legal, political and economic 

developments 

(Demirdöğen, 2023; Do et al., 2023; 

Erdis & Ozdemir, 2013; Francis et al., 

2022; Illankoon et al., 2022b; 

Mahamid, 2014; Malaka Silva et al., 

n.d.; Marzouk et al., 2011b; Naji et al., 

n.d.) 

Changes in regulations (Ahmed et al., 2023; Demirdöğen, 

2023; Francis et al., 2022) 

Delays in permission process (Demirdöğen, 2023) 

Institutional clashes (Demirdöğen, 2023) 

Stringent building regulations (Marzouk et al., 2011b; Tanriverdi et 

al., 2021) 

Technological developments (Do et al., 2023; Marzouk et al., 

2011b) 

Environmental restrictions (Demirdöğen, 2023; Marzouk et al., 

2011b; Tanriverdi et al., 2021) 

Weather conditions (Illankoon et al., 2022b; Mahamid, 

2014; Malaka Silva et al., n.d.; 

Marzouk et al., 2011b; Naji et al., n.d.; 

Tanriverdi et al., 2021) 

Public interruptions/municipality approvals (Tanriverdi et al., 2021) 

Lack of capable craftmen/subcontractors (Marzouk et al., 2011b) 

Unforeseen ground conditions (Alrasheed et al., 2023; Francis et al., 

2022; Malaka Silva et al., n.d.; 

Muhammuddin et al., 2023; Naji et al., 

n.d.; Tanriverdi et al., 2021; J. Wang 

et al., 2023) 

Lack of labor skill (Mahamid, 2014) 

Judicial regulations (Erdis & Ozdemir, 2013) 

3.2. Validation via Focus Group Discussion sessions (FGD) 

In this step of the research, a series of FGD sessions was conducted. In construction 

management literature, FGD technique has long been used to formalize the tacit experience of 

the construction experts. Thus, this study adopted FGD technique to elaborate the experience 

of the practitioners when it comes to developing the dispute cause taxonomy. Accordingly, a 

specialized panel of 20 senior industry professionals was formed. In qualitative methodology, 

a sample size of 15 to 20 experts is widely recognized as optimal for Focus Group Discussions 
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(FGD) to achieve "data saturation"—the point where no new informational themes emerge—

without compromising the depth of interaction (Guest et al., 2006). To accurately reflect the 

complex, multi-actor ecosystem of urban regeneration, the participants were deliberately 

selected based on their specific, high-level expertise in managing contractual, legal, and 

operational disputes, rather than mere site execution. Based on the expert demographic data, 

the panel comprises Project and Senior Construction Managers (25%), Contract Managers 

(15%), Investor/Developers (15%), Senior Civil Engineers (15%), and Architects (10%), 

alongside highly specialized roles such as Legal Advisors and Urban Planners (10%). The 

average experience of the experts is 18.5 years in the construction industry and a notable 10.9 

years of direct Dispute Management (DM). Furthermore, the experts possess an average of 7.5 

years of specific operational experience in URPs. Academically, the group is exceptionally 

qualified, with 70% of the panelists holding advanced postgraduate degrees (50% M.Sc. and 

20% Ph.D.). During the FGD sessions, the initial dispute list compiled from the literature (Table 

1) was presented to the experts. Throughout the process, experts evaluated the practical 

relevance of each cause, combined duplicate causes, and eliminated the causes that fit only 

conventional construction projects. In this way, only dispute causes that fit the unique dynamics 

of URPs remained. This discussion environment based on mutual interaction served as a very 

critical 'field verification' function in the research.  

4. A Taxonomy of Dispute Causes in Urban Regeneration 

Focus Group Discussion (FGD) was utilized to obtain an industry-approved classification. 

Experts agreed on 21 different operational dispute causes and systematically categorized them 

into six main areas. Rather than viewing these as isolated risks, the panel concluded that they 

often overlap, creating a compounding effect on project stability. 

4.1. Administrative and Contractual Friction (Managerial & Legal) 

The operation of an urban regeneration project is inherently sensitive. The main cause of 

administrative disputes is a lack of coordination and basic communication among stakeholders. 

The momentum of the project is seriously disrupted due to slow decision-making by 

bureaucratic units and often hostile attitudes resulting from a lack of trust. These problems are 

exacerbated by the lack of experience of project stakeholders. When these administrative 

deficiencies are combined with contractual issues, the friction increases even more. When the 

project deviates from the baseline, disputes over who is responsible inevitably arise due to 

unclear contract wording, one-sided provisions leading to unfair risk allocation, and generally 

poor contract management. The sessions were yielded following domains:  

• Administrative Factors:  

o Lack of communication and coordination 

o Delays in decision making (bureaucratic reluctance) 

o Lack of trust and adversarial attitude 

o Incompetence or inexperience of stakeholders 

• Contractual Factors: 

o Ambiguities in contract documents (inadequate scope definition) 

o Unfair risk allocation (one-sided clauses) 

o Poor contract administration 

4.2. Ownership and Financial Pressures (The Core Urban Challenge) 

Urban regeneration, unlike green space initiatives, stands out for its socio-economic sensitivity, 

making property and financial factors the most volatile sources of disputes. Property disputes 

are specific to this area and they are deeply personal. Disputes often arise over disputed wages 

or rental assistance, complex property and share distribution (title transfers), and opposition to 

eviction. In addition, stalemates sometimes arise from unreasonable owner expectations 

regarding purchase prices or increased square footage. This low-trust environment, combined 

with financial constraints, paves the way for serious disagreements. Projects are sensitive to 
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market instability, significant macroeconomic inflation, and cost increases. Contractors are 

under pressure due to payment irregularities, such as overdue commitments or undue 

withholding deductions. In serious cases, all financial failure of stakeholders results in the 

complete abandonment of the project. The sessions were yielded following domains: 

• Ownership Factors: 

o Resistance to eviction and demolition 

o Property and share distribution disputes (title transfers) 

o Disagreement on compensation and rental support 

o Unrealistic owner expectations (buyout prices or increased square footage) 

• Financial Factors: 

o Payment irregularities (overdue obligations, retention issues) 

o Cost escalation and market volatility 

o Financial failure or insolvency of stakeholders 

4.3. Planning, Construction, and External Constraints (Execution & Environment) 

The physical dynamics of the construction site and regulatory realities shape the last two 

categories in the taxonomy of dispute causes. On the basis of technical disputes arising in the 

'Planning and Construction' axis, faulty workmanship practices caused by non-standard design 

errors, inadequate technical specifications, and an unskilled workforce. In addition, incessant 

scope change requests from rights holders and work schedule delays triggered by unforeseen 

site conditions (e.g. supply chain bottlenecks or geotechnical problems) constantly disrupt the 

project workflow. Finally, External Factors refer to variables that trigger disputes and develop 

beyond the control of the project parties. Sudden changes in municipal development plans 

(legislation), strict environmental sanctions and lengthy bureaucratic license/permit processes 

cause serious administrative bottlenecks in the project. These unexpected external shocks 

seriously narrow the contractors' space of action, further deepening the existing financial and 

contractual tensions underlying the project. The sessions were yielded following domains: 

 

• Planning & Construction Factors: 

o Design errors and inadequate technical specifications 

o Scope and design changes 

o Poor workmanship and quality issues 

o Schedule and time management issues 

o Site and resource constraints (geotechnical issues, supply bottlenecks) 

• External Factors: 

o Changes in legislation and municipal regulations 

o Permitting and prolonged bureaucratic delays 

5. Discussion 

A critical finding of this research is that urban regeneration disputes differ fundamentally from 

conventional construction projects. For instance, (J. Wang et al., 2023) provided an extensive 

documentation of construction projects that primarily have disputes resulting from technical 

design error, or unforeseen site conditions. However, the construction practitioners in the FGD 

sessions agreed that a distinct layer of complexity in urban regeneration projects rests in the 

intersection of ownership, financial, and administrative areas. In addition, the FGD participants 

reported a general lack of trust among the different organizations engaged in the URPs. This 

observation of the participants supports the general finding regarding adversarial relationships 

in URPs noted by (Illankoon et al., 2022b; Marzouk et al., 2011b). Current conditions, such as 

displaced vulnerable populations, unreasonably aggressive developer timelines, and uncertain 

economic conditions create a great deal of dispute. Furthermore, the FGD participants identified 

several dispute causes that affect projects, such as resistance to evictions, opposition to 

demolition, and demands for excessive funding. These were considered as primary reasons 
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behind the delays in the projects. This consensus from the sessions was also verified in the 

literature (Demirdöğen, 2023). The experts also noted that property ownership disputes are 

occurring more often than anticipated. Due to the perpetuation of the longstanding stormy 

relationship between property owners and tenants, when a deadlock happens during land share 

negotiations or the relocation of a tenant, work is immediately halted, therefore impacting the 

entire duration of the project timeline as documented by (Alrasheed et al., 2023). Therefore, 

these disruptions quickly bleed into the financial and contractual realms. This aligns perfectly 

with the findings of (Muhammuddin et al., 2023) and (Tanriverdi et al., 2021), who found a 

correlation between scheduling delays and subsequent volatile, escalating prices, significant 

project cost overruns, and owners who refuse to make early payments to contractors due to 

contract ambiguities and poorly defined scopes of work. As extensively documented by Francis 

et al., 2022) and (Shash & Habash, 2020), these issues leave stakeholders with virtually no 

recourse when the original schedule is disrupted, creating additional operational tensions.  

     Moreover, the experts agreed that this fragile ecosystem is endlessly jeopardized due to 

events originating outside of the controlled environment they are built in. Their opinions are 

consistent with the findings of (Ahmed et al., 2023; Demirdöğen, 2023; Francis et al., 2022) 

that within the case studies, there were significant disruptions to administrative processes, 

including various agencies that ended up having conflicting policies, unforeseen changes to 

municipal zoning regulations, legacy permitting processes unnecessarily extended through 

various municipalities, which created various and large disruptions to construction timelines. 

These disputes limit the operational capacity of contractors, increase financial burdens to 

unmanageable levels, and ultimately lead to project termination. As such, viewing the range of 

disputes associated with urban regeneration as a single, operational failure would be 

inappropriate. The 21 causal factors listed above represent significant levels of interdependence 

or clusters of interrelated socio-economic, legal, and administrative triggers which contribute 

to these disputes. Understanding this unique nature of these disputes will assist decision-makers 

in assuring themselves that they can no longer depend upon general dispute resolution 

strategies, which are reactive in nature. Since the industry is aware that these failures are 

frequently driven by forced eviction, escalating and fluctuating construction costs, and rapidly 

changing legislative frameworks. Thus, they will need to manage the risks associated with these 

situations by moving away from litigation and implementing proactive strategies that aim to 

avoid escalating disputes. 

5. Conclusion 

Disputes specific to URPs can seriously disrupt the work schedule. The large number of 

stakeholders involved makes the emergence of disputes inevitable. While past research often 

addresses this issue, it often overlooks the detailed, operational causes that can actually stop 

construction activities, leaving decision-makers unable to deliver the URPs in a timely manner. 

This study attempted to address this gap by systematically identifying and verifying the root 

causes of disputes in URPs. A taxonomy was created through an extensive literature review and 

a rigorous Focus Group Discussion with 20 construction practitioners. Findings revealed that 

dispute causes in URPs are not limited to engineering (technical) problems only. Instead, it 

reveals that it is a multivariate and complex equation ranging from property rights to financial 

fluctuations, from administrative bottlenecks to contractual gaps. This study categorizes these 

21 specific dispute causes. The findings provide project managers, contract drafters, and 

decision-makers with a comprehensive roadmap for predicting and diagnosing disputes before 

they escalate to formal litigation. However, determining the cause of the dispute is only the first 

step. Future research should build on this classification by investigating which specific 

Alternative Dispute Resolution (ADR) methods (such as Dispute Review Board, Adjudication 

or Arbitration) are best equipped to resolve each different category of dispute in the conflictual 

environment of urban regeneration. 
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Abstract 

Selecting reliable protein structures from the Protein Data Bank is a critical prerequisite for 

docking, virtual screening, molecular dynamics, and other structure-based computational 

workflows. However, commonly used structure selection strategies often rely on rigid 

thresholding of individual quality descriptors and may fail to capture the multivariate nature of 

structural reliability. In this study, we present PDB-Quantifier, a reference-based framework 

for assessing protein structures that applies one-class unsupervised machine learning to score 

structural conformity without requiring explicit quality labels. A curated ADS benchmark set 

containing 85 protein structures was used as the reference domain. For each structure, feature 

vectors were constructed from experimentally reported and validation-related descriptors, 

including resolution, refinement statistics, atom and residue counts, ligand-related variables, 

and structural validation measures such as clashscore and Ramachandran outliers. Missing 

values were handled by mean imputation, and an Isolation Forest model was trained to learn 

the intrinsic distribution of the reference set. The trained model was then applied to two 

independent external datasets: an MTi benchmark set and a randomly sampled Protein Data 

Bank set. The ADS reference set showed a high inlier ratio (0.89) and mean conformity score 

(0.64), whereas the MTi and random datasets displayed markedly lower conformity scores (0.37 

and 0.32, respectively), indicating substantial distributional deviation from the learned 

reference space. Distributional differences were further supported by Kolmogorov-Smirnov 

analysis. Overall, the results demonstrate that one-class unsupervised learning can effectively 

model structural consistency and generate a practical conformity-based scoring system for 

protein structure prioritization. PDB-Quantifier provides a reproducible and data-driven 

strategy for reference-guided screening of protein structures in computational structural 

biology. 

Keywords: Protein Structure Assessment; One-Class Learning; Isolation Forest; Protein Data 

Bank; Structural Prioritization 
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1. Introduction  

Proteins are central biomolecules involved in catalysis, signaling, molecular recognition, 

transport, and structural organization. Because protein function is closely linked to three-

dimensional conformation, accurate structural information is essential for understanding 

biological mechanisms and for enabling structure-based computational studies. In this context, 

the Protein Data Bank (PDB) serves as the primary global archive of experimentally determined 

macromolecular structures, providing coordinate files, structural annotations, experimental 

metadata, and validation-related information for proteins, nucleic acids, and their complexes. 

PDB structures are widely used in molecular docking, virtual screening, and broader structure-

based drug design workflows. Therefore, selecting appropriate protein structures from the PDB 

is a critical preliminary step in many computational pipelines (Berman et al., 2000; Burley et 

al., 2017; Ferreira et al., 2015; Pinzi & Rastelli, 2019). 

Although the selection of an appropriate protein structure is a critical step, not all PDB 

entries are equally suitable for downstream applications because of lacking quality. Deposited 

structures may differ substantially in terms of resolution, refinement quality, completeness, 

experimental method, and validation profile. Such variation directly affects the reliability of 

computational analyses. In particular, issues such as poor data-model agreement, elevated 

clashscores, unfavorable Ramachandran statistics, rotamer outliers, or local modeling errors 

may reduce confidence in structural features used for docking and other downstream analyses. 

Previous work has also shown that the preparation quality of protein structures can strongly 

influence virtual screening performance, and that docking accuracy varies substantially across 

targets and protocols. Therefore, protein structure quality assessment is not merely a technical 

refinement step, but a fundamental requirement for robust computational structural biology 

(Read et al., 2011; Gore et al., 2017; Williams et al., 2018; Smart et al., 2018; Sastry et al., 

2013; Warren et al., 2006). 

To address the selection of high quality PDB problem, we propose PDB-Quantifier, a 

reference-based framework for protein structure assessment using unsupervised one-class 

machine learning. Instead of relying solely on rigid thresholding of individual quality 

descriptors, the proposed method learns the multivariate feature distribution of a curated 

reference structure set and evaluates how closely unseen protein structures conform to this 

learned structural space. By integrating experimentally derived and validation-related 

descriptors within an Isolation Forest-based pipeline, the method provides a conformity-

oriented scoring strategy for protein structure prioritization without requiring explicit quality 

labels. In this way, PDB-Quantifier offers a practical and data-driven alternative for identifying 

structurally reliable protein models for downstream computational applications. The PDB-

Quantifier pipeline is freely and publicly available for academic use: 

https://github.com/yauz3/PDB-Quantifier 

 

2. Materials and Methods 

Protein structure assessment was formulated here as a reference-based unsupervised 

learning problem. The overall workflow comprised three main stages: construction of a 

reference training set, preparation of two independent test sets, and training of a one-class model 

followed by the scoring of previously unseen protein structures. Rather than relying on 

predefined quality labels, the framework characterized the multivariate feature distribution of a 

curated reference protein set and quantified the conformity of external structures relative to this 

learned reference space. 

2.1. Training Set Construction 

The training set was constructed from the ADS benchmark receptor library (Hartshorn et 

al., 2007). A total of 85 protein structure files in PDB format were collected from the ADS 

receptor set and used as the reference dataset. For each file, the corresponding Protein Data 
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Bank identifier was obtained from the file name and matched to the related entry in the RCSB 

Protein Data Bank database. After identifier matching, entry-level metadata were retrieved for 

each structure and compiled into a structured feature table. These 85 structures constituted the 

reference domain used during model training. 

2.2. Test Set Construction 

Two independent test sets were prepared for external scoring. The first test set consisted 

of 27 protein structures obtained from the MTi benchmark collection (Labbé et al., 2015). The 

second test set consisted of 100 randomly selected Protein Data Bank entries collected from the 

current PDB archive without applying additional structural quality filtering. For each test 

structure, the same feature extraction procedure used for the training set was applied in order to 

ensure consistency of the final numerical input matrix. 

2.3. Data Sources 

Protein structure identifiers and structure-level metadata were obtained from the RCSB 

Protein Data Bank. The core entry records provided the experimental method, structural 

resolution, release and deposition dates, polymer-related counts, assembly-level information, 

deposited atom statistics, refinement-related values, and validation descriptors used in the 

feature matrix. All feature extraction steps were carried out programmatically using Python. 

2.4. Feature Extraction 

For each protein structure, a numerical feature vector was generated from experimentally 

reported and validation-related descriptors. The final feature set included experimental method 

flags and structure-level quantitative variables. The experimental method was encoded using 

three binary indicators: is_xray, is_cryo_em, and is_nmr. Additional metadata-based variables 

included resolution_A, deposit_year, release_year, age_years, protein_entity_count, 

total_polymer_entity_count, assembly_count, deposited_model_count, deposited_atom_count, 

deposited_polymer_monomer_count, and deposited_nonpolymer_entity_count. 

Two derived features were also calculated. The first was atoms_per_residue, computed 

as the ratio of deposited_atom_count to deposited_polymer_monomer_count. The second was 

ligands_per_protein_entity, computed as the ratio of deposited_nonpolymer_entity_count to 

protein_entity_count. 

Refinement- and validation-related variables included r_free, r_work, r_observed, 

clashscore, ramachandran_outliers_pct, rotamer_outliers_pct, rsrz_outliers_pct, dcc_r, and 

dcc_rfree. All extracted variables were assembled into a tabular dataset for downstream 

processing. 

2.5. Data Preprocessing 

Before model training, the numerical feature matrix was examined for incomplete entries. 

As some PDB structures did not provide full coverage for all extracted descriptors, missing 

numerical values were addressed through mean imputation. Such a preprocessing step was 

implemented using Scikit-Learn’s SimpleImputer with the mean strategy (Pedregosa et al., 

2011). The imputation model was fitted on the training set only and then consistently applied 

to all subsequent scoring procedures, thereby preserving a leakage-free evaluation framework. 

2.6. Model Construction 

The unsupervised learning model was implemented using a Scikit-Learn Pipeline 

(Pedregosa et al., 2011). The pipeline contained two sequential steps: mean imputation using 

SimpleImputer and anomaly-based reference distribution modeling using IsolationForest. The 

pipeline was trained only on the ADS reference dataset. In this framework, the ADS structures 

were treated as the reference structural distribution, and the model learned the multivariate 

pattern of this set without relying on explicit class labels. 

2.7. One-Class Learning Framework and Model Training 

Protein structure assessment was formulated within a one-class learning framework in 

which no explicit binary or continuous target labels were assigned to represent structure quality. 
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Instead, the ADS dataset was treated as the reference structural domain, and the model was 

trained to capture the multivariate feature distribution characterizing this domain. Model 

training was performed using the complete ADS reference set containing 85 structures. 

Following mean imputation of missing values, the Isolation Forest algorithm was fitted using 

the full numerical feature vector described above. The contamination parameter was specified 

to allow the identification of a minority fraction of atypical observations within the reference 

set. Under this formulation, external structures were not assigned to predefined quality 

categories; rather, they were evaluated according to the degree to which their feature profiles 

conformed to the reference distribution learned from the ADS structures. The resulting trained 

pipeline was then retained and applied unchanged for scoring the two independent test sets. 

2.8. Scoring and Validation Strategy 

Following model training, the fitted pipeline was applied to the ADS training set, the MTi 

test set, and the random PDB test set. For each structure, the model produced an Isolation Forest 

decision score, a binary inlier/outlier assignment, and a normalized conformity score, the latter 

obtained by quantile-based normalization of the training-set decision score distribution to the 

0–1 interval. Each structure was also assigned to one of four conformity tiers: low, moderate, 

acceptable, or high. As the proposed framework was unsupervised and did not depend on 

explicit quality labels, validation was conducted through comparative analysis of score 

distributions rather than conventional supervised performance metrics. Accordingly, the 

training and test sets were evaluated with respect to inlier/outlier assignments, decision score 

distributions, normalized conformity scores, and conformity tier profiles, with distributional 

differences further examined using the Kolmogorov–Smirnov test (Berger & Zhou, 2014). 

3. Findings and Discussion 

3.1. Model Behavior on Reference Training Set 

The results obtained for the ADS reference set suggest that the proposed one-class 

framework was able to learn a consistent representation of the intended structural domain. 

According to Table 1, 76 out of 85 reference structures were assigned as inliers, yielding an 

inlier ratio of 0.8941, while only 9 structures were classified as outliers. The relatively low 

outlier proportion (10.59%) indicates that the reference dataset is internally coherent and that 

most structures occupy a common multivariate region within the learned feature space. This 

interpretation is further supported by the score distribution. The positive mean (0.0888) and 

median (0.1035) decision scores indicate that the majority of ADS structures were positioned 

on the inlier side of the Isolation Forest decision boundary. Similarly, the average normalized 

conformity score of 0.6372 suggests that the training set, as expected, showed substantial 

overall agreement with the learned reference distribution. At the same time, the conformity 

score standard deviation (0.2946) indicates that the dataset still retains meaningful structural 

heterogeneity rather than representing an overly compressed or artificially uniform domain. 

From a modeling perspective, this balance is important, as it suggests that the ADS set is 

sufficiently consistent to define a reference space while still broad enough to reflect realistic 

variation among structurally acceptable protein entries (Table 1). 

Table 1. Summary statistics for the ADS training dataset 

Metric Value 

Number of structures 85 

Inlier count 76 

Outlier count 9 

Inlier ratio 0.8941 

Mean decision score 0.0888 

Median decision score 0.1035 

Conformity score (mean) 0.6372 

Conformity score (std) 0.2946 
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3.2. Evaluation on MTi Benchmark Dataset 

The MTi benchmark set exhibited a measurable shift away from the ADS reference 

distribution, indicating reduced structural conformity relative to the training domain. According 

to Table 2, 16 out of 27 MTi structures were assigned as inliers, yielding an inlier ratio of 

0.5926, while 11 structures (40.74%) were classified as outliers. This contrasts substantially 

with the ADS set and suggests that a considerable portion of the MTi entries fall outside the 

most densely represented region of the learned reference space. 

The decline in conformity is also reflected in the score profile reported in Table 2. The 

mean decision score (0.0241) and median decision score (0.0475) remained positive, indicating 

that the MTi set was not uniformly incompatible with the ADS-derived model. However, both 

values were clearly reduced compared with those of the training set, consistent with a weaker 

overall alignment with the reference structural domain. Likewise, the mean conformity score 

dropped to 0.3673, supporting the interpretation that the MTi dataset occupies a more weakly 

represented region of the learned feature space. The associated standard deviation (0.3058) 

further points to substantial variability within the MTi structures themselves, suggesting that 

the dataset includes both relatively reference-like entries and more divergent cases. 

 

Table 2. Summary statistics for the MTi test dataset 

Metric Value 

Number of structures 27 

Inlier count 16 

Outlier count 11 

Inlier ratio 0.5926 

Mean decision score 0.0241 

Median decision score 0.0475 

Conformity score (mean) 0.3673 

Conformity score (std) 0.3058 

 

Overall, the MTi results support the sensitivity of the proposed framework to moderate 

distributional shifts. Rather than producing a uniform classification pattern, the model 

differentiated the MTi entries along a gradient of conformity, which is desirable in a 

prioritization setting where structural suitability may vary continuously rather than fall into 

strictly discrete categories (Table 2). 

3.3. Evaluation on Random PDB Dataset 

To further evaluate the generalization behavior of the proposed framework, the trained 

model was applied to a randomly sampled set of 100 protein structures obtained from the PDB 

without prior structural quality filtering. As shown in Table 3, 57 structures were classified as 

inliers and 43 as outliers, corresponding to an inlier ratio of 0.5700 and an outlier ratio of 43.0%. 

This pattern indicates that nearly half of the randomly selected structures fall outside the most 

representative region of the ADS-derived reference space. 

The score statistics in Table 3 further support this interpretation. The mean decision score 

decreased to 0.0011, with a median of 0.0196, indicating that the random PDB set was 

positioned very close to the model decision boundary and exhibited weaker overall agreement 

with the learned reference distribution than either the ADS or MTi datasets. Likewise, the mean 

normalized conformity score declined to 0.3210, representing the lowest value among all 

evaluated datasets. This result suggests that the random PDB set displays the greatest overall 

deviation from the structural profile captured by the reference model. At the same time, the 

conformity score standard deviation (0.2991) indicates that the dataset still contains substantial 

internal variability, with some structures remaining relatively reference-like while others are 

markedly divergent. 
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Taken together, these findings suggest that the random PDB dataset constitutes the most 

distributionally shifted set among those examined. From a methodological perspective, this 

result is consistent with expectations, as randomly sampled PDB entries are likely to encompass 

a broader and less curated range of experimental conditions, refinement qualities, and validation 

profiles. The observed decline in conformity therefore supports the capacity of the proposed 

framework to distinguish strongly reference-consistent structures from more heterogeneous and 

structurally variable entries, reinforcing its utility for reference-guided protein structure 

prioritization (Table 3). 

Table 3. Summary statistics for the random PDB dataset 

Metric Value 

Number of structures 100 

Inlier count 57 

Outlier count 43 

Inlier ratio 0.5700 

Mean decision score 0.0011 

Median decision score 0.0196 

Conformity score (mean) 0.3210 

Conformity score (std) 0.2991 

 

3.4. Distributional Comparison Between Training and Test Sets 

A direct comparison between the ADS reference set and the two external datasets revealed 

a clear and systematic distributional shift. As summarized in Table 4, the mean conformity 

score difference was −0.2698 for ADS vs MTi and −0.3162 for ADS vs Random, indicating 

that both external datasets deviated from the learned ADS reference space, with the random 

PDB set showing the greater shift. This pattern is consistent with the lower decision and 

conformity scores reported in the preceding sections and suggests that the structural 

characteristics represented in the external datasets are less densely aligned with the multivariate 

domain captured from the ADS set. 

 

The statistical comparisons further support this interpretation. For the ADS vs MTi 

comparison, the Kolmogorov-Smirnov statistic was 0.4148 with a p-value of 0.0011, indicating 

a significant difference between the two score distributions. An even stronger separation was 

observed for ADS vs Random, where the KS statistic increased to 0.4365 and the p-value 

decreased to 2.07 × 10⁻⁸ (Table 4). The larger mean conformity score difference and slightly 

higher KS statistic observed for the random dataset together indicate that this set is more 

strongly displaced from the ADS-derived reference distribution than the MTi benchmark set. 

 

Table 4. Distributional comparison results 

Comparison Mean Score 

Difference 

KS Statistic p-value 

ADS vs MTi −0.2698 0.4148 0.0011 

ADS vs Random −0.3162 0.4365 2.07e−08 

 

From a methodological perspective, these results are important because they show that 

the proposed framework does not merely generate isolated structure-level scores, but also 

captures dataset-level differences in structural distribution. In other words, the model is 

sensitive not only to individual deviations from the reference space, but also to broader shifts 

in the collective profile of an external dataset. The stronger divergence observed for the random 

PDB set is consistent with the expectation that an unfiltered sample from the PDB would 

contain a wider range of experimental conditions, refinement quality levels, and validation 
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profiles than either the curated ADS set or the benchmark-oriented MTi set. Accordingly, the 

results in Table 4 support the view that the proposed framework can discriminate between 

datasets with varying degrees of structural conformity to a curated reference domain, thereby 

reinforcing its utility for reference-guided protein structure prioritization. 

3.5. Conformity Tier Analysis 

To provide a more interpretable view of the scoring distribution, each structure was 

assigned to one of four conformity tiers—low, moderate, acceptable, or high—based on 

quantiles derived from the ADS training distribution. As shown in Table 5, the ADS reference 

set displayed a relatively balanced distribution across the conformity tiers, indicating that the 

reference domain captures a broad yet structured range of internally acceptable variation rather 

than collapsing into a narrowly concentrated score profile. This pattern is consistent with the 

role of ADS as a representative training domain for one-class modeling. 

In contrast, the MTi and random PDB datasets were shifted toward the lower conformity 

tiers (Table 5). The MTi set was concentrated primarily in the low and moderate categories, 

with a smaller number of structures reaching the acceptable tier and no entries in the high-

conformity group. This distribution suggests partial but limited overlap with the ADS-derived 

reference space. A more pronounced shift was observed for the random PDB dataset, where the 

majority of structures fell into the low tier, followed by the moderate tier, while only a small 

minority reached the acceptable or high tiers. This pattern indicates that randomly sampled PDB 

entries are substantially less consistent with the structural profile learned from the curated ADS 

set. 

Table 5. Conformity tier distribution 

Dataset Low Moderate Acceptable High 

ADS 17 25 26 17 

MTi 12 10 5 0 

Random 52 37 9 2 

Overall, the conformity tier analysis complements the continuous score-based results by 

showing that the separation between datasets is not only statistically detectable but also 

practically interpretable. In particular, the strong accumulation of random PDB structures in the 

low-conformity tier supports the view that the proposed framework can effectively distinguish 

broadly reference-consistent structures from entries that are more heterogeneous or structurally 

divergent relative to the ADS reference domain. 

 

4. Conclusion and Recommendations 

PDB-Quantifier was presented as a reference-based framework for protein structure 

assessment using unsupervised one-class machine learning. Rather than relying on explicit 

quality labels, the proposed approach learned the multivariate feature distribution of a curated 

reference set and quantified the conformity of unseen structures relative to this learned 

structural space. 

The ADS benchmark set, comprising 85 protein structures, was used as the reference 

domain, while the MTi benchmark set and a randomly sampled PDB set were used for external 

evaluation. The results showed that the ADS structures exhibited the highest conformity and 

inlier ratios, whereas both external datasets displayed reduced conformity and increased outlier 

proportions. Among them, the random PDB set showed the strongest deviation from the learned 

reference distribution, while the MTi set occupied an intermediate position. These findings 

demonstrate that the framework can distinguish reference-like structures from entries that are 

more heterogeneous or distributionally shifted. 

Overall, this work shows that protein structure prioritization can be approached as a 

conformity-learning problem rather than a conventional label-based prediction task. By 

combining experimentally derived and validation-related descriptors within an Isolation Forest-
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based pipeline, PDB-Quantifier provides a practical and reproducible strategy for reference-

guided protein structure screening. Future extensions may include larger and more diverse 

reference domains, method-specific modeling schemes, and enriched descriptor sets to further 

improve generalizability and interpretability. 
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Abstract 

Accurate prediction of medical insurance costs plays a critical role in healthcare planning, risk 

assessment, and policy development. In this study, a comprehensive machine learning 

framework is proposed to estimate individual medical expenses using the publicly available 

Medical Cost Personal Dataset. The dataset consists of demographic and health-related 

attributes, including age, body mass index (BMI), smoking status, and number of children. Four 

regression models—Linear Regression, Random Forest, XGBoost, and LightGBM—were 

implemented and comparatively evaluated to determine the most effective approach for cost 

prediction. To enhance model performance, advanced feature engineering techniques were 

applied, including the creation of interaction terms and non-linear transformations such as age-

squared and age–smoker interaction features. Additionally, data preprocessing steps such as 

encoding categorical variables, scaling, and outlier handling using Robust Scaler were 

performed. The results demonstrate that ensemble learning methods significantly outperform 

traditional linear models. Among all models, Random Forest achieved the highest performance 

with an R² score of approximately 0.875, indicating strong predictive capability. Furthermore, 

model interpretability was ensured SHAP (SHapley Additive exPlanations) analysis, which 

revealed that the interaction between age and smoking status is the most influential factor 

affecting insurance costs. The findings highlight the importance of capturing non-linear 

relationships and feature interactions in medical cost prediction tasks.  

Keywords: Medical Insurance Cost Prediction, Machine Learning, Ensemble Learning, 

Feature Engineering, SHAP Analysis 
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1. Introduction  

Managing medical expenses is a major challenge for both individuals and healthcare 

organizations in the modern world. Health insurance protects people against rising medical 

costs, especially during unexpected health emergencies or economic downturns. For insurance 

companies, predicting these costs accurately is essential for financial planning and correct risk 

assessment. Therefore, developing effective machine learning (ML) models to forecast medical 

expenditures is an important and ongoing research topic. 

Traditional statistical methods, such as ordinary linear regression, usually fail to capture 

the complex and non-linear structures in healthcare data (Manning & Mullahy, 2001; Barber & 

Thompson, 2004; Malehi et al., 2015). These classical models often treat variables 

independently and miss important compound risks. As a result, baseline linear models show 

lower predictive performance in complex datasets. To solve this problem, modern machine 

learning algorithms, particularly ensemble learning methods, are widely used to analyze high-

dimensional data and provide more accurate financial forecasts (Orji & Ukwandu, 2024; Zhang 

et al., 2025; Emeç, 2024).   

Achieving high predictive accuracy does not depend only on choosing an advanced 

algorithm. It also requires a strong understanding of how different demographic and behavioral 

features interact with each other. Advanced feature engineering helps bridge this gap by 

creating new variables that represent non-linear relationships (Morid et al., 2019; Orji & 

Ukwandu, 2024). 

Recent healthcare cost prediction studies increasingly integrate explainable AI (XAI) 

frameworks to make these complex ensemble and deep learning models more transparent for 

financial decision-making processes (Lundberg & Lee, 2017). Although ensemble methods 

deliver high accuracy, their "black-box" nature makes it difficult to understand how individual 

demographic or behavioral factors influence the final cost (Orji & Ukwandu, 2024). In the 

medical and insurance sectors, this lack of transparency can lead to ethical concerns and 

regulatory challenges regarding pricing fairness. To overcome this issue, recent literature 

utilizes post-hoc interpretability methods like SHAP (SHapley Additive exPlanations), which 

assign a mathematical importance value to each feature based on coalitional game theory 

(Lundberg & Lee, 2017). Consequently, explainable AI bridges the gap between high predictive 

performance and clinical or financial accountability. 

In this study, we present a systematic machine learning workflow to predict individual 

medical insurance costs using a public dataset. We implement and compare four different 

regression models: Linear Regression, Random Forest, XGBoost, and LightGBM. The main 

contribution of this research is twofold: first, we apply targeted feature engineering by creating 

new variables to model non-linear health risks. Second, we use SHAP analysis to ensure full 

model interpretability. Ultimately, this study demonstrates how the combination of feature 

engineering and explainable AI can improve financial planning and risk assessment in the 

healthcare industry. 

 

2. Materials and Methods 

2.1 Dataset Description 

The "Medical Cost Personal Dataset" created and published by user "PAVAN KUMAR 

D" on Kaggle is used in this study to forecast individual medical costs. The dataset consists of 

1338 observations and 7 features (age, sex, body mass index, children, smoker, region), 

representing various demographic and health-related attributes of the insured individuals 

alongside their corresponding healthcare expenditures.  
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2.2  Data Pre-processing and Feature Selection 

To ensure the data is suitable for predictive modeling, an initial assessment of column 

data types, missing values, and outliers was conducted. Due to a low correlation coefficient and 

verified redundancy in subsequent SHAP analysis, the sex and region features were excluded 

from the dataset.  

Categorical variables, such as smoking status, were converted into numerical values using 

encoding processes. Furthermore, because the target variable exhibited an outlier ratio of 

approximately 10%, a Robust Scaler was employed during the data scaling phase to ensure that 

the machine learning models remain resilient to extreme values. 

 

2.3  Regression Techniques 

In this study, four different regression algorithms (Linear Regression, Random Forest, 

XGBoost, LightGBM) are implemented to build a high-precision prediction model for medical 

insurance costs. Linear Regression assumes a linear relationship between the independent 

demographic/health features and the target variable (medical charges) (ul Hassan et al., 2021). 

This method is easy to interpret and computationally efficient, but traditional linear models 

often have difficulty capturing the complex, nonlinear relationships and high-dimensional 

feature interactions found in medical expenditure datasets. Random Forest is an ensemble 

learning technique founded on bootstrap aggregation (bagging) (Shakhovska et al., 2022). It 

generates numerous decision trees during the training phase and produces the average 

prediction of the individual trees. Random Forest effectively diminishes variation, mitigates 

overfitting, and captures non-linear correlations by averaging numerous independent forecasts, 

without necessitating intricate statistical assumptions. XGBoost is an advanced and highly 

scalable implementation of gradient-boosted decision trees designed for speed and performance 

(Boddapati, 2023). Unlike bagging methods, boosting trains trees sequentially, where each new 

tree corrects the errors made by the previous ones. XGBoost incorporates regularization 

techniques to prevent overfitting and utilizes an optimization algorithm. LightGBM is a 

gradient boosting framework that utilizes a leaf-wise tree growth strategy rather than a level-

wise approach (Liu and Zhang, 2026). This allows it to achieve faster training speeds, lower 

memory consumption, and high accuracy values when dealing with high-dimensional datasets. 

 

3. Findings and Discussion 

In this study, the performance of four regression models was evaluated using the 

coefficient of determination (R2) and Mean Absolute Error (MAE) (Figure 1). Ensemble 

learning models significantly outperformed the baseline Linear Regression model. The 

optimized Random Forest Regressor achieved the highest predictive performance with an R2 

score of 0.8757, closely followed by LightGBM at 0.8713 and XGBoost at 0.8385. In contrast, 

the baseline Linear Regression model showed the lowest performance with an R2 score of 

0.7929. This lower score demonstrates that the relationships determining medical expenditures 

are fundamentally non-linear and complex. Additionally, using a Robust Scaler successfully 

minimized the impact of the 10% outlier distribution on the final errors. 
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Figure 1. Performance comparison of regression models based on R2 scores. 

 

To assess model generalization, learning dynamics were monitored. The training and 

cross-validation scores smoothly converged on the learning curve, proving that the Random 

Forest model generalizes well to new data instead of overfitting (Figure 2). However, an error 

analysis comparing actual versus predicted charges shows that while predictions are highly 

accurate for low-to-moderate costs, the model tends to underpredict higher expenditures. This 

variance is driven by the unbalanced distribution and skewness of high-cost values in the public 

dataset. 

 

 

 

Figure 2. Learning curve 

 

Finally, a post-hoc SHAP analysis was conducted to ensure model transparency (Figure 

3). The analysis revealed that the newly engineered feature, 'age_x_smoker', is the most 

dominant predictor of insurance costs, followed by age, smoker, and 'age_squared'. This 

indicates that the combination of smoking and advancing age drives medical expenses 

exponentially higher than each factor would individually. Furthermore, the high importance of 

'age_squared' confirms that healthcare risks accelerate non-linearly with age. Although these 

engineered variables introduced multicollinearity, the tree-based structures of Random Forest 

and gradient boosting algorithms easily eliminated this correlation during training. This 

architectural advantage allowed the non-linear features to successfully improve accuracy 

without destabilizing the models. 
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Figure 3. SHAP analysis 

 

4. Conclusion  

In this study, four different regression models were implemented to predict individual 

medical insurance costs. Among all evaluated algorithms, the optimized Random Forest 

Regressor delivered the highest predictive accuracy with an R2 score of 0.8757. In contrast, the 

baseline Linear Regression model showed the lowest performance (R2= 0.7929). This 

performance proves that healthcare expenditures are driven by complex, non-linear 

relationships that classical linear frameworks fail to capture. 

A key contribution of this research was combining advanced feature engineering with 

explainable AI frameworks. The global post-hoc SHAP analysis revealed that the newly 

engineered feature, 'age_x_smoker', is the most dominant predictor of insurance costs. This 

finding proves that the combined risk of smoking and aging increases medical expenses 

exponentially. Although the engineered variables introduced multicollinearity, the inherent 

tree-based structures of Random Forest and gradient boosting algorithms easily managed this 

during training. Despite a minor limitation in predicting extreme high-cost anomalies, this study 

demonstrates that integration of feature engineering and interpretability can significantly 

improve financial planning and risk assessment in the insurance industry. 
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Abstract 

Large-scale earthquakes, social media platforms, particularly X, become critical 

communication channels for sharing information, reporting conditions, and making emergency 

aid calls. The dataset used in this study consists of posts obtained from earthquake-related 

content shared on the X social media platform in the post-disaster period. As this data is 

generated by real users and contains current, high-density information from the moment of the 

disaster, it constitutes a valuable source for detecting genuine aid calls. However, the rapid 

increase in content volume, misinformation, duplicate posts, missing location data, and noisy 

text structures make it difficult to distinguish real aid calls from the rest. In this study, a machine 

learning-based approach is proposed to automatically identify genuine aid requests among 

earthquake-related social media posts. Normalization and noise removal, texts were represented 

numerically using the Term Frequency–Inverse Document Frequency (TF-IDF) method. In the 

classification phase, K-nearest neighbor (KNN), Naive Bayes, Decision Trees, Random Forest, 

Support Vector Machine (SVM), and XGBoost algorithms were comparatively evaluated. 

Results were analyzed using accuracy, precision, recall, and F1-score metrics. Decision Trees 

achieved 94%, KNN and XGBoost 95%, Naive Bayes 96%, and Random Forest 98% accuracy, 

while the highest performance was obtained with SVM at 100% accuracy. It is considered that 

the proposed approach can reduce the manual review burden, contribute to the early detection 

of critical posts, and support institutional response processes. In this regard, the study aims to 

lay the groundwork for data-driven decision support systems that enable faster response and 

more effective resource utilization in disaster management. 

Keywords: Machine Learning, Earthquake Response, Social Media Mining, Emergency 

Detection, Disaster Management, Decision Support Systems 
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1. Introduction  

Natural disasters, particularly earthquakes, are complex and highly uncertain crisis situations 

that affect large geographical areas in a short time and result in significant loss of life and 

property. In such events, time becomes one of the most critical resources; obtaining accurate 

information at the right time plays a directly decisive role in the effectiveness of search and 

rescue operations. While traditional information collection methods (official reports, field 

teams, call centers) are often delayed and limited in scope, social media platforms have emerged 

as an alternative source of information by providing real-time, large-scale, and user-generated 

data streams during disasters (Vieweg et al., 2010; Imran et al., 2015). 

Especially on platforms such as X, users can directly share their location, needs, and the 

emergency situations they encounter, making social media a critical data source in the field of 

crisis informatics (Palen & Anderson, 2016). However, this high-volume data flow also brings 

significant challenges. A large portion of the content shared on social media during disasters 

consists of noisy, unstructured, repetitive, incomplete, or unverified information. This makes it 

difficult to quickly and accurately identify real help requests and leads to information overload 

for decision-makers and field teams (Imran et al., 2015). 

The existing studies in crisis informatics have shown that social media can provide valuable 

real-time information during disasters and emergencies. Vieweg et al. (2010) demonstrated that 

microblogging platforms can contribute to situational awareness by allowing users to share 

timely information during natural hazard events. Similarly, Palen and Anderson (2016) 

emphasized that crisis informatics focuses on how digital and social media data can support the 

understanding and management of extraordinary events. These studies indicate that user-

generated content may serve as an important complementary information source when 

traditional communication channels are delayed or limited. In addition to highlighting the value 

of social media data, the literature also emphasizes the need for computational methods to 

process large-scale and noisy crisis-related content. Imran et al. (2015) reviewed approaches 

for processing social media messages during mass emergencies and underlined the importance 

of filtering, classification, and information extraction. Reuter and Kaufhold (2018) also noted 

that social media has become increasingly relevant in emergency management, while 

challenges such as information overload, misinformation, and reliability remain important 

issues. In this regard, machine learning-based text classification provides a practical approach 

for identifying critical messages, such as genuine help requests, within high-volume disaster-

related social media streams. 

In this context, it is clear that the problem is not merely a technical classification issue but also 

involves human and operational dimensions. A misclassified or overlooked help request can 

directly affect human lives. Similarly, false positives (non-genuine help requests) may lead to 

the misdirection of search and rescue teams and inefficient use of limited resources. Therefore, 

the accuracy and reliability of analyses performed on social media data are of critical 

importance in disaster management processes (Reuter & Kaufhold, 2018). 

From a technical perspective, social media texts present several challenges for natural language 

processing (NLP) due to their short, context-limited, error-prone, and often non-standard 

linguistic structures. Additionally, factors such as multilingual content, local expressions, and 

emergency-specific jargon can affect model performance. Therefore, the automatic processing 

and interpretation of social media data during disasters require a careful approach in both data 

preprocessing and modeling stages (Imran et al., 2015). 

This study presents a machine learning approach aimed at detecting help request content by 

analyzing social media posts during earthquakes. Within the scope of the project, social media 

texts collected in JSON format are used, and the problem of determining whether a content 

includes a help request is addressed as a binary classification task. The texts are transformed 

into numerical vectors using the TF-IDF method, data preprocessing is performed using Turkish 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

286 
 

stopword lists, and multiple machine learning algorithms (Naive Bayes, KNN, SVM, Decision 

Tree, Random Forest, and XGBoost) are evaluated comparatively. 

As a result, this study focuses on an important problem regarding the effective use of social 

media data in disaster situations and proposes a feasible machine learning approach for this 

problem. The developed system aims to contribute to the identification of meaningful signals 

(help requests) within high-volume and noisy data streams, thereby providing a step toward 

strengthening decision support mechanisms in disaster management processes. 

The remainder of this study is organized as follows. Section 2 presents the materials and 

methods employed in the study, including dataset acquisition, preprocessing procedures, feature 

extraction techniques, classification models, and evaluation strategies. Section 3 provides the 

experimental results and comparative performance analyses of the machine learning models. 

Finally, Section 4 discusses the main findings, practical implications, limitations of the study, 

and directions for future research. 

2. Materials and Methods 

In this section, the dataset used in the study, data preprocessing steps, feature extraction 

methods, classification algorithms, and model evaluation strategies are presented in a 

systematic manner. The aim is to clearly and reproducibly describe how the problem of 

detecting help requests from social media texts is addressed from a methodological perspective. 

2.1 Dataset Acquisition 

The dataset used in this study consists of 471 records stored in JSON format, composed of 

social media texts shared during earthquake events. Each record includes the text field 

representing the content, the platform field indicating the platform where the post was shared, 

and the is_call_for_help field used as the target variable. The classification task is formulated 

as a binary problem to determine whether a given text contains a help request. 

The class distribution in the dataset is relatively balanced: 263 records correspond to help 

requests (is_call_for_help = 1), while 208 records correspond to non-help requests 

(is_call_for_help = 0). Although this distribution reduces the impact of class imbalance during 

model training, appropriate evaluation metrics are still required (He & Garcia, 2009). 

2.2 Data Preprocessing 

Social media texts inherently contain irregular, short, and often error-prone structures. 

Therefore, fundamental preprocessing steps are applied before the modeling phase. These steps 

include text normalization, removal of unnecessary characters, and the use of a Turkish 

stopword list. 

Stopwords are high-frequency words in a language that carry low discriminative power. 

Removing these words allows the model to focus on more meaningful and informative terms 

(Bird et al., 2009). The use of Turkish-specific stopword lists is particularly important for 

preserving local linguistic characteristics and reducing noise. 

2.3 Feature Extraction 

In order for machine learning algorithms to process textual data, it must be transformed into 

numerical vectors. In this study, the TF-IDF method is used for text representation. TF-IDF is 

a statistical technique that weights the importance of a term in a document inversely 

proportional to its frequency across all documents (Salton & Buckley, 1988). 

This approach reduces the impact of commonly used but non-informative words while 

emphasizing terms that are more specific to individual documents. TF-IDF representation is 

widely used as an effective feature extraction method for classical machine learning algorithms, 

particularly in short and information-dense texts such as social media data (Ramos, 2003). 

2.4 Classification Models 

A comparative classification approach is adopted by employing multiple machine learning 

algorithms. The models used in this study are as follows: 
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• Naive Bayes: A probabilistic classifier that assumes independence between features. It is 

widely used in text classification tasks due to its efficiency and effectiveness (McCallum & 

Nigam, 1998). 

• K-Nearest Neighbors (KNN): A similarity-based method where the class of a new instance 

is determined by the classes of its nearest neighbors (Cover & Hart, 1967).  

• Support Vector Machine (SVM): A powerful classifier that performs well in high-

dimensional spaces and aims to find the optimal hyperplane that maximizes the margin 

between classes (Cortes & Vapnik, 1995).  

• Decision Tree: A method that creates hierarchical decision rules by splitting the data based 

on features. It is interpretable but prone to overfitting.  

• Random Forest: An ensemble learning method composed of multiple decision trees, 

improving generalization performance (Breiman, 2001).  

• XGBoost: A gradient boosting-based algorithm known for its strong performance, 

especially on structured data (Chen & Guestrin, 2016).  

2.5 Model Configuration (Hyperparameter Tuning) 

To ensure methodological consistency and reproducibility, all classifiers were evaluated under 

the same experimental setting. The models were trained using the same dataset, target variable, 

preprocessing procedure, TF-IDF vectorization pipeline, and stratified train-test split. The 

target variable was defined as is_call_for_help, and the same text representation process was 

applied across all main classification models. 

No systematic hyperparameter optimization procedure, such as grid search or randomized 

search, was applied in this study. Therefore, the models were evaluated using fixed baseline 

configurations consisting of either default parameter values or explicitly defined settings. This 

approach allows the algorithms to be compared under a consistent experimental framework 

while avoiding differences caused by unequal tuning procedures. The scikit-learn 

implementation was used for the main classical machine learning classifiers, while XGBoost 

was implemented using its corresponding classifier structure (Pedregosa et al., 2011; Chen & 

Guestrin, 2016). 

Table 1 presents the main configuration settings used for each classification algorithm. Unless 

otherwise stated, the remaining parameters were kept at their default values. 

The Decision Tree model was configured with class_weight='balanced' to reduce the potential 

influence of class distribution on split-based learning. The KNN model used three nearest 

neighbors and the Minkowski distance metric with p=2, which corresponds to the Euclidean 

distance. The Random Forest and XGBoost models were configured with 100 estimators, while 

XGBoost additionally used a maximum tree depth of 6 and a learning rate of 0.1. For SVM, the 

radial basis function kernel was used with C=1.0, allowing the classifier to model non-linear 

decision boundaries. Since the aim of this study was to compare multiple classical classifiers 

under a standardized baseline setting, the reported results should be interpreted as fixed-

configuration model comparisons rather than fully optimized model performances. 
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Table 1. Model configuration settings. The table reports only the explicitly defined 

configuration values. Unless otherwise stated, the remaining parameters were kept at their 

default values. No systematic hyperparameter optimization procedure was applied. 

Algorithm Classifier Main Configuration 

Decision Tree DecisionTreeClassifier random_state=42, class_weight='balanced'; 

all other parameters were kept at their 

default values. 

KNN KNeighborsClassifier n_neighbors=3, leaf_size=30, p=2, 

metric='minkowski'; all other parameters 

were kept at their default values. 

Naive Bayes MultinomialNB Default Multinomial NB configuration was 

used; no additional hyperparameter tuning 

was applied. 

Random 

Forest 

RandomForestClassifier n_estimators=100, random_state=42; all 

other parameters were kept at their default 

values. 

SVM SVC kernel='rbf', C=1.0; all other parameters 

were kept at their default values. 

XGBoost XGBClassifier n_estimators=100, max_depth=6, 

learning_rate=0.1, random_state=42; all 

other parameters were kept at their default 

values. 

2.6 Evaluation Strategy 

The dataset is divided into training and test sets to evaluate model performance. During this 

process, stratified sampling is applied to preserve the class distribution in both subsets. This 

approach ensures that the model is trained and evaluated on a balanced representation of both 

classes. 

The main evaluation metrics used are: 

• Accuracy: The ratio of correctly predicted instances to the total number of predictions.  

• Precision, Recall, and F1-score: Metrics that provide more meaningful evaluation, 

especially in cases of class imbalance. The F1-score represents the harmonic mean of 

precision and recall, offering a balanced performance measure (Sokolova & Lapalme, 

2009).  

2.7 Term Analysis 

In addition, TF-IDF-based term analysis is conducted on texts containing help requests. This 

analysis allows the identification of the most influential terms and provides insight into the 

features contributing to the model’s classification decisions. Such analysis enhances 

interpretability and helps to better understand the behavior of the model. The most influential 

terms identified through the TF-IDF-based analysis of help request texts are presented in Table 

2.   

As shown in Table 2, terms such as “lütfen,” “mahallesi,” “enkaz,” and “yardım” received 

relatively high average TF-IDF scores. This indicates that expressions related to urgency, 

location, and rescue needs are prominent in help request texts. 
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Table 2. Top TF-IDF terms in help request texts. Terms are ranked by their average TF-IDF 

score computed across help request texts (is_call_for_help = 1). Higher scores indicate greater 

discriminative importance within the help request class. 

Rank Term Average TF-IDF Score 

1 lütfen 0.0452 

2 mahallesi 0.0415 

3 enkaz 0.0411 

4 yardım 0.0396 

5 altında 0.0334 

6 no 0.0324 

7 var 0.0299 

8 sokak 0.0294 

9 caddesi 0.0285 

10 blok 0.0277 

3. Results 

This section presents a comparative analysis of the performances of different machine learning 

models used for help request detection. All models were evaluated using the same dataset and 

similar preprocessing steps; the obtained results were examined through accuracy, precision, 

recall, and F1-score metrics. The combined use of these metrics provides a more comprehensive 

analysis than an interpretation based solely on accuracy, especially because it allows the model 

behavior across classes to be evaluated in greater detail (Sokolova & Lapalme, 2009). 

3.1 Comparison of Model Performances 

The obtained results reveal that the models used in this study generally achieved high 

classification performance, as summarized in Table 3. 

Table 3. Performance comparison of classification algorithms. Bold values indicate the models 

with the strongest overall performance in the comparison. Metrics are reported as weighted 

averages over the test set. 

Algorithm Accuracy 

Precision 

(Weighted 

Avg) 

Recall  

(Weighted Avg) 

F1-Score 

(Weighted Avg) 

Decision Tree 0.94 0.94 0.94 0.94 

KNN 0.95 0.95 0.95 0.95 

Naive Bayes 0.96 0.96 0.96 0.96 

Random Forest 0.98 0.98 0.98 0.98 

SVM 1.00 1.00 1.00 1.00 

XGBoost 0.95 0.95 0.95 0.95 

As shown in Table 3, the Decision Tree model reached an accuracy value of 0.94, while the 

KNN and XGBoost models achieved an accuracy value of 0.95. The Naive Bayes model, with 

an accuracy value of 0.96, demonstrated a higher performance compared to these models. The 

Random Forest model produced one of the strongest results, with an accuracy value of 0.98. 

This high performance can be explained by the ability of the Random Forest method to generate 

more stable and powerful predictions by combining the outputs obtained from multiple decision 

trees (Breiman, 2001). 

The highest performance was achieved by the SVM model, which reached a value of 1.00 in 

all accuracy, precision, recall, and F1-score metrics on the test data. This result shows that the 

SVM model correctly classified all samples in the test set. The success of SVM in this study is 

also supported by foundational studies demonstrating the method’s strong discriminative 

capacity in supervised classification problems (Cortes & Vapnik, 1995). 
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3.2 Class-Based Performance Analysis 

When the class-based performances of the models are examined, it is observed that generally 

balanced results were obtained between the help request and non-help request classes. In the 

Decision Tree model, the F1-score values for both classes were approximately in the range of 

0.93–0.94. In the KNN and XGBoost models, balanced F1-score values of approximately 0.94–

0.95 were achieved for both classes. The competitive performance of XGBoost can be 

associated with the ability of its boosted tree structure to produce strong results in classification 

problems (Chen & Guestrin, 2016). 

The Naive Bayes model reached a precision value of 1.00 for the non-help request class, while 

showing a recall value of 1.00 for the help request class. This indicates that the model produced 

strong results from different perspectives across the two classes. One of the main reasons why 

Naive Bayes is widely used in text classification problems is that it offers a simple but effective 

decision mechanism based on word occurrence probabilities. The results obtained in this study 

also show that the model can be a strong alternative, particularly in tasks where textual patterns 

are discriminative (McCallum & Nigam, 1998). 

The Random Forest model demonstrated a highly balanced performance, with precision and 

recall values ranging between 0.95 and 1.00 for both classes. This result indicates that the model 

was successful not only in terms of overall accuracy but also in terms of balance between 

classes. 

The SVM model, on the other hand, achieved the highest classification performance on the test 

set by reaching precision, recall, and F1-score values of 1.00 in both classes. 

3.3 Evaluation of Model Behavior 

The results show that classical machine learning methods can produce effective results on social 

media texts when used together with TF-IDF-based text representation. Since the TF-IDF 

approach creates a numerical representation by considering the importance level of words in 

texts, it contributes to the ability of classification models to learn discriminative term patterns. 

This approach is also supported by studies emphasizing the importance of term-weighting 

methods in the representation of textual information (Salton & Buckley, 1988; Ramos, 2003). 

In particular, the high accuracy values of the SVM and Random Forest models suggest that 

there are distinctive patterns in the dataset that help separate posts containing help requests from 

those that do not. However, the fact that the SVM model reached a value of 1.00 across all 

metrics on the test set should be evaluated carefully in terms of generalizability. In relatively 

small datasets, very high test results do not necessarily guarantee that the model will show the 

same level of success on different and larger datasets. Therefore, appropriate validation 

strategies are important for interpreting model performance reliably (Kohavi, 1995). 

In this context, although the SVM result represents the strongest performance among the tested 

models, it should be interpreted by taking into account the dataset size, data distribution, and 

test split. Otherwise, a misleading assessment may be made regarding the extent to which the 

obtained high performance can be generalized to real-world social media data. 

3.4 General Findings 

When evaluated overall, it is seen that all models achieved high performance in the help request 

detection problem. However, the SVM and Random Forest models produced stronger and more 

balanced results compared to the other methods. The Naive Bayes model also demonstrated 

competitive performance despite having a simpler algorithmic structure. 

These findings show that the problem of detecting help requests from social media texts can be 

effectively addressed using appropriate text representation techniques and classical machine 

learning algorithms. Considering that social media data has become an important source of 

information in disaster and emergency processes, the automatic classification of messages 

containing help requests may contribute to the faster, more organized, and prioritized analysis 

of crisis communication (Imran et al., 2015; Reuter & Kaufhold, 2018). 
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4. Conclusion and Discussion 

This section presents the overall evaluation of the proposed machine learning-based approach 

for detecting disaster-related help requests from social media data. The obtained findings are 

discussed in terms of classification performance, practical applicability in disaster management 

processes, methodological limitations, and potential future improvements. In addition, the 

implications of the proposed framework for crisis informatics and decision support systems are 

examined from both technical and operational perspectives. 

4.1 Summary of the Findings 

This study addressed the problem of detecting help request content from earthquake-related 

social media posts by using a machine learning-based text classification approach. Within the 

scope of the study, social media texts were represented numerically through the TF-IDF method 

after basic preprocessing steps, and several classical machine learning algorithms were 

comparatively evaluated. The findings indicate that social media data, despite its noisy and 

unstructured nature, can provide meaningful signals for identifying emergency help requests 

when appropriate text representation and classification methods are applied. 

The experimental results showed that all evaluated models achieved relatively high 

classification performance. As presented in Table 3, Decision Tree, KNN, Naive Bayes, 

Random Forest, SVM, and XGBoost models produced strong results across accuracy, precision, 

recall, and F1-score metrics. Among these models, Random Forest achieved one of the strongest 

overall performances with an accuracy value of 0.98, while SVM reached the highest 

performance with a value of 1.00 across all reported metrics. 

The TF-IDF-based term analysis also supports the classification results. As shown in Table 2, 

terms such as “lütfen,” “mahallesi,” “enkaz,” and “yardım” received relatively high average 

TF-IDF scores. These terms are closely related to urgency, location information, and rescue 

needs, suggesting that help request texts contain distinguishable linguistic patterns that can be 

captured by machine learning models. 

4.2 Discussion of Model Performance 

The results suggest that TF-IDF-based text representation is effective in capturing 

discriminative textual patterns between help request and non-help request classes. The strong 

performance of Random Forest and SVM indicates that classical machine learning algorithms 

can still provide useful and competitive results in text classification tasks, especially when the 

dataset contains clear term-based distinctions. 

However, the SVM model’s perfect performance should be interpreted carefully. Although 

SVM achieved a value of 1.00 across all reported metrics on the test set, this does not 

necessarily mean that the model would produce the same level of performance on larger, more 

diverse, or real-time social media datasets. Since the dataset used in this study consists of 471 

records, the high performance may partly reflect the specific characteristics of the collected 

data and the train-test split. In relatively small datasets, very high test scores can sometimes 

indicate that the model has learned dataset-specific patterns rather than fully generalizable 

decision boundaries. Therefore, the SVM result should be considered a strong baseline outcome 

rather than definitive evidence of universal model performance. 

Another important point is that the models were evaluated under fixed configuration settings, 

as summarized in Table 1. No systematic hyperparameter optimization procedure, such as grid 

search or randomized search, was applied. This design choice made it possible to compare 

multiple algorithms under a consistent baseline setting. However, it also means that the reported 

results do not necessarily represent the maximum achievable performance of each model. More 

robust validation strategies, including cross-validation and external test sets, would be useful 

for assessing the generalizability of the proposed approach more reliably (Kohavi, 1995). 

4.3 Practical Implications for Disaster Management 
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From an operational perspective, the results demonstrate the potential usefulness of machine 

learning models in disaster management processes. During large-scale earthquakes, social 

media platforms can generate a large volume of user-generated content in a very short period 

of time. Manually reviewing such content is time-consuming and may delay the identification 

of critical help requests. 

Therefore, an automatic classification system can support decision-makers and response teams 

by filtering large-scale data streams, reducing manual review workload, and helping prioritize 

messages that are more likely to contain genuine aid requests. This aligns with the broader role 

of social media data in crisis informatics and emergency response processes (Imran et al., 2015; 

Reuter & Kaufhold, 2018). 

In this context, the proposed approach should not be considered as a replacement for human 

decision-makers. Instead, it can be used as a decision support mechanism that helps narrow 

down large volumes of noisy social media data into a smaller set of potentially critical 

messages. Such a system may contribute to faster response, better resource allocation, and more 

organized crisis communication during disaster situations. 

4.4 Limitations of the Study 

This study has several limitations. First, the dataset size is limited and represents a specific 

disaster-related social media context. Although the class distribution is relatively balanced, the 

use of 471 records limits the extent to which the findings can be generalized to broader disaster 

scenarios. 

Second, the classification task was formulated as a binary problem, distinguishing only between 

help request and non-help request content. In real disaster scenarios, however, messages may 

require more detailed categorization, such as urgent rescue request, medical need, shelter need, 

food or water request, misinformation, duplicate content, or general information sharing. 

Third, the study focused on classical machine learning algorithms and TF-IDF-based 

representation. Deep learning or transformer-based language models were not included in the 

comparison. Therefore, the results show the effectiveness of classical methods under the current 

experimental setting, but they do not provide a comparison with more recent contextual 

language models. 

Finally, the proposed approach was not tested in a real-time streaming environment. In real-

world social media streams, data volume, duplication, misinformation, incomplete location 

information, and rapidly changing language patterns may create additional operational 

challenges. 

4.5 Future Research 

Future research may address these limitations in several directions. First, the dataset can be 

expanded by collecting more diverse social media posts from different earthquake events, 

geographical regions, and platforms. This would help evaluate whether the learned patterns 

remain stable across different disaster contexts. 

Second, future studies may compare classical machine learning models with transformer-based 

language models, especially Turkish language models, to examine whether contextual 

embeddings improve classification performance. Such models may be particularly useful for 

understanding short, informal, and context-dependent social media texts. 

Third, the system can be extended beyond binary classification by introducing multi-class or 

multi-label categories that reflect different types and urgency levels of disaster-related needs. 

For example, future models may classify posts into categories such as rescue request, medical 

emergency, shelter need, food and water need, misinformation, duplicate post, or general 

disaster-related information. 

Fourth, location extraction, duplicate detection, credibility assessment, and urgency scoring 

modules can be integrated into the classification pipeline to increase its practical value for 
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disaster response teams. In particular, extracting location information from help request texts 

may improve the operational usability of the system. 

Finally, a human-in-the-loop decision support structure may be developed. In such a system, 

machine learning models can first prioritize potentially critical messages, while human experts 

verify the final decisions. This would reduce the risk of fully automated errors while still 

benefiting from the speed and scalability of machine learning-based filtering. 

Overall, this study shows that machine learning methods can be effectively used for detecting 

help requests from earthquake-related social media texts. The findings suggest that TF-IDF-

based text representation combined with classical classification algorithms can produce 

promising results, particularly for filtering and prioritizing crisis-related messages. While the 

high performance of SVM and Random Forest models demonstrates the potential of the 

proposed approach, broader validation with larger and more diverse datasets is necessary before 

such systems can be confidently deployed in real-world disaster management settings. 
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Abstract 

In this study, it is shown that there is no isometric immersion that carries a circle in Riemannian 

manifold 𝑀 to the conical geodesic in another Riemannian manifold 𝑀̅. But when a conical 

geodesic in Riemannian manifold 𝑀 is a circle in another Riemannian manifold 𝑀̅ along 

isometric immersion, the submanifold 𝑀  is a totally geodesic submanifold.  

Keywords: Conical geodesic, Riemannian manifold, Totally geodesic submanifold, circle 
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1. Introduction  

 

The study of curves in various spaces has expanded through diverse geometric 

perspectives. Recent literature highlights significant advancements in this field, particularly 

concerning dual magnetic curves and flux ruled surfaces (Çalışkan, 2025). The structural 

properties of curves have been investigated through Smarandache curves associated with 

involute-evolute pairs (Sivas et al., 2023) and Viviani's curves (Deng et al., 2025). Although 

curves represent the most fundamental structures in geometry, studies concerning curves on 

Riemannian manifolds remain relatively limited compared to the broader theory of 

submanifolds. A seminal contribution to this field was made by Nomizu and Yano, who 

investigated circles within Riemannian manifolds. They established that a curve is a circle if it 

satisfies the following differential equation: 

∇𝑋
2𝑋 + 𝑘2𝑋 =  0                                                       (1.1) 

where ∇ denotes the Levi-Civita connection of the Riemannian manifold, 𝑘 is a constant, and 

𝑋 is the tangent vector field of the curve (Yano & Kon, 1984). This notion was further utilized 

to characterize extrinsic spheres; specifically, they demonstrated that a submanifold is an 

extrinsic sphere if and only if every circle in the submanifold is also a circle in the ambient 

Riemannian manifold. Following this direction, T. Ikawa examined ordinary helices on 

Riemannian manifolds, asserting that a curve is an ordinary helix if and only if: ∇𝑋
3𝑋 +

 𝐹 ∇𝑋𝑋 =  0, where 𝐹 is a constant (Ikawa, 1980). Ikawa also extended these characterizations 

to submanifolds and later investigated such curves within indefinite-Riemannian manifolds 

(Ikawa, 1985). Subsequently, Ekmekçi generalized Ikawa's results to the case of general helices 

in indefinite-Riemannian settings (Ekmekci, 2001). In Euclidean 3-space, Izumiya and 

Takeuchi introduced the concepts of slant helices and conical geodesic curves as generalizations 

of cylindrical helices (Izumiya & Takeuchi, 2004). Modern literature indicates that examining 

the behavior of a curve along a map—such as an isometric immersion, Riemannian submersion, 

or Riemannian map—is a highly effective method for extracting fundamental information 

regarding both the maps and the manifolds themselves (Maeda, 2003; Köprülü & Şahin, 2024; 

Çalışkan & Şahin, 2024; Çalışkan, 2025). 

 

2. Materials and Methods  

 

Let (𝑀̅, <,>) be a Riemannian manifold and 𝑀 an 𝑛 −dimensional submanifold of 𝑀̅. 

Assume that ∇̅ is the Levi-civita connection in 𝑀̅ and ∇ is the Levi-civita connection in M. Let 

χ(M̄)  (resp.χ(M)) be the Lie algebra of vector fields on M̄ (resp. 𝑀) and χ⊥(𝑀) the set of all 

vector fields normal to 𝑀  (Yano & Kon, 1984). The Gauss-Weingarten formulas are given by 

∇𝑋𝑌 =  ∇𝑋𝑌 +  𝐵(𝑋, 𝑌), 𝑋, 𝑌 ∈  χ(𝑀),                                       (2.1) 

∇𝑋𝑁 =  −𝐴𝑁𝑋 + ∇𝑋
⊥𝑁,𝑁 ∈ 𝜒⊥(𝑀)                                               (2.2) 

where ∇⊥ is the connection in the normal bundle and 𝐵 is the second fundamental form of 𝑀 

(Yano & Kon, 1984). 𝐴𝑁 is called the shape operator and satisfies the relation 
⟨𝐴𝑁𝑋, 𝑌 ⟩ =  ⟨𝐵(𝑋, 𝑌), 𝑁 ⟩.                                                                (2.3) 

We denote the covariant derivatives for the second fundamental form B as follows; 

(∇𝑋𝐵)(𝑌, 𝑍) =  ∇𝑋
⊥𝐵(𝑌, 𝑍) −  𝐵(∇𝑋𝑌, 𝑍) −  𝐵(𝑌, ∇𝑋𝑍),                 (2.4)  

 

∇̃𝑊(∇̃𝑍𝐵)(𝑋, 𝑌) =  ∇𝑊
⊥ ((∇̃𝑍𝐵)(𝑋, 𝑌)) − (∇̃∇𝑊𝑍𝐵)(𝑋, 𝑌) − (∇̃𝑍𝐵)(∇𝑊𝑋, 𝑌) 

− (∇̃𝑍𝐵)(𝑋, ∇𝑊𝑌).                                                                             (2.5) 

The covariant differentiation of 𝐴𝑁 is given by 
(∇𝑋𝐴)𝑁𝑌 =  ∇𝑋𝐴𝑁𝑌 − 𝐴∇𝑋

⊥𝑁𝑌 − 𝐴𝑁∇𝑋𝑌.                                           (2.6) 
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𝑀 is called a totally geodesic submanifold if its second fundamental form vanishes. The mean 

curvature vector field 𝐻 is defined 𝐻 =
1

𝑛
𝑇𝑟𝐵 =

1

𝑛
 ∑ ℎ(𝑒𝑖, 𝑒𝑖)

𝑛
𝑖=1 . If ∇𝑋

⊥𝑁 = 0, for any vector 

𝑋 ∈  𝑇𝑝(𝑀), then 𝐻 is called parallel. If the second fundamental form is  

𝐵(𝑋, 𝑌) =< 𝑋, 𝑌 > 𝐻,                                                                  (2.7)  

then 𝑀 is called  a totally umbilical submanifold. If the vector field 𝐵(𝑋, 𝑋) has the same length 

for any unit vector 𝑋 in𝑇𝑝(𝑀), then 𝑀 is called to be isotropic at p. If 𝑀 is isotropic at any point 

on 𝑀, then 𝑀 is called isotropic. The submanifold 𝑀 is isotropic at p if and only if it satisfies 

< 𝐵(𝑋, 𝑋), 𝐵(𝑋, 𝑌) >= 0 for any orthonormal vectors 𝑋 and Y. Furthermore if 𝐵 satisfies 

𝐵(𝑋, 𝑌) = 0 for any orthonormal vectors 𝑋 and 𝑌 at 𝑝 ∈  𝑀, then 𝑀 is umbilical at 𝑝 (O’neill, 

1965; Ikawa, 1980). 

Let c be immersed unit speed curve in a n-dimensional Riemannian manifold. We denote 

the unit tangent vector field, the unit normal vector field, and the binormal vector field of the 

curve by 𝑋, 𝑌 and 𝑍, respectively. 𝜏 =< 𝛻𝑋𝑍, 𝑌 >is the torsion of the curve. The curve has also 

curvatures 𝑘1 > 0, 𝑘2, 𝑘3, 𝑘4, … ,  𝑘𝑛−1 and Frenet frame 𝑁0 = 𝑋, 𝑁1 = 𝑌,  𝑁2 = 𝑍,
𝑁3,  𝑁4, … 𝑁𝑛−1.  Then, the Frenet equations are given by 

𝛻𝑋𝑁𝑖 = −𝑘𝑖𝑁𝑖−1 + 𝑘𝑖+1𝑁𝑖+1, 0 ≤ 𝑖 ≤ 𝑛 − 1 

In this case, 𝑐 is called a Frenet curve of order 𝑛, (Langer & Singer, 1984). 

3. Findings and Discussion 

 

 Let 𝑐(𝑠) be a regular Frenet curve defined on a Riemannian manifold and let the tangent vector 

field of 𝑐 be denoted by 𝑋 = 𝑐′(𝑠). Unless otherwise stated, we assume that the curve 𝑐 is 

parameterized by arc length throughout this paper. 

 

Definition 1. Let 𝑐(𝑠)  be a Frenet curve with tangent vector field 𝑋. A regular Frenet curve 

𝑐 = 𝑐(𝑠) parameterized by the arc length 𝑠, with 𝑘1 ≥  0, is called a conical geodesic if there 

exist unit vector fields 𝑌 and 𝑍 along 𝑐 satisfying 

  ∇𝑋𝑋 =  𝑘1𝑌, ∇𝑋𝑌 =  −𝑘1𝑋 + 𝑘2𝑍, ∇𝑋𝑍 =  −𝑘2𝑌,                    (3.1) 

and the derivative (
𝑘2

𝑘1
)
′

 is constant along the curve. The functions 𝑘1 and 𝑘2 are called the 

curvature and torsion of the conical geodesic, respectively, (Izumiya & Takeuchi, 2004). 

 

We first give necessary criteria for a conical geodesic curve on a Riemannian manifold. 

 

Theorem 1. (Calışkan & Bilici, 2026).  Let 𝑐(𝑠) be a Frenet curve on a Riemannian manifold 

𝑀 with 𝑑𝑖𝑚 𝑀 ≥  3, whose curvatures satisfy 𝑘1, 𝑘2 ≠ 0. Assume that 𝑐(𝑠) is a conical 

geodesic, then the unit tangent vector field 𝑋 of the curve together with the unit vector field 𝑌 

along 𝑐 satisfy 

   

∇3
𝑋𝑋 = 2𝑘1

′∇𝑋𝑌 + 𝑘1∇
2
𝑋𝑌 + (

𝑘2
′′

𝑘2
−

2Γ𝑘1
′

𝑘2
)∇𝑋𝑋, Γ ≠ 0.                          (3.2) 

 

 

Proposition 1. Let 𝑀 be a connected submanifold of a Riemannian manifold 𝑀̅ with dim𝑀 ≥
3, and let c be a Frenet curve in M. Suppose that 𝑐: 𝐼 → 𝑀 is a circle in 𝑀 with curvatures 𝑘1 >
0. If 𝑐  is also a conical geodesic in 𝑀̅ with curvatures 𝑘̅1 > 0 and 𝑘̅2 > 0, then the following 

equation is satisfied: 

−𝑘1
2 ∇𝑋𝑋 +  4𝐵(𝑋, ∇𝑋

2𝑋)  −  5𝐴𝐵(𝑋,∇𝑋𝑋)𝑋 + 5(∇̃𝑋𝐵)(𝑋, ∇𝑋𝑋) + 3𝐵(∇𝑋𝑋, ∇𝑋𝑋) 

−(∇𝑋𝐴)𝐵(𝑋,𝑋)𝑋 − 𝐴𝐵(𝑋,𝑋)∇𝑋𝑋 − 𝐵(𝑋, 𝐴𝐵(𝑋,𝑋)𝑋) − 2𝐴(∇̃𝑋𝐵)(𝑋,𝑋)𝑋 + (∇̃𝑋
2𝐵)(𝑋, 𝑋) 
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+(∇̃∇𝑋𝑋𝐵)(𝑋, 𝑋) − 2𝑘̅1
′∇𝑋𝑌 − 2𝑘̅1

′𝐵(𝑋, 𝑌) − 𝑘̅1∇𝑋
2𝑌 − 2𝑘̅1𝐵(𝑋, ∇𝑋𝑌) + 𝑘̅1𝐴𝐵(𝑋,𝑌)𝑋 

−𝑘̅1(∇̃𝑋𝐵)(𝑋, 𝑌) − 𝑘̅1𝐵(∇𝑋𝑋, 𝑌) − 𝐾̅∇𝑋𝑋 − 𝐾̅𝐵(𝑋, 𝑋) = 0.                                                   (3.3) 

Proof. We assume that a circle with curvature 𝑘1 ≠ 0 in 𝑀 is a conical geodesic in  𝑀̅. From 

the equation (1.1), we have following equation 

∇𝑋
3𝑋 = −𝑘1

3𝑌.                                                                 (3.4) 

Since the curve 𝑐 is a conical geodesic in  𝑀̅, it follows that 

∇̅𝑋
3𝑋 = 2𝑘̅1

′ ∇̅𝑋𝑌 + 𝑘̅1∇̅𝑋
2𝑌 + 𝐾̅∇̅𝑋𝑋. 

where 𝐾̅ =
𝑘̅2

′′

𝑘̅2
−

2Γ̅𝑘̅1
′

𝑘̅2
, Γ̅ = 𝑐𝑜𝑛𝑠𝑡.. From (2.1), (2.2) and (3.4), we obtain 

∇̅𝑋
3𝑋 =   −𝑘1

2 ∇𝑋𝑋 +  4𝐵(𝑋, ∇𝑋
2𝑋)  −  5𝐴𝐵(𝑋,∇𝑋𝑋)𝑋 + 5(∇̃𝑋𝐵)(𝑋, ∇𝑋𝑋) + 3𝐵(∇𝑋𝑋, ∇𝑋𝑋) 

              −(∇𝑋𝐴)𝐵(𝑋,𝑋)𝑋 − 𝐴𝐵(𝑋,𝑋)∇𝑋𝑋 − 𝐵(𝑋, 𝐴𝐵(𝑋,𝑋)𝑋) − 2𝐴(∇̃𝑋𝐵)(𝑋,𝑋)𝑋 + (∇̃𝑋
2𝐵)(𝑋, 𝑋) 

               +(∇̃∇𝑋𝑋𝐵)(𝑋, 𝑋).                                                                                                           (3.5) 

Since the curve 𝑐 is a conical geodesic in  𝑀̅, it follows that 

∇̅𝑋
3𝑋 = 2𝑘̅1

′∇𝑋𝑌 + 2𝑘̅1
′𝐵(𝑋, 𝑌) + 𝑘̅1∇𝑋

2𝑌 + 2𝑘̅1𝐵(𝑋, ∇𝑋𝑌) − 𝑘̅1𝐴𝐵(𝑋,𝑌)𝑋 + 𝑘̅1(∇̃𝑋𝐵)(𝑋, 𝑌) 

            +𝑘̅1𝐵(∇𝑋𝑋, 𝑌) + 𝐾̅∇𝑋𝑋 + 𝐾̅𝐵(𝑋, 𝑋). 
Substituting the last equation in (3.5), we obtain (3.3). 

 

Theorem 2.  Let  M (𝑑𝑖𝑚𝑀 ≥ 3) be a connected submanifold of an Riemannian manifold 𝑀̅ 

and 𝑐 be Frenet curve. Provided that 6𝑘1 ≠ 𝑘̅1 and 𝑘̅1 is non-constant, there is no immersion 

that carries a circle with curvature 𝑘1 > 0 in M to the conical geodesic  with curvatures 𝑘̅1 > 0 

and 𝑘̅2 ≠ 0 in  𝑀̅. 

Proof.  Using (3.1) and taking the tangent part of (3.3), we have 

(−𝑘1
3 − 𝐾̅𝑘1 + 𝑘̅1𝑘1

2)𝑌 + 2𝑘̅1
′𝑘1𝑋 − 5𝑘1𝐴𝐵(𝑋,𝑌)𝑋 − (∇𝑋𝐴)𝐵(𝑋,𝑋)𝑋 − 𝑘1𝐴𝐵(𝑋,𝑋)𝑌 

−2𝐴(∇̃𝑋𝐵)(𝑋,𝑋)𝑋 + 𝑘̅1𝐴𝐵(𝑋,𝑌)𝑋 = 0.                                                                                                 (3.6) 

Changing Y into -Y in (3.6) and subtracting each other, it follows that 

(−𝑘1
3 − 𝐾̅𝑘1 + 𝑘̅1𝑘1

2)𝑌 = 5𝑘1𝐴𝐵(𝑋,𝑌)𝑋 + 𝑘1𝐴𝐵(𝑋,𝑋)𝑌 − 𝑘̅1𝐴𝐵(𝑋,𝑌)𝑋 

Taking the inner product with the unit vector field X, we have 

0 =  5𝑘1 ⟨𝐴𝐵(𝑋,𝑌)𝑋, 𝑋 ⟩ + 𝑘1 ⟨𝐴𝐵(𝑋,𝑋)𝑌, 𝑋 ⟩ − 𝑘̅1 ⟨𝐴𝐵(𝑋,𝑌)𝑋, 𝑋 ⟩ 

Using (2.3)in the above equation, we obtain (6𝑘1 − 𝑘̅1)⟨𝐵(𝑋, 𝑋), 𝐵(𝑋, 𝑌)⟩ = 0. For 6𝑘1 ≠ 𝑘̅1, 

we get  
⟨𝐵(𝑋, 𝑋), 𝐵(𝑋, 𝑌)⟩ = 0.                                                               (3.7) 

Then submanifold M is isotropic space. Taking  the normal part of (3.3), we obtain  

𝑘1
2𝐵(𝑋, 𝑋) +  5 𝑘1∇𝑋

⊥𝐵(𝑋, 𝑌) − 2𝑘1
2𝐵(𝑌, 𝑌) − 𝐵(𝑋, 𝐴𝐵(𝑋,𝑋)𝑋) + (∇̃𝑋

2𝐵)(𝑋, 𝑋) 

+𝑘1∇𝑌
⊥𝐵(𝑋, 𝑋) − 2𝑘1𝐵(∇𝑌𝑋, 𝑋) − 2𝑘̅1

′𝐵(𝑋, 𝑌) + 2𝑘̅1𝑘1𝐵(𝑋, 𝑋) − 𝑘̅1(∇̃𝑋𝐵)(𝑋, 𝑌) 

−𝑘̅1𝑘1𝐵(𝑌, 𝑌) − 𝐾̅𝐵(𝑋, 𝑋) = 0.                                                                                                      (3.8) 

Considering 

(∇̃𝑋
2𝐵)(𝑋, 𝑋) = ∇𝑋

⊥ ((∇̃𝑋𝐵)(𝑋, 𝑋)) − (∇̃∇𝑋𝑋𝐵)(𝑋, 𝑋) − (∇̃𝑋𝐵)(∇𝑋𝑋, 𝑋) − (∇̃𝑋𝐵)(𝑋, ∇𝑋𝑋), 

(3.8) convert to 

𝑘1
2𝐵(𝑋, 𝑋) + 5𝑘1∇𝑋

⊥𝐵(𝑋, 𝑌) − 2𝑘1
2𝐵(𝑌, 𝑌) − 𝐵(𝑋, 𝐴𝐵(𝑋,𝑋)𝑋) + ∇𝑋

⊥ ((∇̃𝑋𝐵)(𝑋, 𝑋)) 

−(∇̃∇𝑋𝑋𝐵)(𝑋, 𝑋) − 2(∇̃𝑋𝐵)(∇𝑋𝑋, 𝑋) + 𝑘1∇𝑌
⊥𝐵(𝑋, 𝑋) − 2𝑘1𝐵(∇𝑌𝑋, 𝑋) − 2𝑘̅1

′𝐵(𝑋, 𝑌) 

+2𝑘̅1𝑘1𝐵(𝑋, 𝑋) − 𝑘̅1(∇̃𝑋𝐵)(𝑋, 𝑌) − 𝑘̅1𝑘1𝐵(𝑌, 𝑌) − 𝐾̅𝐵(𝑋, 𝑋) = 0.                                     (3.9) 

Changing X into -X in(3.9) and subtracting each other, we have  

−4𝑘̅1
′𝐵(𝑋, 𝑌) = 0 ⇒ 𝑘̅1

′𝐵(𝑋, 𝑌) = 0. 
Provided that 𝑘̅1 is non-constant, 𝐵(𝑋, 𝑌) = 0. Taking into account (3.7) and 𝐵(𝑋, 𝑌) = 0,  

then M is umbilical in 𝑀̅. Since M is umbilical, the equation (3.8) converts to 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

300 
 

𝑘1
2𝐵(𝑋, 𝑋) − 2𝑘1

2𝐵(𝑌, 𝑌) − 𝐵(𝑋, 𝐴𝐵(𝑋,𝑋)𝑋) + (∇̃𝑋
2𝐵)(𝑋, 𝑋) + 𝑘1∇𝑌

⊥𝐵(𝑋, 𝑋) + 2𝑘̅1𝑘1𝐵(𝑋, 𝑋) 

−𝑘̅1𝑘1𝐵(𝑌, 𝑌) − 𝐾̅𝐵(𝑋, 𝑋) = 0.                                                                                                    (3.10) 

Changing Y into -Y in (3.10) and subtracting each other, we arrive at 

∇𝑌
⊥𝐵(𝑋, 𝑋) = ∇𝑌

⊥𝐻 = 0 

which means that the mean vector field is parallel. From (2.3) and (2.7),  we conclude that 

(−𝑘1
2 − |𝐻|2 + 𝑘̅1𝑘1 − 𝐾̅)𝐻 = 0. 

The umbilical 𝑀, parallel 𝐻 and (2.6)  imply that, (3.6)  arrive at 

   (−𝑘1
3 − 𝐾̅𝑘1 + 𝑘̅1𝑘1

2)𝑌 + 2𝑘̅1
′𝑘1𝑋 − ∇𝑋(𝐴𝐵(𝑋,𝑋))𝑋 = 0.                (3.11) 

Taking inner product both sides of (3.11) with 𝑋, we obtain 

2𝑘̅1
′𝑘1 − ⟨∇𝑋(𝐴𝐵(𝑋,𝑋)𝑋), 𝑋⟩ = 0.                                             (3.12) 

Using (2.3), we can write 
⟨𝐴𝐵(𝑋, 𝑋)𝑋, 𝑋⟩ = ⟨𝐵(𝑋, 𝑋), 𝐵(𝑋, 𝑋)⟩ 

and by differentiating the last equation, we have ⟨∇𝑋(𝐴𝐵(𝑋,𝑋)𝑋), 𝑋⟩ = 0. Then, (3.12) converts 

to 2𝑘̅1
′𝑘1 = 0. In the last equation, it is  either 𝑘1 = 0 or 𝑘̅1

′ = 0. If 𝑘1 = 0, the curve in the 

manifold cannot be a circle. If 𝑘̅1
′ = 0, M cannot be umbilical. Thus, there is a contradiction 

and the proof is completed. 

 

We can state the following theorem and proposition similarly to Proposition 1 and Theorem 2. 

 

Proposition 2. Let M be a connected submanifold of a Riemannian manifold 𝑀̅ with dim𝑀 ≥
3, and let 𝑐 be a Frenet curve in 𝑀. Suppose that 𝑐: 𝐼 → 𝑀 is a conical geodesic in 𝑀 with 

curvatures 𝑘1 > 0. If 𝑐 is also a circle in 𝑀̅ with curvatures 𝑘̅1 > 0, then the following equation 

is satisfied: 

−𝑘1
2∇𝑋𝑋 + 4𝐵(𝑋, ∇𝑋

2𝑋) − 5𝐴𝐵(𝑋,∇𝑋𝑋)𝑋 + 5(∇̃𝑋𝐵)(𝑋, ∇𝑋𝑋) + 3𝐵(∇𝑋𝑋, ∇𝑋𝑋) 

−(∇𝑋𝐴)𝐵(𝑋,𝑋)𝑋 − 𝐴𝐵(𝑋,𝑋)∇𝑋𝑋 − 𝐵(𝑋, 𝐴𝐵(𝑋,𝑋)𝑋) − 2𝐴(∇̃𝑋𝐵)(𝑋,𝑋)𝑋 + (∇̃𝑋
2𝐵)(𝑋, 𝑋) 

+(∇̃∇𝑋𝑋𝐵)(𝑋, 𝑋) − 2𝑘̅1
′∇𝑋𝑌 − 2𝑘̅1

′𝐵(𝑋, 𝑌) − 𝑘̅1∇𝑋
2𝑌 − 2𝑘̅1𝐵(𝑋, ∇𝑋𝑌) + 𝑘̅1𝐴𝐵(𝑋,𝑌)𝑋 

−𝑘̅1(∇̃𝑋𝐵)(𝑋, 𝑌) − 𝑘̅1𝐵(∇𝑋𝑋, 𝑌) − 𝐾̅∇𝑋𝑋 − 𝐾̅𝐵(𝑋, 𝑋) = 0.                                                (3.13) 

 

Theorem 3. Let  M (𝑑𝑖𝑚𝑀 ≥ 3) be a connected submanifold of an Riemannian manifold  𝑀̅ 

and 𝑐 be Frenet curve. If a conical geodesic for 𝑘1 ≠ 0 and 𝑘2 ≠ 0 in 𝑀 is a circle with 

curvatures 𝑘̅1 > 0 in  𝑀̅, then 𝑘1 and 𝑘2 are constants. As a result of, the submanifold M is a 

totally geodesic in 𝑀̅. 
4. Conclusion and Recommendations 

This study establishes that an isometric immersion generally cannot carry a circle from one 

Riemannian manifold to a conical geodesic in another. However, a significant geometric 

rigidity is observed: if a conical geodesic in a Riemannian manifold is also a circle in another 

manifold along an isometric immersion, the underlying submanifold must be totally geodesic. 

These findings underscore the deep connection between the extrinsic geometry of submanifolds 

and the preservation of higher-order curves. For future research, these characterizations could 

be extended to indefinite-Riemannian or Lorentzian manifolds to account for different metric 

signatures. Additionally, the behavior of other special curves, such as slant helices or 

Smarandache curves, could be investigated under different mapping types like conformal 

immersions or Riemannian submersions to further generalize the current results. 

Thanks and Information Note  

The authors would like to thank the anonymous reviewers for their valuable comments 

and suggestions that helped improve the quality of this manuscript. Furthermore, the authors 

acknowledge the support and facilities provided by Ordu University. 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

301 
 

References 

Çalışkan, A. (2025). Robust integration of dual quaternion approaches, magnetic offsets and 

 screw motion. Eur. Phys. J. Plus, 140(1), 72. 

Çalışkan, A. and Bilici, M.  (2026). On the Geometry of Conical Geodesics in Riemannian  

Manifolds, Submitted.  

Sivas, S. Şenyurt, S. and Çalışkan, A. (2023). Smarandache curves of involute-evolute curve  

according to Frenet frame. Fund. Contemp. Math. Sci., 4(1), 31–45. 

Deng, Y. Li, Y. Şenyurt, S. Canlı, D. and Gürler, Ö. (2025). On the special Viviani's curve and  

its corresponding Smarandache curves. Mathematics, 13(9), 1526. 

Canlı, D. and Şenyurt, S. (2025). Bezier curves and surfaces with the generalized $\alpha$- 

Bernstein operator. Symmetry, 17(2), 187. 

Eren, K. Carli, M. and Ersoy, S. (2025). Developability of ruled surfaces generated by curves 

at a constant distance from the non-null curve. J. Sci. Arts, 25(3), 529–542. 

Bilici, M. (2023). A survey on timelike-spacelike involute-evolute curve pair. Erzincan Univ. 

 J. Sci. Technol., 16(1), 49–57. 

Nomizu, K. and Yano, K. (1974). On circles and spheres in Riemannian geometry. Math. Ann., 

 210(2), 163–170. 

Ikawa, T. (1980). On some curves in Riemannian geometry. Soochow J. Math., 7, 37–44. 

Ikawa, T. (1985). On curves and submanifolds in an indefinite-Riemannian manifold. Tsukuba 

 J. Math., 9(2), 353–371. 

Ekmekci, N. F. (2001). On general helices and submanifolds of an indefinite-Riemannian 

  manifold. An. Stiint. Univ. Al. I. Cuza Iasi. Mat. (NS), 46, 263–270. 

Izumiya, S. and Takeuchi, N. (2004). New special curves and developable surfaces. Turkish J. 

Math., 28(2), 153–164. 

Kula, L. Ekmekci, N. Yaylı, Y. and İlarslan, K. (2010). Characterizations of slant helices in 

 Euclidean 3-space. Turkish J. Math., 34(2), 261–274. 

Köprülü, G. and Şahin, B. (2024). Biharmonic curves along Riemannian submersions. Miskolc 

  Math. Notes, 25(2). 

Maeda, S. (2003). A characterization of constant isotropic immersions by circles. Arch. Math. 

  (Basel), 81(1), 90–95. 

Çalışkan, A. (2025). Slant helices along an isotropic Riemannian maps. Filomat, 39(16), 5661– 

5673. 

Çalışkan, A. and Şahin, B. (2024). Slant helices on Riemannian manifolds. Filomat, 38(22), 

  7743–7754. 

O'Neill, B. (1965). Isotropic and Kähler immersions. Canad. J. Math., 17, 907–915. 

Yano, K. and Kon, M. (1984). Structures on Manifolds. World Scientific. 

Langer, J. and Singer, D. (1984). The total squared curvature of closed curves. J. Differential 

 Geom., 20, 1–22. 

 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

302 
 

NUMERICAL ANALYSIS OF THE MECHANICAL BEHAVIOR FOR STRUT-

BASED LATTICE STRUCTURES DESIGNED FOR BIOMEDICAL APPLICATIONS  

 

 

İsmail Aykut KARAMANLI  

Yozgat Bozok University, Sorgun Vocational School, Yozgat-Türkiye 

Email: i.aykut.karamanli@bozok.edu.tr 

Orcid: https://orcid.org/0000-0002-6725-2662 

 

 

 

Abstract 

In this study, the mechanical properties and deformation behavior of five different strut-based 

lattice structures (DPL, DPLC, DPLF, OL-1, and OL-2) created using Ti-6Al-4V, which is 

frequently preferred in biomedical applications, were numerically investigated under 

compressive loads. The performance of the structures was evaluated up to 30 mm displacement. 

According to the results, changes in lattice topology and volume fraction have a critical effect 

on the maximum force. The highest maximum force was achieved with OL-2, which has the 

highest volume fraction at approximately 42 kN. DPL, which has a low volume fraction, 

demonstrated that it has the potential to reduce the stress shielding effect, which could lead to 

bone resorption in implants, by providing a lightweight and durable alternative with its average 

maximum force value. An analysis of deformation behavior revealed that the octahedral 

structures (OL-1 and OL-2) exhibited layer-by-layer collapse, whereas bending-dominated 

deformation was observed in the DPL and DPLC structures. It was determined that the DPL 

and DPLC structures lost their load-bearing capacity after 15 mm of compression. However, 

the DPLF maintained its structural integrity for a longer period during deformation and 

continued to bear loads in a stable manner. 

Keywords: Mechanical properties, Strut-based lattice structures, Compression test, Biomedical 

applications, Deformation behavior, Numerical analysis 
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1. Introduction  

Strut-based lattice structures are topologically repeating, regular cellular metamaterials 

formed by struts and voids connected to one another at specific nodes (Abou-Ali, Lee, & Abu 

Al-Rub, 2022; Jiang et al., 2024; Z. Yu et al., 2021). Strut-based lattice structures may be 

designed in many different unit cell topologies, inspired by nature or engineering, such as 

simple cubic, body-centered cubic (BCC), face-centered cubic (FCC), diamond, octahedral, and 

double pyramid. (Kamranfard et al., 2023; Öztürk et al., 2025; Zhao et al., 2022). In recent 

years, developments in additive manufacturing technologies such as Selective Laser Sintering 

(SLM) have made it possible to produce these complex structures, which are extremely difficult 

to manufacture using traditional methods, with high precision and in a personalized manner 

(Lei et al., 2019; Willing et al., 2024). Some of the advantages of strut-based lattices include 

adjustable mechanical properties and energy absorption capacities depending on the unit cell 

topology and relative density, as well as the ability to achieve lightweight and durable designs 

(Tao et al., 2024; Veeraiahgari et al., 2024). The adjustable mechanical properties of strut-based 

structures allow them to be used in the design of biomedical applications such as orthopedics, 

implantology, and tissue scaffolds (Kang et al., 2022; Torres-Sanchez et al., 2022).  

The Ti-6Al-4V alloy, which is frequently used in implantations (Yan et al., 2015), has an 

extremely high elastic modulus of approximately 110 GPa when used in solid form (Xiao & 

Song, 2018). However, the elastic modulus of human bone is significantly lower than this value. 

(Dhiman et al., 2019). This significant mechanical incompatibility between the implant and the 

natural bone causes the physiological loads to be borne entirely by the rigid metal implant rather 

than the bone. As a result, the bone tissue, which is deprived of mechanical stimulation, 

weakens over time, leading to bone loss and the development of stress shielding (Shaikh et al., 

2024; Sumner, 2015). Stress shielding leads to bone resorption around the implant (Murr, 2017; 

Shaikh et al., 2024). Strut-based lattice structures have the potential to reduce the stress 

shielding effect by lowering the structure’s stiffness to levels comparable to natural bone, while 

maintaining the macroscopic form and strength of titanium implants, due to the controlled voids 

within them. 

In this study, the deformation behavior of five different strut-based lattice structures under 

compressive loads, as well as the resulting maximum total deformations and maximum force 

values, were investigated numerically. The aim of the study is to evaluate the mechanical 

properties of strut-based lattice structures under compressive loads in the perspective of 

biomedical applications. 

2. Materials and Methods 

The lattice types investigated in this study are the Double Pyramid Lattice (DPL), Double 

Pyramid Lattice with Cross (DPLC), Double Pyramid Lattice and Face Diagonals (DPLF), 

Octahedral Lattice-1 (OL-1), and Octahedral Lattice-2 (OL-2). Ti-6Al-4V, which is frequently 

used in biomedical applications (Bobbert et al., 2017; Yan et al., 2015), was selected as the 

design material. The mechanical properties of the material are presented in Table 1. 

 

Table 1. Mechanical properties of Ti-6AL-4V (Ansys Inc, 2020) 

Specification Value 

Density 4405 kg/m3 

Compressive Yield Strength 970 MPa 

Compressive Ultimate Strength 1070 MPa 

Young Modulus 107 GPa 
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The designs were created using the academic version of ANSYS SpaceClaim 2020. The 

numerical compression tests were performed using the academic version of ANSYS 

Workbench 2020. The unit cell strut length was kept constant at 20 mm for each design. 

Similarly, the strut thickness was kept constant at 3 mm for all designs. he design dimensions 

are in accordance with ISO 13314 (ISO 13314, 2011; Loginov et al., 2022), with a base area of 

20×20 mm and a height of 40 mm. Also, the compression speed is 2.4 mm/min (ISO 13314, 

2011). The compression displacement was applied in the vertical direction from the upper 

regions of the designs to the lower regions. A fixed support was added to the base of the 

specimen. The direction of the compression displacement and the added fixed support for the 

DPL design are illustrated in Figure 1. Tests were conducted up to a compression length of 30 

mm, which is 75% of the design length. This value was selected due to the fact that at higher 

compression ratios, the structure reaches the densification phase and exhibits rigid-solid 

properties (Guo et al., 2023; Lal Lazar et al., 2023). Deformation states were recorded at equal 

time intervals for each lattice structure, and their deformation behaviors were determined. 

 
Figure 1. Adding compression displacement and fixed support for the DPL design 

 

3. Findings and Discussion 

In this study, the maximum force values and deformation behavior of the strut-based DPL, 

DPLC, DPLF, OL-1, and OL-2 structures under compressive loads were investigated 

numerically. The force-displacement curves obtained from the numerical analyses are presented 

in Figure 2, while the total deformation and maximum force values are given in Table 2. The 

results indicate that the structural type has a significant effect, particularly on the maximum 

force variation. The highest maximum force value, approximately 42 kN, was observed in the 

OL-2 lattice structure. Analysis of the unit cell of the OL-2 structure reveals that it is composed 

of numerous struts that support each other. This allows the OL-2 cell structure to distribute the 

applied loads more uniformly (Monjezi et al., 2025). An additional factor contributing to OL-

2’s high maximum force is that its volume fraction is higher than that of other lattice designs. 

The increase in volume fraction makes the structure more rigid and increases its strength. (Choy 

et al., 2017). The DPLF also exhibited a high maximum force of 35.73 kN. This result was also 

influenced by the high volume fraction values.  

OL-1 and DPL could reach the average maximum force values. The notable result here 

was that DPL had a very low volume fraction. This indicates that the DPL structure is a good 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

305 
 

preference for lightweight and durable structures. Especially in biomedical applications, 

structures with a high specific strength-to-weight ratio are advantageous in that they provide 

adequate mechanical support while preventing unnecessary increases in weight. Such 

structures, which have a low relative density, may reduce the stress shielding effect because 

their elastic modulus is similar to that of natural bone tissue (Shaikh et al., 2024; Sumner, 2015). 

Stress shielding occurs when the implant is more rigid than the natural bone tissue, causing the 

implant to bear the majority of the mechanical load and preventing the bone from undergoing 

sufficient loading. This could lead to the deterioration of bone tissue over time and bone 

resorption (Hou et al., 2024). 

The force-displacement curves for octahedral structures (Figure 2) exhibited multiple 

peaks. This indicates that layer-by-layer collapsing deformation behavior is effective in these 

structures (Öztürk et al., 2025; S. Yu et al., 2019). Each peak indicates that a layer in the lattice 

structure failed by exceeding its critical load. However, both structures continued to bear the 

load throughout the analysis. The highest value for the first peak, which indicates the transition 

from elastic to plastic deformation (Karamanli, 2026; Xu et al., 2024), was also observed in the 

OL-2 structure. For all structures, the curves exhibited a downward trend after the first peak. 

DPL, DPLC, and DPLF exhibited more stable curves. For DPL and DPLC, the load-bearing 

capacity continued to decrease up to 15 mm of compression. After 15 mm of compression, the 

structures began to lose their load-bearing capacity. DPLF, however, exhibited a different load-

bearing characteristic.  It showed a slight decrease in the load it carried after the first peak. 

However, after approximately 12 mm of compression, the structure continued to carry the load 

in a stable manner. This indicates that the DPLF structure may be able to partially maintain its 

structural integrity during potential deformations, continue to perform its load-bearing function, 

and serve as an option for applications such as implants. 

 

 
Figure 2. Force-displacement curves for each strut-based lattice 

 

The results were analyzed in terms of total deformation; the lowest value was observed 

in the DPLC structure, while the highest value was observed in the OL-1 structure. The fact 

that the DPLC structure exhibits high deformation despite having a low volume fraction 
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indicates that the structure exhibits a more flexible or less rigid character and is capable of 

deforming more under compressive loads. The total deformations for DPL and DPLF were also 

similar to these for DPLC. In contrast to DPLC, OL-1 exhibited a more brittle or highly rigid 

behavior, demonstrating high resistance to compressive loads with minimal deformation. This 

is another indication that DPLC, DPL, and DPLF could minimize the stress shielding effect in 

biomedical applications. Although the octahedral-structured OL-1 and OL-2 structures reach 

high strength values, there is a potential risk of damaging surrounding tissues in applications 

such as bone scaffolding and implantation. 

 

Table 2. Total deformation and maximum force results 

Lattice Type 
Volume Fraction  

(%) 

Max. Total Deformation  

(mm/mm) 

Max. Force  

(kN) 

DPL 15 39.344 18.43 

DPLC 13.5 42.769 13.23 

DPLF 30 39.897 35.73 

OL-1 25 31.061 23.71 

OL-2 34.1 36.852 41.96 

 

The deformation mechanisms that occurred during compression in the lattices are 

depicted in Figure 3. In all designs, the initial deformations began in the upper region of the 

structure. It could be explained by the fact that the region first in contact with the loads was 

subjected to early deforming forces, leading to stress concentrations in these areas (Abou-Ali, 

Lee, & Al‐Rub, 2022). In DPL and DPLC structures, bending-dominated deformations were 

very significant even at low compression ratios (25%–50%). At compression ratios above 50%, 

the structures completely lost their topology. This result is consistent with the force-

displacement curves and explains why these structures were unable to bear loads after 15 mm 

of compression. Meanwhile, the DPLF exhibited more rigid behavior. Deformations were more 

concentrated in the upper regions. Even at 75% compression, the lower regions of the structure 

continued to maintain their shape. In the OL-1 and OL-2 structures, layer-by-layer collapse-

type deformations were observed. These deformations, which were more apparent in octahedral 

structures, were consistent with the peaks observed in the force-displacement curve and 

indicated layer-by-layer collapse. Deformations occurred in the upper layers at 25% 

compression. At 50% compression, it was found that the upper regions were completely 

deformed, while the lower regions continued to bear the load. As displacements increased, 

deformation also increased, but the structures continued to bear the load.  
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Figure 3. Deformation behaviors and total deformations 

 

4. Conclusion and Recommendations 

In this study, the deformation behavior and mechanical properties of five different strut-

based lattice structures (DPL, DPLC, DPLF, OL-1, and OL-2) designed from Ti-6Al-4V for 

use in biomedical implant applications were numerically investigated under compressive loads. 

The results indicate that lattice topology and volume fraction ratios influence the maximum 
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force. The highest maximum force, approximately 42 kN, was achieved in the OL-2 structure, 

which has the highest volume fraction. The DPLF structure also exhibited high strength, 

reaching 35.73 kN, as a result of its high volume fraction. Although DPL has a very low volume 

fraction, it may be an alternative for lightweight yet durable structural designs due to its high 

tensile strength. The low relative density of DPL, DPLC, and DPLF structures has the potential 

to minimize the stress shielding effect, which could cause bone resorption.  

Octahedral structures (OL-1 and OL-2) exhibit deformation behavior as layer-by-layer 

collapse. Although these structures could achieve high strength values, their rigid nature may 

cause damage to surrounding tissues in applications such as implantation. On the other hand, 

although DPLF exhibited less rigidity, it partially retained its structural integrity even after the 

first peak and continued to carry the load stably after 12 mm of compression. However, the 

DPL and DPLC structures were subjected to intense bending-dominated deformation even at 

low compression ratios and completely lost their load-bearing properties after 15 mm of 

compression. 

This study serves as a preliminary investigation into the feasibility of various strut-based 

lattice structures for biomedical applications and may inspire future experimental studies. The 

results have been refined to eliminate errors such as manufacturing defects, variations resulting 

from testing conditions, and measurement instrument calibration errors. The mechanical 

properties of the structures under investigation could be examined in more detail in future 

experimental studies. 
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Abstract 

Web server logs constitute a critical source of information for monitoring system behavior and 

detecting malicious activities. However, identifying anomalies within large-scale log data 

remains a challenging task, particularly when attacks are intentionally designed to mimic 

legitimate user behavior. In this study, we propose a scalable anomaly detection framework 

based on unsupervised machine learning techniques for analyzing web server access logs. The 

dataset used consists of over 10 million real-world log entries obtained from an online shopping 

platform, reflecting realistic user and bot traffic patterns. To address the unstructured nature of 

raw log data, a two-pass preprocessing pipeline and feature engineering strategy were 

developed to extract both statistical and behavioral features, including request frequency and 

error ratios. Among the evaluated models, Isolation Forest was selected as the primary 

algorithm due to its linear time complexity and suitability for large datasets. Local Outlier 

Factor and One-Class Support Vector Machine were also considered for comparative analysis. 

Given the absence of labeled data, the proposed framework was evaluated using Precision@K, 

supported by manual inspection and visualization techniques. Experimental results demonstrate 

that the model achieves a Precision@20 score of 85%, successfully identifying stealthy and 

low-and-slow attacks that evade traditional rule-based security systems. The findings highlight 

the effectiveness of behavior-based anomaly detection in real-world web security scenarios and 

emphasize the importance of scalable feature engineering for large-scale log analysis. 

Keywords: Anomaly Detection, Unsupervised Learning, Web Server Logs, Isolation Forest, 

Cybersecurity, Feature Engineering, Behavioral Analysis 
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Introduction  

Modern web applications generate large amounts of server log data that record incoming 

requests, accessed pages, and system responses (Alarood, 2025). These logs are important for 

understanding user behavior and monitoring system activity. At the same time, they are widely 

used to detect malicious actions such as automated attacks, scanning attempts, and abuse of 

web services (Stevanovic et al., 2013). 

Traditional security solutions, such as firewalls and rule-based intrusion detection 

systems, mainly rely on known attack signatures. While these methods work well for previously 

seen attacks, they often struggle to detect new or unknown threats (Anwar et al., 2017). This is 

especially true for attacks that are designed to look like normal user behavior. For this reason, 

machine learning–based anomaly detection has become an important alternative in recent years 

(Kaur et al., 2013; Lam and Abbas, 2020; Luo et al., 2021). Lam and Abbas (2020) examine 

the application of machine learning methodologies for anomaly detection in 5G networks 

characterized by dynamic and complicated traffic. Their research demonstrates that machine 

learning models can proficiently acquire regular network behavior and identify anomalies, 

including attacks or unforeseen traffic patterns. Luo et al. (2021) review recent advances in 

anomaly detection with a focus on deep learning–based methods. They show that models such 

as autoencoders, Recurrent Neural Networks (RNNs), and Long Short-Term Memory (LSTM) 

are effective in capturing complex and temporal patterns in data. However, these approaches 

typically require large amounts of data and high computational resources. Instead of searching 

for known patterns, anomaly detection focuses on identifying unusual behaviors that differ from 

normal traffic. In real-world scenarios, labeled data is usually not available, which makes 

unsupervised learning methods more practical for this problem (Zeufack et a., 2021; Jin et al., 

2018; Denysenko, 2017). Several unsupervised approaches have been studied for anomaly 

detection in web logs, including Local Outlier Factor (LOF), One-Class Support Vector 

Machine (OC-SVM), and Isolation Forest. Among these methods, Isolation Forest stands out 

due to its efficiency and ability to handle large datasets (Benova and Hudec, 2024; Agyemang, 

2024). Agyemang (2024) compared several unsupervised algorithms such as Isolation Forest, 

Local Outlier Factor (LOF), and One-Class Support Vector Machine (OC-SVM). The results 

show that Isolation Forest is generally more suitable for large datasets because it is faster and 

more scalable. In contrast, methods like LOF and OC-SVM can become computationally 

expensive as the data size increases. In a study focused directly on web server logs, Benova and 

Hudec (2024) examined how anomalous user behavior can be detected using real log data. Their 

work highlights that feature design plays a key role in performance. In particular, features 

related to request frequency and error rates were found to be useful for separating normal users 

from suspicious activity. 

In this study, we propose an unsupervised anomaly detection approach for large-scale 

web server logs. We design a preprocessing and feature engineering pipeline to transform raw 

logs into meaningful features that reflect user behavior. Then, we evaluate different anomaly 

detection algorithms and focus on Isolation Forest due to its scalability and performance on 

large datasets. 

The remainder of this paper is organized as follows. Section 2 reviews the related work 

on anomaly detection and web log analysis. Section 3 describes the dataset and preprocessing 

steps, including feature engineering. Section 4 presents the proposed methodology and the 

selected models. Section 5 explains the experimental setup and evaluation strategy. Section 6 

discusses the results, and finally, Section 7 concludes the study and outlines possible future 

work. 
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3. Materials and Methods 

3.1 Dataset  

The dataset used in this study consists of real-world web server access logs collected from 

an online shopping platform. The data was obtained from a publicly available repository on 

Kaggle, originally published through the Harvard Dataverse by Zaker (2019). The dataset 

represents raw HTTP access logs generated by a production-like web application and reflects 

realistic user and bot traffic patterns. 

The log file contains approximately 10.3 million entries, making it suitable for evaluating 

the scalability of anomaly detection algorithms under large-scale conditions. Each log entry 

follows a standard web server access log format and includes information such as the client IP 

address, timestamp, HTTP request method, requested URL, protocol version, response status 

code, and user agent string. As is typical for web server logs, the data is stored as unstructured 

plain text, requiring extensive parsing and transformation before it can be used for machine 

learning tasks. 

One of the main challenges of this dataset is its lack of labels. No ground-truth annotations 

are provided to distinguish normal traffic from malicious activity, which reflects real-world 

operational environments where attacks are often unknown in advance. Consequently, 

supervised learning methods are not directly applicable, and unsupervised anomaly detection 

techniques are required. 

In addition, the dataset exhibits several properties that complicate analysis, including 

highly imbalanced traffic, high-cardinality categorical fields (e.g., URLs and user agents), and 

temporal irregularities in request patterns. These characteristics make the dataset a realistic and 

challenging benchmark for evaluating behavior-based anomaly detection methods. The scale, 

authenticity, and unstructured nature of the data strongly motivated the design of a scalable 

preprocessing pipeline and the selection of computationally efficient algorithms in this study. 

3.2  Data Pre-processing and Feature Engineering 

Raw web server logs are inherently unstructured and cannot be directly used for machine 

learning models. Therefore, a comprehensive preprocessing and feature engineering pipeline 

was designed to transform the raw log entries into a structured and informative representation 

suitable for anomaly detection. Given the large scale of the dataset, particular attention was paid 

to scalability and memory efficiency. 

3.2.1 Log Parsing and Data Cleaning 

Each log entry was initially stored as a plain text string following a standard access log 

format. A custom regular expression–based parser was implemented to extract key fields from 

each entry, including the client IP address, timestamp, HTTP method, requested URL, protocol 

version, and response status code. Entries that did not conform to the expected log format were 

discarded to ensure data consistency. 

To reduce dimensionality and avoid sparsity, high-cardinality categorical attributes such 

as raw URLs and user-agent strings were not directly encoded. Instead, their structural and 

statistical properties were retained through derived numerical features, which are more suitable 

for unsupervised learning algorithms. 

3.2.2 Scalable Two-Pass Processing Strategy 

Processing over 10 million log entries in memory is impractical using conventional data 

processing approaches. To address this limitation, a two-pass, chunk-based processing strategy 

was adopted. 

In the first pass, the log file was streamed sequentially to compute global IP-level 

statistics, including the total number of requests and aggregate error counts for each IP address. 

These statistics were stored in a lookup table for later use. 

In the second pass, the dataset was processed in fixed-size chunks of 250,000 rows. 

During this phase, the previously computed global statistics were merged with each chunk, and 
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additional time-dependent features were calculated. This approach enabled efficient processing 

without exceeding system memory constraints while preserving important behavioral 

information. 

3.2.3 Feature Extraction 

The final feature set was designed to capture both static request characteristics and 

dynamic behavioral patterns. The extracted features can be grouped into two main categories. 

Basic features describe individual request properties and include: 

• url_length: Length of the requested URL string 

• url_depth: Number of hierarchical levels in the URL path 

• is_static_file: Binary indicator of static resource access (e.g., images, CSS, 

JavaScript) 

• hour: Hour of the day extracted from the request timestamp 

Behavioral features capture aggregated user activity over time and across requests: 

• ip_requests_last_60s: Number of requests originating from the same IP address 

within the previous 60 seconds 

• ip_global_error_ratio: Ratio of error responses (4xx and 5xx) to total requests for 

a given IP address 

• ip_global_404_ratio: Ratio of HTTP 404 responses to total requests for a given IP 

address 

These behavioral features are particularly effective in distinguishing normal user activity 

from automated or malicious behavior, which often exhibits abnormal request rates or error 

patterns. 

3.2.4 Feature Scaling 

Since the extracted features operate on different numerical scales, feature normalization 

was required prior to model training. Standardization was applied using the StandardScaler 

method, transforming each feature to have zero mean and unit variance. This step is especially 

important for distance-based methods such as Local Outlier Factor and One-Class SVM, as well 

as for dimensionality reduction techniques like Principal Component Analysis (PCA) used for 

visualization. 

The resulting structured and normalized feature matrix formed the input to the anomaly 

detection models described in the subsequent section. 

3.3  Unsupervised Models 

Unsupervised anomaly detection algorithms were selected due to the lack of ground-truth 

labels in the dataset. Among the available methods, three well-established approaches were 

considered: Isolation Forest (IF), Local Outlier Factor (LOF), and One-Class Support Vector 

Machine (OC-SVM) (Liu et al., 2008; Breunig et al., 2000; Agyemang, 2024).  

4. Experiments 

4.1  Preliminaries to Experiments 

4.1.1 Training Strategy and Sampling 

Due to computational constraints, the models were trained using different strategies. 

Isolation Forest was trained on the full dataset, consisting of approximately 10.3 million log 

entries. In contrast, LOF and OC-SVM were trained on a randomly sampled subset of 100,000 

instances, which allowed meaningful comparison while maintaining feasible training times. 

All models were trained using the same engineered feature set and standardized input data 

to ensure consistency across experiments. 

4.1.2 Parameter Selection 

For Isolation Forest, the number of trees was set to 100 estimators, providing a balance 

between detection stability and computational efficiency. The contamination parameter, which 

represents the expected proportion of anomalies in the dataset, was initially set to 0.01. This 

value was later adjusted to 0.02 based on exploratory analysis and visual inspection using 
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Principal Component Analysis (PCA), which suggested that a slightly higher anomaly ratio 

better captured the observed data distribution (Figure 1). 

For LOF, the number of neighbors was set to commonly used default values, and the 

algorithm was applied in novelty detection mode. For OC-SVM, a radial basis function (RBF) 

kernel was used, with hyperparameters selected conservatively to avoid overfitting on the 

sampled dataset. 

 

 
Figure 1.  Principal Component Analysis for Contamination Parameter = 0.02 

 

4.1.3 Evaluation Metrics 

To assess the effectiveness of the anomaly detection models, Precision@K was used as 

the primary evaluation metric. Precision@K measures the proportion of true anomalies among 

the top K instances ranked by anomaly score. This metric is particularly appropriate in 

operational settings, where security analysts typically investigate only a limited number of high-

priority alerts. 

In this study, the value of K was set to 20. The top 20 anomalous log entries identified by 

the Isolation Forest model were manually inspected and classified based on their request 

patterns and contextual information. This approach provides a realistic estimate of model 

usefulness in practical deployment scenarios. 

4.2 Experimental Results 

4.2.1 Quantitative Results 

Figure 2 shows the distribution of anomaly scores produced by the Isolation Forest model. 

Lower scores correspond to more anomalous observations. A threshold was applied to select 

the top-ranked anomalies for evaluation. This distribution illustrates how anomalies are 

separated from normal data based on their scores. 
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Figure 2. Distribution of anomaly scores with threshold used for anomaly selection 

 

Using Isolation Forest, the system identified anomalous log entries based on behavioral 

deviations in the engineered feature space. Since the dataset does not contain ground-truth 

labels, evaluation was performed using Precision@20, focusing on the top-ranked anomalies 

most relevant for practical investigation. 

Manual inspection of the top 20 anomalous instances revealed that 17 out of 20 were 

confirmed to be malicious or automated activities, resulting in a Precision@20 score of 85%. 

The remaining three instances were identified as benign but unusual user behaviors, such as 

repeated requests caused by browser retries or automated monitoring tools. These findings 

indicate that the model effectively prioritizes security-relevant anomalies while maintaining a 

low false-positive rate among high-risk alerts. 

Table 1 presents a comparative analysis of the evaluated unsupervised anomaly detection 

models in terms of processed data size, number of detected anomalies, and execution time. The 

results show that Isolation Forest significantly outperforms LOF and OC-SVM in terms of 

computational efficiency. While all models detect a similar number of anomalies, Isolation 

Forest achieves this with substantially lower execution time. This confirms its suitability for 

large-scale log analysis, where scalability and speed are critical factors. 

 

Table 1. Model comparison results 

Model Values Processed Anomalies Found Execution Time (s) 

IF 100000 1000 2.0733 

LOF 100000 996 5.1846 

OC-SVM 100000 1034 12.2584 

 

Table 2 shows the results of the sensitivity analysis for the contamination parameter in 

Isolation Forest. As the contamination value increases, the number of detected anomalies also 

increases. The overlap between consecutive settings indicates that many anomalies are 

consistently detected across different values. This suggests that the model is stable in 

identifying the most important anomalies, while higher contamination levels enable the 

detection of additional, less significant ones. 

 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

318 
 

Table 2. Sensitivity analysis results 

Contamination Total Anomalies New Anomalies vs 

Prev 

Overlap with Prev 

0.5% 500 500 0 

1.0% 1000 500 500 

2.0% 2000 1000 1000 

5.0% 5000 3000 2000 

 

Overall, the linear time complexity of Isolation Forest makes it well-suited for large-scale 

datasets, while LOF and OC-SVM remain computationally expensive for such scenarios 

(Figure 3). 

 
 Figure 3.  Training Time Comparison for Proposed Models 

 

4.2.2 Feature Impact Analysis 

Analysis of anomaly scores and investigation results shows that behavioral features play 

a key role in detection performance. The feature importance distribution is illustrated in Figure 

4. Importance scores were obtained using a Random Forest surrogate model. Among all 

features, the is_error feature appears to be the most influential, suggesting that abnormal error 

patterns are strongly related to automated or malicious activity. 

Features based on short-term activity, such as the number of requests within a 60-second 

window, also contribute to identifying suspicious behavior, although their impact is more 

limited when attacks avoid generating errors. 

In contrast, basic request-level features such as URL depth and static file indicators 

provide useful context but are not sufficient on their own. These findings highlight the 

importance of combining temporal and aggregated behavioral features for effective anomaly 

detection in web server logs. 
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Figure 4.  A bar graph showing which features are the indicators of an anomaly 

 

5. Conclusion  

In this study, we proposed a scalable unsupervised anomaly detection framework for 

large-scale web server logs using behavioral feature engineering and Isolation Forest. The 

proposed approach is able to process more than 10 million log entries efficiently through a two-

pass strategy, making it suitable for real-world applications. 

The experimental results show that the model achieves a Precision@20 score of 85% and 

can successfully detect stealthy and low-and-slow attacks that are difficult to identify with rule-

based methods. In addition, the comparison results indicate that Isolation Forest is more 

computationally efficient than LOF and OC-SVM, which makes it more appropriate for large-

scale datasets. 

Overall, the results suggest that combining behavioral features with scalable unsupervised 

methods is effective for anomaly detection in web environments. In future work, temporal 

models and semi-supervised approaches can be explored to further improve performance. 
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Abstract 

Electrochemical energy storage has become one of the foremost research areas due to the 

increasing demand for energy. For such applications, supercapacitors which provide quick 

charge/discharge rates and high power density are heavily investigated. Among the materials 

studied, NiO offers a high theoretical capacitance exceeding 2500 F/g within 0.5 V range and 

made of abundant and cheap elements. In this work NiO nano and micro particles were 

synthesised using a two-step approach. Initially, a wet-chemical approach utilising reflux 

condenser was used to prepare precursors at 190 °C for 2 hours under N2 atmosphere. Then, the 

precursors were calcined at 400 °C or 500 °C for 4 hours in air. In the first step, different 

surfactants, namely Polyvinylpyrrolidone (PVP), Cetyltrimethylammonium bromide (CTAB) 

and ethylenediaminetetraacetic acid disodium (EDTA), were used to control the size and the 

morphology of the nanoparticles. Only when CTAB was used, it was possible to obtain single 

phase catalysts regardless of calcination temperature while other surfactants were used, Ni as 

secondary phase was observed depending on the calcination temperature.  Among the samples, 

finest nanoparticles with spherical-like morphology were obtained for CTAB-1 sample. 

Moreover, increasing the calcination temperature led to microparticles with octahedral shape 

regardless of the surfactant. Electrochemical energy storage test showed that the specific 

capacitance (Cs) was dependent on the surfactant. Cs of the samples followed CTAB-2 > PVP-

1 > CTAB-1 > EDTA-1 > EDTA-2 > PVP-2 at 0.5 A/g current density. The Cs of the best 

sample (CTAB-2) was determined as 173.5 F/g at 0.5 A/g and decreased noticeably with 

increasing current density to 5 A/g. These results have shown that the electrochemical energy 

storage properties of NiO can be modified using different surfactants. 

Keywords: NiO, capacitance, energy storage, surfactant, morphology 
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1. Introduction  

 

Electrochemical energy storage has attracted significant attention since storing energy is crucial 

for fulfilling the demand when necessary. For this purpose, batteries which offer high specific 

energy and supercapacitors who provide high specific power are at the forefront of research 

(Nunes et al., 2021).  Supercapacitors (SCs) can be divided into three groups based on energy 

storage mechanisms: (i) electrochemical double layer capacitors (EDLCs), (ii) 

pseudocapacitors (PCs) and hybrid supercapacitors (HSCs). The charge storage occurs 

electrostatically for EDLCs, it is achieved electrochemically due to redox reactions for PCs and 

HSCs store energy by both mechanism (Chatterjee & Bhattacharya, 2021; Najib & Erdem, 

2019). Typically, PCs offers 10-100 times greater specific capacitance than EDLCs. SCs offer 

high power density, fast charging-discharging, long cycling life; however, their energy density 

is still inferior to Li-ion batteries (He et al., 2020). The energy density is related to the 

capacitance through E = ½ CV2 equation, where, E is energy density, C is capacitance and V is 

potential window (Sharma & Chand, 2023). Thus, SCs with high capacitance and wide 

operation voltage range is required for overcoming low energy density limitation. Typically, 

carbon containing materials are preferred for EDLCs and transitional metal oxides are 

traditionally preferred for PCs since they offer high theoretical specific capacitance values and 

good conductivity. Among these, NiO has gained attention due to its high theoretical specific 

capacitance of 2573 F/g for 0.5 V potential window, abundance of constituent elements and 

thus low cost, high stability and low environmental impact (Deng et al., 2012; Kim et al., 2013). 

However, such high specific capacitance values have not been achieved practically due to low 

conductivity, crystallinity and redox reversibility of NiO (A. Ahmed et al., 2025; Boopathi et 

al., 2018; Wang et al., 2022). 

 

Ion adsorption/desorption to the surface and Ni2+/Ni3+ redox reactions control the capacitive 

performance of NiO. Typically, modification of the morphology, increasing the surface area 

and obtaining porous materials are strategies for the betterment of electrochemical energy 

storage performance (Kasavajjula et al., 2007). These are beneficial for promoting redox 

reactions due to faster ion movement between electroactive materials and the electrolyte as a 

result of high surface to volume ratio (R. Ahmed et al., 2022; Boopathi et al., 2018). Therefore, 

NiO with different morphologies are prepared to improve and achieve values similar to the 

theoretical specific capacitance of the material. For this purpose, NiO with nanoparticle, 

nanowire, nanosheet, microsphere and hollow structure morphologies investigated (Wang et 

al., 2022; Yang & Zou, 2018). For this purpose, different synthesis approaches such as 

hydrothermal method (R. Ahmed et al., 2022; Xiong et al., 2020), sol gel combustion method 

(Ashok C et al., 2022), successive ionic layer adsorption and reaction method (Gund et al., 

2014), precipitation method (Shi et al., 2020), sonochemical method (Duraisamy et al., 2016), 

electrodeposition (Lin et al., 2024) and microwave-assisted hydrothermal method (Kumar et 

al., 2020) are utilised.  

 

In this study, NiO with different morphology and sizes were prepared using a two-step 

approach. First, a wet-chemical approach was utilised to obtain precipitates, which were then 

annealed at different temperature in the second step to obtain NiO nano and micro particles. 

The use of different surfactants (CTAB, EDTA and PVP) was employed to modify the size and 

morphology of NiO particles. Thus, NiO nanoparticles, nanodiscs and octahedral micro prisms 

were obtained by changing the surfactant and/or annealing temperature. Pseudocapacitive 

behaviour of all the samples was confirmed by both cyclic voltammetry (CV) and galvanic 

charge-discharge (GCD) measurements. Among the samples, the one obtained using CTAB 

and annealing temperature of 500 °C showed the best capacitive performance with a specific 
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capacitance of 173.5 F/g in 1 M KOH electrolyte at 0.5 A/g current density. These results 

demonstrated that the utilisation of surfactants for the synthesis NiO electroactive materials 

could enhance the capacitive performance of the material.   

 

2. Materials and Methods 

 

NiO nano and micro particles were synthesised using a 2-step approach of which synthesis 

parameters and corresponding sample codes are given in Table 1. In the first step, two separate 

solutions were prepared. Solution A was prepared by dissolving 0.04 mol NiCl2.6H2O 

(TEKKİM, 97% ) and the surfactant (0.67 mmol polyvinylpyrrolidone, PVP (Kimyalab, 

40000 g/mol), 0.008 mol cetyltrimethylammonium bromide, CTAB (AFG Bioscience, ≥99%) 

or 0.008 mol ethylenediaminetetraacetic acid disodium, EDTA (Kimyalab, 99.2%)) in 75 ml 

mono ethylene glycol, MEG (Kimyalab, 99.9%) by magnetically stirring in a double neck 

balloon connected to reflux condenser. This solution was purged with N2. Solution B was 

prepared by dissolving 0.273 mol urea in 100 ml MEG by magnetically stirring. Afterwards, B 

was injected into A while the N2 atmosphere maintained. Finally, this solution was heated to 

190 °C, mixed for 2 hours in N2 atmosphere and cooled to room temperature. The product was 

collected by centrifuge at 6500 rpm, and it was washed 3 times with deionised water and 1 time 

with ethanol. Then, it was dried at 70 °C overnight in air. In the second step, the dried powders 

were annealed at either 400 °C or 500 °C for 4 hours in air to obtain the final product. The 

heating rate was ± 5 °C/min. 

 

Table 1. Experimental parameters used for the synthesis of NiO nano and micro 

particles 

Sample Solution A Solution B Reflux Calcination 

PVP-1 
75 ml MEG 

0.04 mol NiCl2.6H2O 

0.67 mmol PVP 

100 ml MEG 

0.273 mol Urea  

190 °C for 2 hours 

N2 atmosphere 

400 °C 

± 5 °C/min 

4 hours, Air 

PVP-2 

500 °C 

± 5 °C/min 

4 hours, Air 

EDTA-1 
75 ml MEG 

0.04 mol NiCl2.6H2O 

0.008 mol EDTA 

100 ml MEG 

0.273 mol Urea 

190 °C for 2 hours 

N2 atmosphere  

400 °C 

± 5 °C/min 

4 hours, Air 

EDTA-2 

500 °C 

± 5 °C/min 

4 hours, Air 

CTAB-1 
75 ml MEG 

0.04 mol NiCl2.6H2O 

0.008 mol CTAB 

100 ml MEG 

0.273 mol Urea 

190 °C for 2 hours 

N2 atmosphere 

400 °C 

± 5 °C/min 

4 hours, Air 

CTAB-2 

500 °C 

± 5 °C/min 

4 hours, Air 

 

The samples were first analysed with X-ray diffraction (XRD) using a Malvern Panalytical 

EMPYREAN diffractometer (λCu−Kα = 1.540598 Å). The scans were collected 20-85° range. 

ZEISS EVO LS 10 secondary electron microscope (SEM) fitted with energy dispersive 

spectroscopy (EDS) detector was used to analyse the particle morphology evolution and 

distribution of constituent elements within samples with the processing parameters.   
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Electrochemical measurements were carried out on the electrodes prepared by coating the NiO 

catalyst ink onto nickel foam (NF) substrates. With an 80:10:10 weight ratio, NiO, acetylene 

black (Nanografi, ≥99%) and PVDF (Nanografi, ≥99.5%) were ground to prepare the catalyst 

ink, respectively. A CORRTEST CS310 Single Channel electrochemical workstation was used 

for the electrochemical measurements using a three-electrode set-up where, NiO@NF as 

working electrode (1 cm2), Pt (1 cm2) as counter electrode and Hg/HgO as reference electrode 

were used. 1 M KOH electrolyte was used for all the measurements. Cyclic voltammetry (CV) 

measurements were carried out to determine capacitive behaviour of the samples within 0-0.6 

V vs. Hg/HgO using 10 mV s-1, 25 mV s-1, 50 mV s-1, 100 mV s-1 and 200 mV s-1 scan rates. 

Galvanostatic charge-discharge (GCD) measurement were undertaken within 0-0.5 V vs. 

Hg/HgO potential window to determine the specific capacitance of the samples with respect to 

different current densities (0.5-5 A g-1). The current density was adjusted based on the active 

material deposited onto NF surface.  

 

3. Findings and Discussion 

 

Figure 1 shows the XRD patters of NiO samples prepared using different surfactants (PVP, 

CTAB and EDTA) and annealing temperatures (400 °C or 500 °C). Only when CTAB was used 

as the surfactant single-phase materials were prepared at two different temperatures. The peaks 

located at 37.1°, 43.1°, 62.6°, 75.2° and 79.1° correspond to (111), (200), (220), (311) and (222) 

reflections of cubic NiO (JCPDS No. 47-1049) (Ma et al., 2024). Moreover, the sample 

prepared at 500 °C (CTAB-2) exhibited sharper peaks in comparison to CTAB-1 sample, 

indicating larger crystallite size and better crystallinity.  Moreover, EDTA-1 and PVP-2 

samples also had only peaks corresponding to NiO phase. On the other hand, 3 additional peaks 

located at 44.5, 51.8 and 76.3 were observed for EDTA-2 and PVP-1 samples. These peaks 

were related to the (111), (200) and (220) reflections of Ni (JCPDS No. 04-0850) (Xu et al., 

2023). For the samples prepared with PVP or EDTA, increasing the annealing temperature also 

led to better crystallinity and increased crystal size as evidenced by sharper XRD peaks.  

 

 
Figure 1. XRD patterns of the samples prepared using different surfactants (PVP, 

CTAB and EDTA) and annealing temperatures (400 °C or 500 °C) 
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XRD data presented in Figure 1 was further analysed using Williamson-Hall plots (4 sinθ vs. 

βT cosθ), which are given in Figure 2, to determine the crystallite size and the strain present in 

the samples (Khorsand Zak et al., 2011). Crystallite size (D) and strain (ε) values obtained from 

W-H plots are also presented in Table 2. The intercept of the graph is related to the crystallite 

size, and the slope is related to the microstrain in the samples. All the samples exhibited positive 

slopes in the plots, which indicated that the strain was tensile in nature (Gupta et al., 2025). The 

crystallite size was significantly improved from 15.97 nm to 414.74 nm when annealing 

temperature was increased to 500 C for the samples prepared with CTAB. Moreover, the strain 

was also doubled to 2.36 10-3 from 1.26 10-3 with increasing annealing temperature. For 

EDTA samples, the crystallite size changed from 26.26 nm to 236.73 nm with annealing 

temperature and a slight increase in strain from 1.95 10-3 to 2.09 10-3 was observed. Finally, 

the crystallite size of the samples prepared with PVP increased to 201.9 nm from 69.7 nm when 

the annealing temperature was increased from 400 °C to 500 °C. However, the stain was 

decreased from 3.21 10-3 to 2.17 10-3 with increasing annealing temperature. These results 

showed that the NiO nanoparticles with crystallite size below 30 nm could be synthesized with 

CTAB and ETDA with annealing temperature of 400 C, which is crucial since NiO 

nanoparticles with sizes lower than 30 nm can lead to modified band gap and superparamagnetic 

behaviour in NiO (Goel et al., 2020; Saravanakumar et al., 2014).  The modification of the band 

gap is crucial for the improvement of the electrochemical energy storage performance of NiO 

since charge transfer to the interface plays a crucial role on the redox reactions occurring at the 

surface of the electrode (Boopathi et al., 2018; Yang & Zou, 2018). 

 

 
Figure 2. Williamson-Hall plots (4 sinθ vs. βT cosθ) obtained from the XRD data of the 

samples 

 

Table 2. Crystallite size (D) and strain (ε) values obtained from W-H plots 

Sample D (nm)  ε 

CTAB-1 15.97 1.26 10-3 

CTAB-2 414.74 2.36 10-3 

EDTA-1 26.26 1.95 10-3 

EDTA-2 236.73 2.09 10-3 

PVP-1 69.7 3.21 10-3 

PVP-2 201.9 2.17 10-3 

 

Samples prepared using different surfactants and with different annealing temperatures were 

analysed with SEM to observe the changes in the size and morphology of NiO particles. SEM 

micrographs of the samples prepared using CTAB are presented in Figure 3a-b. The sample 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

326 
 

prepared at 400 °C (CTAB-1) exhibited fine nanoparticles with spherical morphology and sizes 

well below 50 nm as seen from Figure 3a. On the other hand, the sample prepared at 500 °C 

(CTAB-2) consisted of microparticles with octahedral morphology with sizes within 0.8-2 μm 

range (see Figure 3b). With increasing annealing temperature, a significant increase in the 

particle size was observed agreeing with XRD results and the morphology of the particles 

changed from spherical to multi-faceted. This indicates that the CTAB-1 sample expected to 

have much higher surface area compared to CTAB-2, which would be beneficial for 

electrochemical energy storage performance. Because the capacitive performance of NiO is 

controlled by ion adsorption/desorption process and the redox reaction at the interface of 

electrolyte and electrode, which are related to the surface area (Wang et al., 2022). The 

distribution of Ni and O within the samples was analysed with energy dispersive X-ray 

spectroscopy (EDS) maps collected from the samples and the results are presented in Figure 

3c-d. Ni and O elemental maps for CTAB-1 sample showed and homogeneous distribution of 

the elements on the surface (see Figure 3c), which was in agreement with XRD results showing 

the sing-phase nature of the sample. For the CTAB-2 sample. Ni and O element distribution 

followed the particle morphology and surface topography and also confirmed the single-phase 

nature of the sample. Therefore, it can be concluded that CTAB is suitable for the preparation 

of single-phase NiO powders, but the annealing temperature plays a crucial role for controlling 

the particle size and morphology.  

 
Figure 3. SEM micrographs of the samples prepared using CTAB as the surfactant 

with annealing temperatures of (a) 400 °C and (b) 500 °C. EDS maps for (c) CTAB-1 

and (d) CTAB-2 samples 
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SEM micrographs showing the evolution of morphology and size of NiO particles prepared 

using EDTA as surfactant are given in Figure 4a-b. EDTA-1 sample prepared with 400 °C 

annealing procedure consisted of nano disc shaped parties which had below 50 nm thickness 

and below 150 nm length (see Figure 4a). Whereas the sample prepared at 500 °C (EDTA-2) 

was made up of octahedral shaped micro particles with bimodal size distribution (0.2-1 μm 

range) and ultrafine spherical particles on the surface of some of these micro particles. It appears 

that, the regardless of the surfactant, annealing at 500 °C yields microparticles with octahedral 

shapes but the surfactant can be used to control the size distribution and size of the particles 

obtained. Use of EDTA lead to smallest microparticles in comparison to the use of CTAB or 

PVP when the annealing temperature was 500 °C. EDS maps were collected from the samples 

prepared with EDTA and the results are presented in Figure 4c-d. EDTA-1 sample exhibited a 

homogeneous distribution of Ni and O elements on the surface (see Figure 4c), agreeing with 

the XRD results showing single-phase materials. However, EDS maps of EDTA-2 sample 

showed some regions within microparticles where Ni signal was stronger while a reduced O 

signal was detected from these regions. This suggests that these areas were mainly consisted of 

Ni nanoparticles, which were detected from the XRD results.  

 

 
Figure 4. SEM micrographs of the samples prepared using EDTA as the surfactant 

with annealing temperatures of (a) 400 °C and (b) 500 °C. EDS maps for (c) EDTA-1 

and (d) EDTA-2 samples 

 

Figure 5a-b shows the SEM micrographs of NiO particles prepared using PVP as surfactant. 

PVP-1 sample prepared at 400 °C mostly consisted of multifaceted particles with sizes below 
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400 nm and the presence of ultrafine spherical nanoparticles similar to EDTA-2 sample was 

observed. On the other hand, PVP-2 sample which was prepared by annealing at 500 C was 

made up of multifaceted microparticles and spherical microclusters consisting of nanoplates 

with size lengths below 400 nm. Ultrafine spherical nanoparticles were not present in this 

sample and the XRD results showed that the sample was single-phase. This suggested that the 

nanoplates were also NiO in addition to the NiO octahedral microparticles. Ni and O elemental 

EDS maps for PVP-1 and PVP-2 samples are presented in Figure 5c-d. A relatively 

homogeneous distribution of Ni and O was detected on the surface of PVP-1 sample and the 

secondary Ni phase with ultrafine particles could not be discerned (see Figure 5c). For PVP-2 

sample, O was distributed homogeneously on the surface and the height difference on the 

surface due to morphology and topography led to higher Ni signal from the edges of 

multifaceted microparticles. Presence of no ultrafine particles on the surface and XRD results 

suggested that the sample was also single phase in nature.  

 
Figure 5. SEM micrographs of the samples prepared using PVP as the surfactant 

with annealing temperatures of (a) 400 °C and (b) 500 °C. EDS maps for (c) PVP-1 

and (d) PVP-2 samples 

 

Figure 6 shows the cyclic voltammetry (CV) curves with different scan rates of NiO electrodes 

within 0-0.6 V vs. Hg/HgO range. For the single phase NiO samples prepared with CTAB (see 

Figure 6a-b), a pair of redox peaks at around 0.49 V and 0.35 V for CTAB-1 and 0.50 V and 

0.33 V for CTAB-2 corresponding to oxidation and reduction were observed, respectively. This 

indicate the pseudocapacitive behaviour for the electrodes (Ma et al., 2024).  These peaks 

correspond to reversible reaction given in Equation 1. This reaction defines an ion 
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adsorption/desorption at the electrode surface and depicts Ni2+/Ni3+ redox reaction at the 

interface of electrode and electrolyte (Wang et al., 2022) and such a reaction is beneficial for 

large pseudocapacitance for NiO electrode (He et al., 2020). During the oxidation process 

initially, a double layer formed at the solid/liquid interface as a result of the alignment of O2- 

ions in the lattice and H+ ions in the solution. Then, Ni2+ to Ni3+ oxidation releases an electron 

to the circuit, which leads to holes to move out of NiO lattice and then exhausted by OH- ions 

moving from solution to NiO surface. Lastly, consumption of holes by OH- ions at the surface 

occurs faster than hole diffusion to the surface, which leads to the formation of a concentration 

gradient. Hence, electrodes surface potential is reduced and requires an increase in the voltage 

to maintain the reaction. On the other hand, cathodic reduction process mirrors the oxidation 

reaction and Ni3+ is reduced to Ni2+, which reduces hole concentration and leading to remaining 

holes to move from surface to bulk while OH- ions move back to the solution from NiOOH 

forming NiO again (Boopathi et al., 2018; Yang & Zou, 2018). Moreover, with increasing scan 

rate a noticeable shift was observed for the redox peaks in addition to increased current. This 

suggests reversibility of redox reaction and faster ion/electron transportation (Ma et al., 2024).  

Finally, a larger area was observed for CTAB-2 sample in comparison to CTAB-1 sample, 

indicating improved reaction activity and higher capacitance with modified synthesis 

parameters.  

 

NiO + OH
−

 ⇌ NiOOH + e−     (1) 
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Figure 6. Cyclic voltammetry (CV) curves measured with different scan rates for (a) 

CTAB-1, (b) CTAB-2, (c) EDTA-1, (d) EDTA-2, (e) PVP-1 and (f) PVP-2 samples. 

 

Oxidation and reduction peaks were located at 0.48 V and 0.35 V for EDTA-1 and 0.46 V and 

0.34 V for EDTA-2 samples, respectively (see Figure 6c-d). The shape of the CV curves also 

indicated a pseudocapacitive behaviour for these samples and area under the curve was larger 

for EDTA-2 compared to EDTA-1, suggesting a larger capacitance for the sample. On the other 

hand, oxidation and reduction peaks were observed at 0.49 V and 0.34 V for PVP-1 and 0.44 V 

and 0.35 V for PVP-2 samples, respectively (see Figure 6e-f). These samples also exhibited 

pseudocapacitive behaviour and a larger area under the CV curve was observed for PVP-1 

sample, indicating again higher capacitance for the sample. Additionally, current value 

associated with redox reaction is higher for CTAB-2 sample in comparison to the other samples, 

suggesting a higher specific capacitance with respect to other samples (R. Ahmed et al., 2022). 

For all the samples, increasing scan rate led to a positive shift for oxidation peak and a negative 

shift for the reduction peaks due to the increasing polarisation with increasing scan rate. 

Moreover, redox peak start to be less apparent as the scan rate rises due to limited time for the 
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transportation of electron from the lattice to the surface and the diffusion of the ions in the 

electrolyte to the electrode surface (Yang & Zou, 2018). 

 

Galvanostatic charge-discharge (GCD) measurement were undertaken to determine the specific 

capacitance of the NiO samples according to Equation 2.  

 

Cs = (I×∆t)/(∆V×m)      (2) 

 

where, I is the constant current for charge-discharge, ∆t is the charge-discharge time, ∆V is the 

potential range used for charge-discharge cycle and m is the active material mass.  

 

GCD curves and calculated specific capacitance values with different current densities are 

presented in Figure 7. Earlier studies showed that NF substrate has negligible contribution to 

the capacitance (J. Zhao et al., 2022), therefore its effect on the measured specific capacitance 

values neglected. NiO samples prepared with different surfactants (PVP, EDTA and CTAB) 

exhibited nonlinear GCD curves which was indicative of pseudocapacitive behaviour (R. 

Ahmed et al., 2022; Gund et al., 2014; He et al., 2020). This is also in agreement with CV 

measurement results, confirming that NiO prepared in the current work can be utilised for 

pseudocapacitors. Typically, a triangular like profile for charge-discharge cycle is observed for 

a double layer capacitor. The nonlinear curve observed for pseudocapacitors could be divided 

into 3 regions for discharge cycle: (i) initial decrease in the potential  due the materials internal 

resistance, (ii) linear potential-time regions due to double layer capacitance as a result of 

electrode/electrolyte interface charge separation and (iii) changing potential-time slope region 

due to the redox reaction between the electrode and electrolyte (Gund et al., 2014; Kumar et 

al., 2020). Opposite of these steps are observed for the charge section of the GCD cycle. 

Moreover, the time required for charge-discharge cycle gets shorter with increasing current 

density for all the sample. This is explained by the limited time for the diffusion of ions from 

electrolyte to the electrode surface. At low current densities the diffusion and the migration of 

electrolyte ions is faster while the high current density restricts the diffusion and migration of 

ions, which diminished inner active surface areas’ ability to store charge (R. Ahmed et al., 2022; 

Manibalan et al., 2021; Xiong et al., 2020). The specific capacitance values at 0.5 A/g current 

density were 88.2 F/g, 173.5 F/g, 71.7 F/g, 25.3 F/g, 116.6 F/g and 11.6 F/g for CTAB-1, 

CTAB-2, EDTA-1, EDTA-2, PVP-1 and PVP-2 samples, respectively (see Figure 7c, f and i). 

With increasing current density, there was a significant drop in the specific capacitance of all 

the sample. This is mainly due to limited diffusion and migration of the electrolyte ions. 

However, in the present work, the electrolyte was 1 M KOH, which is much more dilute than 3 

M KOH or 6 M KOH electrolytes utilised in literature where capacitance retention with 

increasing current density is much better (A. Ahmed et al., 2025; Boopathi et al., 2018; Khot & 

Kiani, 2022; Ren et al., 2015). It was reported that increasing the KOH electrolyte concentration 

above 4 M would significantly improve charge-discharge times, which means a higher specific 

capacitance according to Equation 2. The increased conductivity of electrolyte and more 

available OH- ions in the electrolyte with increasing electrolyte concentration leads to improved 

charge and ion transfer/migration, resulting in better performance (Y. Zhao et al., 2016).  

Therefore, higher specific capacitance values could be expected from the samples prepared in 

the current work if the electrolyte concentration was greater than 4 M. 
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Figure 7. Galvanostatic charge-discharge (GCD) curves of (a) CTAB-1, (b) CTAB-1, (d) 

EDTA-1, (e) EDTA-2, (g) PVP-1 and (h) PVP-2 samples. Specific capacitance values 

obtained from GCD measurements for the sample prepared using (c) CTAB, (f) EDTA and (i) 

PVP as surfactants. 

 

Among the samples studied, CTAB-2 sample exhibited the highest specific capacitance values, 

which were 173.5 F/g at 0.5 A/g and 145.9 F/g at 1 A/g in 1 M KOH electrolyte.  Previously 

reported electrochemical energy storage performance of NiO with different morphologies and 

synthesis approaches is summarised in Table 3. It can be seen from the literature that NiO 

octahedral micro prisms synthesised in this work had comparable or even better specific 

capacitance values in comparison to the literature. It outperformed NiO with flower like 

morphology prepared by hydrothermal method and subsequent calcination approach, which a 

specific capacitance of 81.7 F/g at 0.5 A/g current density in a 3 M KOH electrolyte (Xiao et 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

333 
 

al., 2016). It exhibits similar performance to NiO nanosheets synthesised using a wet-chemical 

synthesis with a subsequent annealing approach, for which 168 F/g specific capacitance at 1 

A/g current density in 6 M KOH electrolyte was reported (Yuan, 2013). It can be seen that 

specific capacitance values as high as 340.2 F/g at 2 A/g current density in a 6 M KOH 

electrolyte was reported for NiO nanoflakes tested with conductive fabric current collector (A. 

Ahmed et al., 2025). As previously mentioned, a noticeable increase in the specific capacitance 

was observed when the KOH electrolyte concentration increased from 2 M to 6 M (Y. Zhao et 

al., 2016), which suggests that the NiO octahedral micro prisms in the present study could 

achieve higher specific capacitance values with more concentrated electrolytes. 

 

Table 3. Comparison of NiO electrode performance with previously reported 

electrodes 

Synthesis 

method 

Reagents/ 

surfactants 

Morpholog

y 

Current 

collector 

Electroly

te 

i  

(A/g

) 

Cs 

(F/g

) 

Referen

ce 

Wet-

chemical + 

annealing 

CTAB 

Octahedral 

micro 

prisms 

Ni foam 
1 M 

KOH 

0.5 
173.

5 This 

work 
1 

145.

9 

Precipitatio

n + 

calcination  

- Nanoflakes 
Conducti

ve fabric 

6 M 

KOH 
2 

340.

2 

 (A. 

Ahmed 

et al., 

2025) 

Precipitatio

n + 

calcination  

Aloe vera 

extract 

Nanoparticl

es 

Graphite 

sheet 

2 M 

KOH 
0.76 336 

(Bulla et 

al., 

2024) 

Hydrother

mal + 

annealing  

CTAB Nanoplates Ni gauze 
6 M 

KOH 
1 

286.

7 

(Zhu et 

al., 

2012) 

Wet-

chemical + 

annealing 

- Nanosheets Ni grid 
6 M 

KOH 
1 168 

(Yuan, 

2013) 

Hydrother

mal + 

annealing  

hexamethyle

ne tetramine 

(HMTA) 

Nanoparticl

es 

Ni 

electrode 

2 M 

KOH 
0.5 26 

(Kim et 

al., 

2013) 

Hydrother

mal + 

annealing  

- Flowers Ni Foam 
3 M 

KOH 
0.5 81.7 

(Xiao et 

al., 

2016) 

 

 

4. Conclusion and Recommendations 

 

In this study, NiO was synthesised with as two step approach where a wet-chemical method 

and subsequent annealing process was used. The particle size and morphology were controlled 

using different surfactants (CTAB, EDTA, PVP) and varying the annealing temperature. XRD 

results showed that only the use of CTAB resulted in single-phase NiO regardless of the 

annealing temperature. A secondary Ni phase was observed when EDTA or PVP used as 

surfactants and without optimising the annealing temperature. The crystallite size and the strain 

was determined using Williamson-Hall plots and the result showed that nanoparticles or 

nanodiscs with sizes below 30 nm could be obtained with CTAB and EDTA at 400 °C. 
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Moreover, increasing the temperature to 500 °C led to significant increase in the crystallite size 

with sizes reaching ~414 nm. SEM results showed that the surfactants led lo different 

morphologies, especially for the samples prepared with annealing at 400 °C.  At 400 °C, 

spherical nanoparticles, nanodiscs and multifaceted nanaoparticles were observed when CTAB, 

EDTA and PVP were used as surfactant, respectively. Increasing the temperature to 500 °C led 

to significant increases in the particle size and octahedral micro prisms unform in size for 

CTAB, octahedral micro prisms with bimodal size distribution and ultrafine spherical 

nanoparticles for EDTA and multifaceted microparticles and spherical microclusters for PVP 

were obtained. EDS mapping results confirmed the homogeneous distribution of Ni and O on 

the surface of the samples. CV measurement exhibited pseudocapacitive behaviour for all the 

samples where Ni2+/Ni3+ redox peaks were observed and the increasing scan rate led to shift of 

the peak positions due to increased polarisation. GCD results showed nonlinear curves, which 

also supported the pseudocapacitive behaviour of the electrodes, agreeing with CV results. The 

best performing sample had 173.5 F/g specific capacitance at 0.5 A/g current density in 1 M 

KOH electrolyte. These values were comparable to other NiO electrodes, and a higher specific 

capacitance can be expected from this electrode in more concentrated electrolytes since an 

increase in the specific capacitance with electrolyte concentration was demonstrated in the 

literature.  
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Özet 

Veri merkezleri, dijitalleşmenin getirdiği yoğun işlem yükü nedeniyle dünya elektrik 

tüketiminin önemli bir bölümünden sorumlu hale gelmiştir. Bu tüketimin yaklaşık yüzde kırkını 

oluşturan soğutma sistemleri; enerji verimliliği, sürdürülebilirlik ve operasyonel maliyet 

açısından kritik bir optimizasyon alanı sunmaktadır. Bu çalışmada, veri merkezi soğutma 

yönetiminde yapay zeka tabanlı yaklaşımların kullanımı kapsamlı biçimde incelenmiş; Power 

Usage Effectiveness (PUE), Data Center Infrastructure Efficiency (DCiE), Water Usage 

Effectiveness (WUE) ve Carbon Usage Effectiveness (CUE) gibi verimlilik metrikleri 

karşılaştırmalı olarak değerlendirilmiştir. Akademik literatür ve sektör vaka çalışmaları 

taranarak; geleneksel hava soğutma, sıvı soğutma ve hibrit sistemlerin performans 

karakteristikleri analiz edilmiştir. Çalışma kapsamında, Google'ın DeepMind ile 

gerçekleştirdiği soğutma optimizasyonu projesi referans vaka olarak ele alınmış ve pekiştirmeli 

öğrenme tabanlı yaklaşımların yaklaşık yüzde kırk düzeyinde enerji tasarrufu sağladığı bulgusu 

derinlemesine incelenmiştir. Ayrıca uzun-kısa vadeli bellek (LSTM) ve diğer derin öğrenme 

mimarilerinin sıcaklık tahminindeki etkinliği değerlendirilmiştir. Türkiye bağlamında ise farklı 

iklim bölgelerinin (Marmara, İç Anadolu, Akdeniz, Doğu Anadolu) soğutma stratejisi tercihleri 

üzerindeki etkisi incelenmiş ve serbest soğutma (free cooling) potansiyeli analiz edilmiştir. 

Çalışmanın özgün katkısı olarak; Türkiye'deki veri merkezleri için iklim bölgelerine göre 

önerilen soğutma stratejisi seçim matrisi geliştirilmiştir. Bu matris, kurumların coğrafi konum, 

dış ortam koşulları, iş yükü profili ve PUE hedeflerini birlikte değerlendirerek uygun soğutma 

yaklaşımını belirlemelerine yardımcı olmaktadır. Bulguların, ulusal ölçekte yeşil veri merkezi 

politikalarının geliştirilmesine ve enerji verimliliği odaklı yatırım kararlarına katkı sağlayacağı 

öngörülmektedir. 

Anahtar Kelimeler: Veri Merkezi, Enerji Verimliliği, PUE, Yapay Zeka, Soğutma Yönetimi, 

Yeşil Bilişim 
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ENERGY EFFICIENCY AND PUE OPTIMIZATION IN DATA CENTERS: A 

REVIEW OF ARTIFICIAL INTELLIGENCE-BASED COOLING MANAGEMENT 

SYSTEMS 

 

 

 

Abstract 

Data centers have become responsible for a significant portion of global electricity consumption 

due to the intensive computational workloads driven by digitalization. Cooling systems, which 

account for approximately forty percent of this consumption, present a critical optimization 

domain in terms of energy efficiency, sustainability, and operational cost. This study 

comprehensively examines the use of artificial intelligence-based approaches in data center 

cooling management, with comparative evaluation of efficiency metrics such as Power Usage 

Effectiveness (PUE), Data Center Infrastructure Efficiency (DCiE), Water Usage Effectiveness 

(WUE), and Carbon Usage Effectiveness (CUE). Academic literature and industry case studies 

were reviewed to analyze the performance characteristics of traditional air cooling, liquid 

cooling, and hybrid systems. Within the scope of the study, the cooling optimization project 

conducted by Google in collaboration with DeepMind is examined as a reference case, with in-

depth analysis of the finding that reinforcement learning-based approaches achieved 

approximately forty percent energy savings. Additionally, the effectiveness of long short-term 

memory (LSTM) and other deep learning architectures in temperature prediction is evaluated. 

In the Turkish context, the impact of different climate zones (Marmara, Central Anatolia, 

Mediterranean, and Eastern Anatolia) on cooling strategy selection is examined, and the 

potential of free cooling is analyzed. As an original contribution, a cooling strategy selection 

matrix tailored to climate zones is developed for data centers in Türkiye. This matrix assists 

organizations in determining the appropriate cooling approach by jointly considering 

geographic location, ambient conditions, workload profile, and PUE targets. The findings are 

expected to contribute to the development of national green data center policies and to 

investment decisions focused on energy efficiency. 

Keywords: Data Center, Energy Efficiency, PUE, Artificial Intelligence, Cooling 

Management, Green Computing  
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1. Giriş 

Dijital dönüşümün hızlanması, bulut bilişim hizmetlerinin yaygınlaşması ve yapay zeka 

uygulamalarının yoğun işlem gücü gereksinimleri; veri merkezlerinin küresel enerji 

tüketimindeki payını son yıllarda kayda değer biçimde artırmıştır. Masanet ve diğerleri (2020) 

tarafından gerçekleştirilen kapsamlı bir analize göre, küresel veri merkezleri 2018 yılında 

yaklaşık 205 TWh elektrik tüketmiş olup; bu rakam dünya elektrik tüketiminin yaklaşık yüzde 

birine karşılık gelmektedir. Koomey (2011) tarafından yapılan önceki dönem çalışmalarıyla 

birlikte değerlendirildiğinde; veri merkezi enerji tüketiminin son on beş yılda doğrusal değil, 

ancak istikrarlı biçimde büyümeye devam ettiği görülmektedir. 

Bu enerji tüketiminin yaklaşık yüzde kırkı soğutma sistemlerinden kaynaklanmaktadır 

(Ahmed, Bollen ve Alvarez, 2021). Soğutma yükü; veri merkezi tasarımının, coğrafi 

konumunun, iş yükü profilinin ve dış ortam koşullarının doğrudan etkilediği bir bileşendir. Bu 

nedenle soğutma sistemlerinin optimizasyonu, hem operasyonel maliyet hem de çevresel 

sürdürülebilirlik açısından kritik bir verimlilik kazanımı potansiyeli sunmaktadır. The Green 

Grid (2012) tarafından geliştirilen Power Usage Effectiveness (PUE) metriği, bu verimliliğin 

endüstri standardı olarak ölçülmesini sağlamış ve günümüzde küresel ölçekte en yaygın kabul 

gören veri merkezi enerji verimliliği göstergesi haline gelmiştir. 

Geleneksel soğutma yönetimi, büyük ölçüde sabit eşikler ve elle ayarlı kontrol 

mekanizmaları üzerine kurulmuştur. Ancak modern veri merkezlerinin barındırdığı binlerce 

sensörden gelen yüksek boyutlu telemetri verileri, klasik kontrol yöntemlerinin tek başına 

optimum noktaya ulaşmasını zorlaştırmaktadır. Bu durum, son on yılda yapay zeka ve makine 

öğrenmesi tabanlı soğutma optimizasyonu yaklaşımlarının öne çıkmasına zemin hazırlamıştır. 

Google'ın DeepMind ile gerçekleştirdiği projede pekiştirmeli öğrenme tabanlı bir kontrol 

sisteminin soğutma enerjisinde yaklaşık yüzde kırk tasarruf sağladığı raporlanmış; bu sonuç, 

yapay zeka destekli soğutma yönetiminin küresel ölçekte ciddi bir referans noktası haline 

gelmesini sağlamıştır (Evans ve Gao, 2016). 

Buna karşın, yapay zeka tabanlı soğutma yönetimi alanındaki literatür büyük ölçüde 

global ölçekteki hyperscale veri merkezlerine odaklanmakta; coğrafi koşulların farklılaştığı 

bölgesel veri merkezleri için yeterince derinleştirilmiş analizler bulunmamaktadır. Türkiye gibi 

dört mevsim iklim çeşitliliği gösteren ülkelerde; soğutma stratejisi seçimi yalnızca teknik bir 

karar değil, aynı zamanda iklim bölgesine duyarlı bir yatırım planlamasıdır. Marmara, İç 

Anadolu, Akdeniz ve Doğu Anadolu bölgelerinin yıllık ortalama sıcaklık, nem ve dış ortam 

koşulları arasındaki belirgin farklar; bu bölgelerde yer alan veri merkezleri için farklı soğutma 

yaklaşımlarının uygunluğunu zorunlu kılmaktadır. 

Bu çalışmanın amacı; veri merkezi soğutma yönetiminde yapay zeka tabanlı 

yaklaşımları kapsamlı biçimde incelemek, PUE ve diğer verimlilik metriklerini karşılaştırmalı 

olarak değerlendirmek ve Türkiye'nin coğrafi-iklimsel koşullarına özgü bir soğutma stratejisi 

seçim matrisi önermektir. Çalışma; ilgili tezin (Veri Merkezi Yönetim ve Optimizasyon 

Uygulaması: Entegre Karar Destek Platformu) optimizasyon ve sürdürülebilirlik boyutuna 

kavramsal altyapı sağlamayı hedeflemektedir. Çalışmanın araştırma soruları şunlardır: (i) Veri 

merkezi enerji verimliliği metrikleri arasında hangi metrikler hangi optimizasyon hedefleriyle 

uyumludur? (ii) Yapay zeka tabanlı soğutma yönetimi yaklaşımları geleneksel yaklaşımlara 

kıyasla hangi düzeyde tasarruf sağlamaktadır? (iii) Türkiye'nin farklı iklim bölgelerinde hangi 

soğutma stratejileri optimum sonucu verir? 

Çalışmanın geri kalan kısmı şu şekilde organize edilmiştir: İkinci bölümde sistematik 

literatür inceleme yöntemi ve veri toplama süreci açıklanmaktadır. Üçüncü bölüm; veri merkezi 

enerji verimliliği metriklerinin karşılaştırmalı analizini, yapay zeka tabanlı soğutma 

yaklaşımlarının değerlendirmesini ve Türkiye'ye özgü soğutma stratejisi matrisini sunmaktadır. 

Son bölümde çalışmanın sonuçları, pratik etkileri ve gelecek araştırmalara yönelik öneriler 

tartışılmaktadır. 
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2. Materyal ve Yöntem 

Bu çalışmada kapsamlı bir literatür inceleme yöntemi izlenmiş; akademik veri tabanları 

ve sektör raporları taranarak yapay zeka tabanlı veri merkezi soğutma yönetimi alanındaki bilgi 

tabanı sistematik olarak değerlendirilmiştir. İncelemenin kapsamı üç ana eksen üzerinde 

belirlenmiştir: (i) veri merkezi enerji verimliliği metriklerinin tanımı ve karşılaştırması, (ii) 

yapay zeka destekli soğutma yönetimi yaklaşımlarının teknik özellikleri ve uygulama sonuçları, 

(iii) Türkiye'nin farklı iklim bölgelerine özgü soğutma stratejisi tercihleri. 

Veri kaynağı olarak IEEE Xplore, ScienceDirect, Springer ve Web of Science veri 

tabanları kullanılmış; ek olarak The Green Grid, ASHRAE TC 9.9, Uptime Institute ve 

Lawrence Berkeley National Laboratory (LBNL) gibi kuruluşların kamuya açık teknik raporları 

da gri literatür kapsamında değerlendirilmiştir. Tarama dönemi 2010-2024 olarak belirlenmiş; 

bu aralık DeepMind'ın yapay zeka tabanlı soğutma kontrolüne ilişkin yayınlandığı 2016 öncesi 

ve sonrasını kapsayacak biçimde seçilmiştir. 

Anahtar kelime kombinasyonları; "data center cooling", "PUE optimization", "AI-based 

cooling", "reinforcement learning data center", "free cooling" ve "liquid cooling" terimleri esas 

alınarak Boole operatörleriyle (AND/OR) oluşturulmuştur. Dahil etme kriterleri olarak şunlar 

belirlenmiştir: (i) hakemli dergi makalesi, konferans bildirisi veya tanınmış kurumsal teknik 

rapor olması; (ii) İngilizce ya da Türkçe yayımlanmış olması; (iii) veri merkezi enerji 

verimliliği veya soğutma yönetimi konularını doğrudan ele alması. Hariç tutma kriterleri 

olarak; veri merkezi dışı uygulamalara odaklanan çalışmalar ve genel kapsamlı iklim 

modellemesi araştırmaları kapsam dışında bırakılmıştır. 

Türkiye iklim bölgesi analizi için Türkiye Cumhuriyeti Meteoroloji Genel 

Müdürlüğü'nün uzun yıllar ortalamaları ve ASHRAE TC 9.9 (2021) tarafından önerilen termal 

yönergeler birlikte değerlendirilmiştir. Soğutma stratejisi karar matrisi; iklim bölgesi, dış ortam 

koşulları (kuru termometre sıcaklığı ve nem), iş yükü profili ve hedef PUE seviyesi olmak üzere 

dört temel parametre üzerinden yapılandırılmıştır. 

3. Bulgular ve Tartışma 

Bu bölümde literatür incelemesi sonucunda elde edilen bulgular dört alt başlık altında 

sunulmaktadır. İlk alt başlıkta veri merkezi enerji verimliliği metriklerinin karşılaştırmalı 

analizi, ikinci alt başlıkta yapay zeka tabanlı soğutma yaklaşımları, üçüncü alt başlıkta soğutma 

teknolojilerinin karşılaştırmalı performansı, son alt başlıkta ise Türkiye iklim bölgelerine özgü 

soğutma stratejisi seçim matrisi ele alınmaktadır. 

3.1. Veri Merkezi Enerji Verimliliği Metriklerinin Karşılaştırmalı Analizi 

Veri merkezi enerji verimliliği değerlendirmesinde günümüzde en yaygın kullanılan 

metrik, The Green Grid Association tarafından 2007 yılında geliştirilen ve 2012 yılında 

kapsamlı bir biçimde belgelenen Power Usage Effectiveness (PUE) metriğidir (The Green Grid, 

2012). PUE, toplam tesis enerjisinin BT ekipman enerjisine oranı olarak tanımlanmakta; ideal 

değeri 1,0'a yakın olduğu durumda tesis enerjisinin neredeyse tamamı bilişim ekipmanları 

tarafından tüketildiğini ifade etmektedir. PUE'nin tersi olan Data Center Infrastructure 

Efficiency (DCiE), aynı veriyi yüzde olarak ifade etmektedir. Bu iki temel metrik son on yılda 

küresel ölçekte tüm büyük operatörler tarafından izlenir hale gelmiştir. 

Levy ve Raviv (2018) tarafından önerilen çok boyutlu metrik çerçevesi; veri merkezi 

performansını üretkenlik, verimlilik, sürdürülebilirlik ve operasyon olmak üzere dört eksende 

değerlendirmektedir. Bu yaklaşıma göre PUE tek başına yeterli olmayıp, su kullanım etkinliği 

(WUE) ve karbon kullanım etkinliği (CUE) gibi sürdürülebilirlik metrikleriyle 

desteklenmelidir. Tablo 1, çalışma kapsamında karşılaştırılan dört temel verimlilik metriğinin 

tanımlarını ve odak alanlarını sunmaktadır. 
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Tablo 1. Veri merkezi enerji verimliliği metriklerinin karşılaştırmalı değerlendirmesi 

Metrik Tanım Odak Alanı İdeal Değer 

PUE Toplam tesis enerjisi / BT 

ekipman enerjisi 

Genel enerji verimliliği 1,0'a yakın 

DCiE BT ekipman enerjisi / 

toplam tesis enerjisi (% 

olarak) 

PUE'nin yüzde karşılığı %100'e yakın 

WUE Yıllık su kullanımı / BT 

ekipman enerjisi 

Su kaynağı 

sürdürülebilirliği 

Düşük olması 

CUE Yıllık karbon emisyonu / BT 

ekipman enerjisi 

Karbon ayak izi Düşük olması 

Bulgular ışığında, tek bir metriğin tüm boyutları kapsayamadığı; PUE'nin enerji 

verimliliği için temel gösterge olarak kalmaya devam ettiği, ancak su tüketimi ve karbon ayak 

izi gibi sürdürülebilirlik boyutları için WUE ve CUE'nin tamamlayıcı olarak kullanılması 

gerektiği teyit edilmektedir. Modern veri merkezi yönetimi; bu metriklerin bütünleşik bir 

gösterge tablosu altında izlenmesini gerektirmektedir. 

3.2. Yapay Zeka Tabanlı Soğutma Yönetimi Yaklaşımları 

Yapay zeka tabanlı soğutma yönetimi alanındaki en kayda değer atılım, Google ve 

DeepMind ortaklığında 2014-2016 yılları arasında gerçekleştirilen projedir. Evans ve Gao 

(2016) tarafından yayımlanan teknik blog yazısında; binlerce sensörden alınan telemetri verileri 

(sıcaklık, nem, basınç, soğutma kulesi dönüş suyu sıcaklığı vb.) kullanılarak eğitilen sinir ağı 

modellerinin gelecek bir saatlik PUE değerini tahmin ettiği ve buna göre soğutma sistemine 

eylem önerileri ürettiği belirtilmektedir. Yayımlanan sonuçlara göre sistem, soğutma için 

kullanılan enerjide yaklaşık yüzde kırk azalma ve toplam PUE'de yüzde on beşlik bir iyileşme 

sağlamıştır. 

Bu öncü çalışmanın ardından geliştirilen ikinci nesil sistemler, daha güvenli ve otonom 

kontrol için pekiştirmeli öğrenme (reinforcement learning) yaklaşımlarını kullanmaktadır. Luo 

ve diğerleri (2022), DeepMind ve Trane Technologies ortaklığında ticari soğutma sistemleri 

üzerinde gerçekleştirilen canlı deneylerin sonuçlarını paylaşmış; iki farklı tesis için sırasıyla 

yaklaşık yüzde dokuz ve yüzde on üç enerji tasarrufu rapor edilmiştir. Bu sonuçlar, yapay zeka 

tabanlı soğutma kontrolünün sadece yüksek özelleştirme imkanı sunan hyperscale tesislerde 

değil, ticari yapı yönetim sistemlerinde de uygulanabilir olduğunu göstermektedir. 

Akademik literatürde sıkça incelenen bir başka yaklaşım, uzun-kısa vadeli bellek 

(LSTM) tabanlı sıcaklık tahmin modelleridir. Hochreiter ve Schmidhuber (1997) tarafından 

geliştirilen LSTM mimarisi, zaman serisi tahminlerinde uzun vadeli bağımlılıkları öğrenebilme 

kapasitesi sayesinde veri merkezi sıcaklık dinamiklerinin modellenmesi için son derece uygun 

bir yapı sunmaktadır. Bu yaklaşımlar; özellikle yoğun değişkenlik gösteren iş yüklerinde ve dış 

ortam koşullarında, geleneksel PID kontrolcülere kıyasla daha uyarlanabilir bir kontrol 

davranışı sağlamaktadır. Dayarathna, Wen ve Fan (2016) tarafından gerçekleştirilen kapsamlı 

surveyte; veri merkezi enerji modelleme yaklaşımlarının istatistiksel temelden makine 

öğrenmesi tabanlı yöntemlere doğru evrildiği vurgulanmıştır. 

3.3. Soğutma Teknolojilerinin Karşılaştırmalı Performansı 

Veri merkezi soğutma teknolojileri; geleneksel hava soğutma, sıvı soğutma, daldırma 

soğutma ve hibrit yaklaşımlar olmak üzere birkaç ana kategoride ele alınmaktadır. Hava 

soğutma, kurulum kolaylığı ve operasyonel deneyim açısından hala en yaygın yaklaşım olarak 

kalmakta; ancak yüksek yoğunluklu iş yüklerinde sınırlı kapasite sunmaktadır. Sıvı soğutma; 

özellikle yapay zeka eğitim yüklerinin ve grafik işlem birimi (GPU) tabanlı yoğun hesaplamalı 
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uygulamaların yaygınlaşmasıyla birlikte önem kazanmıştır. Koot ve Wijnhoven (2021), 

gelecekteki veri merkezi enerji ihtiyacını öngören sistem dinamiği modellerinde; sıvı soğutma 

yatırımının PUE değerlerinde belirgin bir iyileşme sağladığını raporlamıştır. 

Serbest soğutma (free cooling), dış ortam havasını soğutma kaynağı olarak kullanan ve 

mekanik soğutma ihtiyacını azaltan bir yaklaşımdır. Bu yöntem; özellikle yıllık ortalama dış 

sıcaklığın düşük olduğu coğrafyalarda son derece etkilidir. ASHRAE TC 9.9 termal 

yönergeleri, soğuk koridor sıcaklığı için tavsiye edilen ve izin verilen aralıkları tanımlayarak 

serbest soğutma uygulamasının sınırlarını çizmektedir. Tablo 2, çalışma kapsamında 

karşılaştırılan üç temel soğutma yaklaşımının özelliklerini sunmaktadır. 

 

Tablo 2. Soğutma teknolojilerinin karşılaştırmalı değerlendirmesi 

Yaklaşım Tipik PUE Aralığı Yatırım Maliyeti İklim Hassasiyeti 

Geleneksel hava 

soğutma 

1,5 - 2,0 Düşük Düşük 

Serbest soğutma 

destekli 

1,2 - 1,5 Orta Yüksek 

Sıvı/daldırma 

soğutma 

1,05 - 1,2 Yüksek Düşük 

AI-destekli hibrit 1,1 - 1,3 Orta-Yüksek Orta 

 

Tablo 2'den elde edilen bulgulara göre; PUE açısından en agresif iyileşme sıvı/daldırma 

soğutma yaklaşımları ile elde edilebilirken, bu yöntem yüksek başlangıç yatırımı 

gerektirmektedir. Serbest soğutma destekli sistemler ise iklim koşullarına bağlı olarak belirgin 

enerji tasarrufu sağlamakta ancak sıcak iklim bölgelerinde uygulanabilirliği sınırlanmaktadır. 

Yapay zeka destekli hibrit yaklaşımlar; orta düzeyde yatırımla iklim bölgesi farkından bağımsız 

olarak iyi sonuç vermesi nedeniyle; özellikle iklim çeşitliliği yüksek ülkelerde stratejik öneme 

sahiptir. 

3.4. Türkiye İklim Bölgelerine Göre Soğutma Stratejisi Seçim Matrisi 

Türkiye'nin coğrafi konumu ve dört mevsim iklim çeşitliliği; veri merkezi soğutma 

stratejisi planlamasında bölgesel farklılıkların dikkate alınmasını zorunlu kılmaktadır. Marmara 

bölgesi yıllık ortalama 14-15 °C ile ılıman iklim profili sunarken; İç Anadolu'nun karasal iklimi 

yaz aylarında yüksek sıcaklık-düşük nem kombinasyonu, kış aylarında ise düşük sıcaklık 

koşulları sunmaktadır. Akdeniz bölgesinde yüksek sıcaklık ve nem birlikte görülmekte, bu da 

serbest soğutma uygulanabilirliğini sınırlandırmaktadır. Doğu Anadolu ise Türkiye'nin en 

soğuk yıllık ortalama sıcaklık değerlerine sahip bölgesi olarak; serbest soğutma için en uygun 

coğrafyadır. 

Bu farklılıkları dikkate alarak Tablo 3'te Türkiye iklim bölgelerine özgü bir soğutma 

stratejisi seçim matrisi önerilmektedir. Matris; her bölge için tavsiye edilen birincil soğutma 

yaklaşımını, hedef PUE aralığını ve yapay zeka entegrasyonu önceliğini sunmaktadır. 
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Tablo 3. Türkiye iklim bölgelerine göre soğutma stratejisi seçim matrisi 

İklim Bölgesi Önerilen Birincil Yaklaşım Hedef PUE 

Aralığı 

AI Entegrasyonu 

Önceliği 

Marmara Hibrit (serbest + mekanik) 1,3 - 1,5 Yüksek (yaz aylarında 

zorunlu) 

İç Anadolu Serbest soğutma destekli 1,25 - 1,4 Orta (mevsimsel kontrol 

için) 

Akdeniz/Ege Sıvı/AI hibrit 1,2 - 1,35 Yüksek (yüksek sıcaklık 

nedeniyle) 

Doğu Anadolu Serbest soğutma odaklı 1,15 - 1,3 Düşük (iklim avantajı 

yeterli) 

Karadeniz Hibrit (yüksek nem dikkate) 1,3 - 1,45 Orta (nem yönetimi için) 

 

Önerilen matris; kurumların yatırım planlama sürecinde bölgesel iklim avantajlarını ve 

dezavantajlarını sayısallaştırarak değerlendirmelerine olanak sağlamaktadır. Doğu Anadolu'da 

yer alacak yeni bir veri merkezi için yapay zeka destekli kontrol yatırımının görece düşük 

öncelikli olduğu, çünkü iklim koşullarının zaten serbest soğutmayı yıl boyunca mümkün kıldığı 

görülmektedir. Buna karşın Akdeniz ve Marmara bölgelerinde, özellikle yaz aylarındaki yüksek 

sıcaklık ve nem koşulları nedeniyle yapay zeka destekli kontrol kritik bir verimlilik kazanım 

aracı haline gelmektedir. 

Çalışmanın bazı sınırlılıkları da değerlendirilmelidir. İlk olarak, önerilen matris uzun 

yıllar iklim ortalamalarına dayanmakta olup; iklim değişikliği nedeniyle bölgesel sıcaklık 

eğilimlerinin gelecekte değişmesi olasılığı bulunmaktadır. İkincisi, matris birincil olarak 

fiziksel iklim koşullarına odaklanmış olup; elektrik altyapısı, yenilenebilir enerji erişilebilirliği 

ve regülasyon gibi diğer faktörler ileri çalışmalarda dahil edilmelidir. Üçüncüsü, gerçek vaka 

çalışmalarına dayalı doğrulama gelecek araştırmaların kapsamına bırakılmıştır. 

4. Sonuç ve Öneriler 

Bu çalışmada veri merkezi soğutma yönetiminde yapay zeka tabanlı yaklaşımlar 

kapsamlı biçimde incelenmiş; PUE, DCiE, WUE ve CUE gibi enerji verimliliği metrikleri 

karşılaştırmalı olarak değerlendirilmiş ve Türkiye'nin iklim bölgelerine özgü bir soğutma 

stratejisi seçim matrisi önerilmiştir. Bulgular; yapay zeka tabanlı soğutma yönetiminin hem 

hyperscale ölçekteki hem de orta ölçekli ticari veri merkezlerinde belirgin enerji tasarrufu 

sağladığını ortaya koymaktadır. Google-DeepMind ortaklığında raporlanan yüzde kırklık 

soğutma enerjisi tasarrufu (Evans ve Gao, 2016) ile Trane Technologies ortaklığında raporlanan 

yüzde dokuz-on üç tasarruf (Luo ve diğerleri, 2022); pekiştirmeli öğrenme tabanlı yaklaşımların 

farklı tesis tiplerinde uygulanabilir olduğunun somut göstergeleridir. 

Çalışmanın sonuçları üç ana eksende özetlenebilir. Birincisi, veri merkezi enerji 

verimliliği değerlendirmesinde tek bir metrik yeterli olmayıp; PUE, WUE ve CUE'nin 

bütünleşik bir gösterge tablosu altında izlenmesi sürdürülebilirlik hedefleri için zorunludur. 

İkincisi, yapay zeka tabanlı soğutma yönetimi yalnızca büyük teknoloji şirketlerinin 

uygulayabileceği bir ileri seviye teknoloji değil; ticari veri merkezleri ve kurumsal altyapılar 

için de uygulanabilir bir verimlilik aracıdır. Üçüncüsü, Türkiye gibi iklim çeşitliliği yüksek 

ülkelerde soğutma stratejisi tek bir reçete ile belirlenemez; bölgesel iklim koşullarına 

uyarlanmış bir karar matrisinin kullanılması yatırım verimliliğini artıracaktır. 

Pratik açıdan değerlendirildiğinde, önerilen iklim bölgesi tabanlı soğutma matrisi; 

kurumsal BT yöneticileri ve veri merkezi planlamacıları için somut bir karar destek aracı 
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sunmaktadır. Bu araç; yatırım önceliklerinin belirlenmesi, hedef PUE değerlerinin gerçekçi 

biçimde tanımlanması ve bölgesel iklim avantajlarından maksimum yararlanılması açılarından 

stratejik katkı sağlamaktadır. Çalışmanın çıktıları; ilgili tezde geliştirilmesi planlanan entegre 

karar destek platformunun sürdürülebilirlik ve enerji verimliliği boyutlarına altyapı 

sağlamaktadır. 

Gelecek araştırmalar için şu öneriler sunulabilir: (i) önerilen iklim bölgesi matrisinin 

Türkiye'deki gerçek veri merkezi vaka çalışmaları ile doğrulanması; (ii) iklim değişikliği 

senaryolarının matrise entegre edilerek 2030 ve 2050 hedeflerine yönelik dinamik 

versiyonlarının geliştirilmesi; (iii) yenilenebilir enerji erişilebilirliği ve karbon yoğunluğu gibi 

parametrelerin matris kapsamına eklenmesi; (iv) yapay zeka destekli soğutma kontrolü için açık 

kaynaklı referans uygulamaların geliştirilmesi ve farklı ölçekli kurumların kullanımına 

sunulması. Bu çalışmaların; ulusal ölçekte yeşil veri merkezi politikalarının geliştirilmesine ve 

enerji verimliliği odaklı kurumsal yatırım kararlarına anlamlı katkı sağlayacağı 

değerlendirilmektedir. 

 

Teşekkür ve Bilgilendirme Notu 

Bu çalışma, Kırıkkale Üniversitesi Fen Bilimleri Enstitüsü Bilgisayar Mühendisliği 

Anabilim Dalı'nda yürütülen yüksek lisans tezi kapsamında hazırlanmıştır. Yazarlar, çalışma 

boyunca destek ve yönlendirmelerini esirgemeyen Kırıkkale Üniversitesi Bilgisayar 

Mühendisliği Bölümü öğretim üyelerine teşekkür eder. Çalışma için herhangi bir kurum veya 

kuruluştan finansal destek alınmamıştır. Yazarlar arasında çıkar çatışması bulunmamaktadır. 
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Özet 

Dağıtık veri merkezlerinde günlük olarak üretilen telemetri verisi, milyonlarca ölçüm 

noktasından gelen yüksek boyutlu zaman serileri biçimindedir. Bu veri yoğunluğu içinde sistem 

davranışından sapan anomalilerin zamanında tespit edilmesi; iş sürekliliği, hizmet seviyesi 

anlaşması (SLA) uyumu ve donanım yaşam döngüsü yönetimi açısından kritik öneme sahiptir. 

Geleneksel sabit eşik tabanlı izleme yöntemleri; çok lokasyonlu altyapılarda yaygın olan 

gürültülü ve bağlama duyarlı arıza örüntülerini yakalama açısından yetersiz kalmaktadır. Bu 

çalışmada, dağıtık veri merkezi ortamlarında anomali tespiti ve olay yönetimi için makine 

öğrenmesi tabanlı dört bileşenli bir çerçeve önerilmektedir. Önerilen çerçeve; çok kaynaklı veri 

toplama bileşeni, hibrit anomali tespit motoru, olay sınıflandırma ve önceliklendirme bileşeni 

ile orkestrasyon ve yanıt bileşeninden oluşmaktadır. Anomali tespit motorunda üç tamamlayıcı 

algoritma birleştirilmektedir: nokta anomalileri için Isolation Forest, normal davranışın sınırını 

öğrenmek için One-Class SVM (OC-SVM) ve karmaşık zamansal örüntülerdeki sapmalar için 

Autoencoder tabanlı yeniden yapılandırma hatası yaklaşımı. Çerçeve; otuz sekiz lokasyonlu 

varsayımsal bir kurumsal senaryo üzerinde sentetik veri kümesi ile değerlendirilmiştir. 

Ortalama Onarım Süresi (MTTR) ve Arızalar Arası Ortalama Süre (MTBF) metrikleri 

kullanılarak yapılan karşılaştırmalı analiz; önerilen hibrit yaklaşımın eşik tabanlı izlemeye 

kıyasla yanlış pozitif oranını belirgin biçimde azalttığını ve gerçek pozitif tespit oranını 

yükselttiğini ortaya koymaktadır. Çalışmanın bulguları, kurumsal veri merkezi yöneticileri için 

reaktif olay yönetiminden tahminsel ve önleyici operasyonlara geçişi destekleyen somut bir 

teknik altyapı sunmaktadır. Önerilen çerçeve aynı zamanda tezde geliştirilmesi planlanan 

entegre karar destek platformunun gözlemlenebilirlik ve olay yönetimi katmanlarına temel 

oluşturmaktadır. 

Anahtar Kelimeler: Anomali Tespiti, Veri Merkezi, Makine Öğrenmesi, Isolation Forest, 

Autoencoder, Olay Yönetimi 
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ANOMALY DETECTION AND INCIDENT MANAGEMENT IN DISTRIBUTED 

DATA CENTERS: A MACHINE LEARNING-BASED FRAMEWORK PROPOSAL 

 

 

Abstract 

The telemetry data produced daily in distributed data centers takes the form of high-dimensional 

time series originating from millions of measurement points. Within this data density, the timely 

detection of anomalies that deviate from system behavior is critical for business continuity, 

service-level agreement (SLA) compliance, and hardware lifecycle management. Traditional 

fixed-threshold monitoring methods are inadequate for capturing the noisy and context-

sensitive failure patterns common in multi-location infrastructures. This study proposes a four-

component machine learning-based framework for anomaly detection and incident 

management in distributed data center environments. The proposed framework consists of a 

multi-source data collection component, a hybrid anomaly detection engine, an incident 

classification and prioritization component, and an orchestration and response component. The 

anomaly detection engine combines three complementary algorithms: Isolation Forest for point 

anomalies, One-Class Support Vector Machine (OC-SVM) for learning the boundary of normal 

behavior, and Autoencoder-based reconstruction error approach for deviations in complex 

temporal patterns. The framework is evaluated on a synthetic dataset built around a hypothetical 

enterprise scenario consisting of thirty-eight distributed locations. Comparative analysis using 

Mean Time To Repair (MTTR) and Mean Time Between Failures (MTBF) metrics 

demonstrates that the proposed hybrid approach significantly reduces the false positive rate and 

increases the true positive detection rate compared to threshold-based monitoring. The findings 

provide a concrete technical foundation supporting the transition from reactive incident 

management to predictive and preventive operations for enterprise data center managers. The 

proposed framework also serves as a basis for the observability and incident management layers 

of the integrated decision support platform planned in the thesis. 

Keywords: Anomaly Detection, Data Center, Machine Learning, Isolation Forest, 

Autoencoder, Incident Management 
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1. Giriş 

Modern kurumsal veri merkezleri; binlerce sunucu, ağ cihazı, depolama birimi, güç 

dağıtım ünitesi ve soğutma sistemi barındıran karmaşık altyapılardır. Bu altyapılardan üretilen 

telemetri verisi günlük olarak milyarlarca ölçüm noktasını kapsamakta; CPU kullanım 

oranlarından sıcaklık değerlerine, ağ paket akışından disk I/O istatistiklerine kadar geniş bir 

veri yelpazesini içermektedir. Dayarathna, Wen ve Fan (2016) tarafından gerçekleştirilen 

kapsamlı survey; modern veri merkezi enerji ve performans dinamiklerini anlamak için 

yüzlerce farklı değişkenin eş zamanlı olarak izlenmesi gerektiğini ortaya koymaktadır. 

Bu veri yoğunluğu içinde sistem davranışından sapan anomalilerin zamanında tespit 

edilmesi; iş sürekliliği, hizmet seviyesi anlaşması (SLA) uyumu ve donanım yaşam döngüsü 

yönetimi açısından kritik öneme sahiptir. Bir disk arızasının erken belirtilerinin saatlerce önce 

tespit edilmesi planlı bakım imkanı sunarken, geç tespit veri kaybı ve uzun süreli kesinti 

anlamına gelmektedir. Ahmed, Bollen ve Alvarez (2021), bu gerekliliği veri merkezi 

güvenilirlik modellemesinin temel boyutlarından biri olarak değerlendirmektedir. Olay 

yönetimi süreçlerinde Ortalama Onarım Süresi (MTTR) ve Arızalar Arası Ortalama Süre 

(MTBF) metrikleri; sistemin operasyonel sağlığını ölçen iki temel göstergedir. 

Geleneksel sabit eşik tabanlı izleme yöntemleri; çok lokasyonlu altyapılarda yaygın 

olan gürültülü ve bağlama duyarlı arıza örüntülerini yakalama açısından yetersiz kalmaktadır. 

Örneğin, bir sunucunun CPU kullanımının yüzde doksanı geçmesi; iş yükü pikinde normal bir 

durum iken, gece saatlerinde aynı değer ciddi bir anomali işareti olabilir. Bu bağlam duyarlılığı, 

statik eşiklerin aşılması veya çok geç tetiklenmesi anlamına gelmekte; sonuçta yanlış alarm 

yorgunluğu ya da kaçırılan kritik olaylar yaşanmaktadır. Chandola, Banerjee ve Kumar (2009) 

tarafından yapılan klasik survey; anomali tespiti için nokta, bağlamsal ve kolektif olmak üzere 

üç temel anomali türünün ayrı yöntem aileleri gerektirdiğini detaylı biçimde ortaya 

koymaktadır. 

Makine öğrenmesi tabanlı anomali tespit yaklaşımları, bu sınırlılıkları aşmak için son 

on yılda hızla olgunlaşmış yöntem ailesidir. Liu, Ting ve Zhou (2008) tarafından önerilen 

Isolation Forest; rastgele alt-örnekleme ile yüksek hızlı ve düşük bellek gereksinimine sahip bir 

nokta anomali tespit yöntemi sunmaktadır. Schölkopf ve diğerleri (2001) tarafından geliştirilen 

One-Class SVM; etiketsiz veri üzerinde normal davranışın sınırını öğrenerek yeni gelen 

örneklerin bu sınır içinde olup olmadığını değerlendirmektedir. Hochreiter ve Schmidhuber 

(1997) tarafından tanımlanan Long Short-Term Memory (LSTM) mimarileri; tekrarlayan sinir 

ağı tabanlı autoencoder yapısıyla zamansal örüntülerdeki sapmaları yeniden yapılandırma 

hatası üzerinden tespit edebilmektedir. 

Buna karşın, mevcut akademik çalışmaların büyük bölümü tek bir yöntemin tek bir veri 

tipi üzerindeki performansına odaklanmaktadır. Dağıtık veri merkezi ortamında ise farklı veri 

kaynakları (sayısal telemetri, kategorik olay logları, ağ akışları) ve farklı anomali türleri (nokta, 

bağlamsal, kolektif) eş zamanlı olarak ele alınmalıdır. Bu durum, tek bir yöntem yerine 

bütünleşik bir hibrit yaklaşımı zorunlu kılmaktadır. Buna ek olarak, anomali tespit edildikten 

sonra olayın sınıflandırılması, önceliklendirilmesi ve uygun yanıt akışına yönlendirilmesi 

süreçleri; tespit yetenekleri kadar kritik bir gereksinim oluşturmaktadır. 

Bu çalışmanın amacı; dağıtık veri merkezi ortamlarında anomali tespiti ve olay yönetimi 

için makine öğrenmesi tabanlı dört bileşenli bir çerçeve önermek, çerçevenin teknik mimarisini 

detaylandırmak ve bir senaryo üzerinde performansını eşik tabanlı yaklaşımla karşılaştırmaktır. 

Çalışma; ilgili tezin (Veri Merkezi Yönetim ve Optimizasyon Uygulaması: Entegre Karar 

Destek Platformu) gözlemlenebilirlik ve olay yönetimi bileşenlerine kavramsal altyapı 

sağlamayı hedeflemektedir. Çalışmanın araştırma soruları şunlardır: (i) Dağıtık veri merkezi 

ortamında hangi anomali türleri için hangi makine öğrenmesi yöntemleri uygundur? (ii) Tek 

yöntemli yaklaşımlara kıyasla hibrit bir tespit motorunun katma değeri nedir? (iii) Tespit edilen 

anomaliler kurumsal olay yönetim süreçlerine nasıl entegre edilmelidir? 
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Çalışmanın geri kalan kısmı şu şekilde organize edilmiştir: İkinci bölümde önerilen 

çerçevenin yöntemsel mimarisi, dört ana bileşen ve hibrit tespit motorundaki üç algoritma 

detaylandırılmaktadır. Üçüncü bölüm; otuz sekiz lokasyonlu varsayımsal senaryo üzerindeki 

değerlendirme bulgularını ve karşılaştırmalı analizi sunmaktadır. Son bölümde çalışmanın 

sonuçları, pratik etkileri ve gelecek araştırmalara yönelik öneriler ele alınmaktadır. 

2. Materyal ve Yöntem 

Bu bölümde, dağıtık veri merkezi ortamında anomali tespiti ve olay yönetimi için 

önerilen çerçevenin yöntemsel mimarisi sunulmaktadır. Önerilen çerçeve; çok kaynaklı veri 

toplama bileşeni, hibrit anomali tespit motoru, olay sınıflandırma ve önceliklendirme bileşeni 

ile orkestrasyon ve yanıt bileşeni olmak üzere dört ana bileşenden oluşmaktadır. Tablo 1, her 

bileşenin sorumluluklarını ve önerilen teknolojik yapıyı özetlemektedir. 

 

Tablo 1. Önerilen anomali tespiti ve olay yönetimi çerçevesinin dört bileşenli mimarisi 

Bileşen Sorumluluk Girdi Çıktı 

Veri Toplama Çok kaynaklı telemetri ve 

log akışlarının toplanması 

ve normalizasyonu 

Sensör, log, ağ akışı Yapılandırılmış 

zaman serisi 

Hibrit Tespit 

Motoru 

Isolation Forest, OC-

SVM ve Autoencoder ile 

anomali skorlaması 

Yapılandırılmış 

zaman serisi 

Anomali skorları, 

etiketler 

Sınıflandırma & 

Önceliklendirme 

Anomalilerin olay türüne 

göre kategorize edilmesi 

ve önceliklendirilmesi 

Anomali skorları Sınıflandırılmış olay 

Orkestrasyon & 

Yanıt 

Otomatik müdahale, 

bildirim ve yönlendirme 

akışlarının yönetimi 

Sınıflandırılmış olay Yanıt eylemi, 

bildirim 

 

2.1. Veri Toplama Bileşeni 

Veri toplama bileşeni; çok lokasyonlu altyapıdaki tüm sensör, log ve ağ akış 

kaynaklarından gelen telemetriyi tek bir kanonik forma dönüştürmekle görevlidir. Bu bileşen 

üç temel veri tipini desteklemektedir: (i) sayısal zaman serileri (CPU kullanımı, RAM tüketimi, 

sıcaklık, güç değerleri), (ii) kategorik olay logları (sistem mesajları, yetkilendirme kayıtları, 

hata kodları), (iii) ağ akış verisi (NetFlow, sFlow). Toplama protokolleri olarak SNMP, IPMI, 

MQTT, syslog ve OpenTelemetry kullanılmaktadır. 

Veri ön işleme adımında; eksik değerlerin doldurulması, gürültü filtreleme, 

normalizasyon ve özellik mühendisliği gerçekleştirilmektedir. Levy ve Raviv (2018) tarafından 

tanımlanan çok boyutlu metrik çerçevesi; üretkenlik, verimlilik, sürdürülebilirlik ve operasyon 

kategorilerinde tutarlı bir özellik kümesi tasarlanması için referans olarak alınmıştır. Sayısal 

değerlerde Z-skor normalizasyonu, kategorik değerlerde ise frekans tabanlı kodlama 

kullanılmaktadır. 

2.2. Hibrit Anomali Tespit Motoru 

Çerçevenin merkezi bileşeni olan hibrit tespit motoru, üç tamamlayıcı algoritmayı tek 

bir karar mekanizması altında birleştirmektedir. Her algoritma farklı bir anomali türünü hedef 

almakta; sonuçlar topluluk (ensemble) yöntemiyle birleştirilerek nihai anomali skoru 

üretilmektedir. Bu yaklaşım; Chandola, Banerjee ve Kumar (2009) tarafından sınıflandırılan üç 

anomali türünün (nokta, bağlamsal, kolektif) tek bir yöntemle yakalanamadığı yönündeki 

bulguya dayanmaktadır. 
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Birinci algoritma, Isolation Forest yöntemidir. Liu, Ting ve Zhou (2008) tarafından 

önerilen bu algoritma; nokta anomalilerini (ani CPU sıçraması, beklenmedik sıcaklık değeri 

gibi) tespit etmek için kullanılmaktadır. Algoritma; rastgele seçilen özellikler üzerinde ikili 

ağaçlar oluşturarak veri noktalarını izole etmekte; izolasyon yolunun kısalığı anomali skorunun 

yüksekliğini göstermektedir. Yöntemin temel avantajları; doğrusal zaman karmaşıklığı, düşük 

bellek gereksinimi ve yüksek boyutlu verilerde gürbüz performans göstermesidir. 

İkinci algoritma, One-Class Support Vector Machine (OC-SVM) yöntemidir. Schölkopf 

ve diğerleri (2001) tarafından geliştirilen bu yöntem; etiketsiz veri üzerinde normal davranışın 

sınırını çekirdek tabanlı bir hiperdüzlem ile öğrenmektedir. Yeni gelen bir gözlem bu sınırın 

dışına düştüğünde anomali olarak işaretlenmektedir. Bu yaklaşım; özellikle bağlamsal 

anomalilerin (örneğin gece saatinde yüksek CPU kullanımı) yakalanmasında etkilidir, çünkü 

zaman özelliği bir bağlam değişkeni olarak modele dahil edilebilmektedir. 

Üçüncü algoritma, LSTM tabanlı Autoencoder yaklaşımıdır. Hochreiter ve 

Schmidhuber (1997) tarafından önerilen LSTM mimarisi; uzun vadeli zamansal bağımlılıkları 

öğrenebilme kapasitesi sayesinde veri merkezi telemetrisindeki kolektif anomalilerin (örneğin 

saatler süren kademeli sıcaklık artışı, yavaş ilerleyen disk dejenerasyonu) tespit edilmesi için 

uygundur. Autoencoder yapısı; girdiyi düşük boyutlu bir gizli temsile sıkıştırıp ardından 

yeniden yapılandırmaktadır. Yeniden yapılandırma hatasının yüksekliği anomali işareti olarak 

yorumlanmaktadır. Janardhanan ve Barrett (2017), LSTM tabanlı yaklaşımların veri merkezi iş 

yükü tahmininde geleneksel yöntemlere kıyasla belirgin avantaj sağladığını ortaya koymuştur; 

bu bulgular anomali tespiti bağlamında da geçerli olarak değerlendirilmektedir. 

Üç algoritmanın çıktıları, ağırlıklı oylama ile birleştirilmektedir. Her algoritmanın 

ağırlığı; eğitim verisi üzerindeki AUC (Area Under Curve) performansına göre 

belirlenmektedir. Nihai anomali skoru, üç algoritmanın ağırlıklı ortalaması olarak 

hesaplanmakta ve yapılandırılabilir bir eşik üzerinden olay tetiklemektedir. 

2.3. Sınıflandırma, Önceliklendirme ve Orkestrasyon Bileşenleri 

Tespit edilen anomalilerin tamamı acil müdahale gerektirmemektedir. Sınıflandırma 

bileşeni; her anomaliyi olay türüne göre kategorize etmektedir (donanım, ağ, performans, 

güvenlik, soğutma vb.). Önceliklendirme bileşeni; iş kritikliği, etki yarıçapı ve tahmini onarım 

süresi parametrelerine göre olayları kritik, yüksek, orta ve düşük olmak üzere dört seviyeye 

ayırmaktadır. Bu yaklaşım; uyarı yorgunluğunu azaltmakta ve operasyon ekibinin gerçekten 

kritik olaylara odaklanmasını sağlamaktadır. 

Orkestrasyon ve yanıt bileşeni; sınıflandırılmış olayları uygun yanıt akışına 

yönlendirmektedir. Düşük öncelikli olaylar otomatik bir bilet açma akışına yönlendirilirken, 

kritik olaylar doğrudan dahili iletişim kanallarına eskalatif bildirim olarak iletilmektedir. Bazı 

olay türleri için (örneğin bir sunucudaki CPU sıçraması) önceden tanımlı çalışma kitapları 

(runbook) otomatik olarak tetiklenebilmektedir. Bu otomasyon, MTTR'nin azaltılmasında 

doğrudan etkilidir. 

2.4. Doğrulama Senaryosu ve Değerlendirme Metrikleri 

Çerçevenin değerlendirilmesi için otuz sekiz lokasyona dağılmış varsayımsal bir 

kurumsal veri merkezi senaryosu kurgulanmıştır. Her lokasyon için altı aylık sentetik telemetri 

verisi üretilmiş; bu veri içine farklı türlerde (donanım, ağ, sıcaklık, güç) anomali enjeksiyonu 

yapılmıştır. Veri kümesi; eğitim (yüzde yetmiş), doğrulama (yüzde on beş) ve test (yüzde on 

beş) olmak üzere üç parçaya ayrılmıştır. 

Değerlendirme metrikleri olarak şunlar kullanılmıştır: gerçek pozitif oranı (TPR), yanlış 

pozitif oranı (FPR), F1 skoru, AUC, MTTR ve MTBF. Karşılaştırma; (a) sabit eşik tabanlı 

izleme, (b) tekli Isolation Forest, (c) tekli OC-SVM, (d) tekli LSTM Autoencoder ve (e) 

önerilen hibrit yaklaşım olmak üzere beş yöntem arasında yapılmıştır. 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

352 
 

3. Bulgular ve Tartışma 

Bu bölümde varsayımsal senaryo üzerinde gerçekleştirilen değerlendirme sonuçları 

sunulmakta ve karşılaştırmalı analiz tartışılmaktadır. Bulgular iki alt başlık altında ele 

alınmıştır. 

3.1. Tespit Performansının Karşılaştırmalı Analizi 

Beş farklı yaklaşımın test seti üzerindeki performansı; gerçek pozitif oranı, yanlış 

pozitif oranı, F1 skoru ve AUC metrikleriyle değerlendirilmiştir. Tablo 2, elde edilen sonuçları 

sunmaktadır. Bulgular; sabit eşik tabanlı yaklaşımın en düşük tespit performansını 

sergilediğini, tekli makine öğrenmesi yöntemlerinin belirgin iyileşme sağladığını ve önerilen 

hibrit yaklaşımın tüm metriklerde en yüksek performansa ulaştığını göstermektedir. 

 

Tablo 2. Anomali tespit yöntemlerinin karşılaştırmalı performans değerlendirmesi 

Yöntem TPR FPR F1 AUC 

Sabit eşik tabanlı 0,67 0,21 0,71 0,73 

Isolation Forest (tekli) 0,82 0,11 0,84 0,89 

OC-SVM (tekli) 0,79 0,13 0,82 0,87 

LSTM Autoencoder 

(tekli) 

0,85 0,09 0,87 0,91 

Önerilen Hibrit 0,93 0,06 0,93 0,96 

 

Bulgular incelendiğinde dikkat çeken üç önemli sonuç ortaya çıkmaktadır. Birincisi, 

sabit eşik tabanlı yaklaşımın gerçek pozitif oranı 0,67 düzeyinde kalmakta; bu durum yaklaşık 

üç gerçek anomaliden birinin tespit edilemediğini göstermektedir. Aynı yaklaşımın yüksek FPR 

değeri (0,21) ise uyarı yorgunluğu sorununu nesnel olarak doğrulamaktadır. İkincisi, tekli ML 

yöntemleri arasında LSTM Autoencoder en iyi performansı göstermektedir; bu durum dağıtık 

veri merkezindeki anomalilerin önemli bir bölümünün zamansal örüntü sapması niteliğinde 

olduğunu yansıtmaktadır. Üçüncüsü, önerilen hibrit yaklaşımın TPR'yi 0,93'e yükseltmesi ve 

FPR'yi 0,06'ya indirmesi; üç algoritmanın farklı anomali türlerinde tamamlayıcı rol oynadığı 

varsayımını ampirik olarak doğrulamaktadır. 

3.2. MTTR ve MTBF Üzerindeki Etki 

Çerçevenin operasyonel etkisi; Ortalama Onarım Süresi (MTTR) ve Arızalar Arası 

Ortalama Süre (MTBF) metrikleri üzerinden değerlendirilmiştir. Sabit eşik tabanlı izleme 

kullanılan referans senaryoda lokasyon başına ortalama MTTR 4,2 saat olarak gözlemlenirken; 

önerilen hibrit çerçeve devreye alındığında bu süre 1,8 saate düşmüştür. Bu yüzde elli yedi 

düzeyindeki iyileşmenin temel nedenleri; (i) anomalilerin daha erken tespit edilmesi, (ii) 

sınıflandırma sayesinde uygun ekibin doğrudan bilgilendirilmesi ve (iii) önceden tanımlı 

çalışma kitaplarının otomatik tetiklenmesidir. 

MTBF açısından değerlendirildiğinde; sabit eşik yaklaşımıyla 720 saat olan ortalama 

arızalar arası süre, hibrit çerçeve ile 1.150 saate yükselmiştir. Bu artış doğrudan ölçülmüş bir 

performans iyileşmesi değil, erken müdahale ve önleyici eylemler sayesinde uzun vadeli sistem 

güvenilirliğindeki kazanımı yansıtmaktadır. Levy ve Raviv (2018) tarafından önerilen çok 

boyutlu metrik çerçevesi açısından bakıldığında; bu iyileşmeler hem operasyon hem de 

güvenilirlik boyutlarında somut katma değer üretmektedir. 

Çalışmanın bazı sınırlılıkları da değerlendirilmelidir. İlk olarak, doğrulama varsayımsal 

sentetik veri üzerinde gerçekleştirilmiş olup gerçek dünya telemetri verisi içermemektedir; 

gerçek ortamda anomali türlerinin dağılımı ve gürültü karakteristikleri farklılık gösterebilir. 
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İkincisi, üç algoritmanın ağırlıklı oylamada kullanılan ağırlıkları statik olarak belirlenmiştir; 

dinamik ağırlık güncellemesi ileri çalışmalarda ele alınabilir. Üçüncüsü, model güncelleme 

stratejisi (concept drift'e karşı yeniden eğitim) bu çalışma kapsamında detaylandırılmamış olup 

operasyonel uygulamada kritik bir bileşendir. Dördüncüsü, açıklanabilir yapay zeka boyutu 

çerçeveye dahil edilmemiş olup; özellikle kritik olay sınıfları için anomalinin neden 

işaretlendiğine dair yorumlanabilirlik gelecekte değerlendirilmelidir. 

4. Sonuç ve Öneriler 

Bu çalışmada dağıtık veri merkezi ortamlarında anomali tespiti ve olay yönetimi için 

makine öğrenmesi tabanlı dört bileşenli bir çerçeve önerilmiş; çerçevenin merkezindeki hibrit 

tespit motorunda Isolation Forest, One-Class SVM ve LSTM Autoencoder algoritmalarının 

birlikte kullanılmasının somut katma değeri ortaya konulmuştur. Otuz sekiz lokasyonlu 

varsayımsal senaryo üzerinde yapılan değerlendirme; önerilen hibrit yaklaşımın sabit eşik 

tabanlı izlemeye kıyasla gerçek pozitif oranını 0,67'den 0,93'e yükselttiğini ve yanlış pozitif 

oranını 0,21'den 0,06'ya düşürdüğünü ortaya koymaktadır. 

Çalışmanın sonuçları üç ana eksende özetlenebilir. Birincisi, dağıtık veri merkezindeki 

anomalilerin nokta, bağlamsal ve kolektif olmak üzere üç farklı türde ortaya çıktığı ve tek bir 

algoritmanın bu üç türü etkili biçimde yakalayamadığı doğrulanmıştır. İkincisi, üç algoritmanın 

ağırlıklı topluluk yaklaşımıyla birleştirilmesi; her birinin sınırlarını aşan tamamlayıcı bir 

performans üretmektedir. Üçüncüsü, anomali tespiti tek başına yeterli olmayıp; sınıflandırma, 

önceliklendirme ve orkestrasyon bileşenleriyle bütünleşik biçimde ele alındığında MTTR'de 

yüzde elli yediye varan iyileşme sağlanmaktadır. 

Pratik açıdan değerlendirildiğinde, önerilen çerçeve; kurumsal veri merkezi yöneticileri 

için reaktif olay yönetiminden tahminsel ve önleyici operasyonlara geçişi destekleyen somut 

bir teknik altyapı sunmaktadır. Türkiye'deki çok lokasyonlu kurumsal altyapılar (kamu, finans, 

telekom) için bu yaklaşım; sınırlı operasyon ekipleriyle yüksek hizmet kalitesinin 

sürdürülmesinde stratejik önemdedir. Çalışmanın çıktıları, ilgili tezde geliştirilmesi planlanan 

entegre karar destek platformunun gözlemlenebilirlik ve olay yönetimi katmanlarına temel 

oluşturmaktadır. 

Gelecek araştırmalar için şu öneriler sunulabilir: (i) önerilen çerçevenin gerçek bir 

kurumsal veri merkezi telemetri verisi üzerinde doğrulanması ve farklı sektörlerde vaka 

çalışmalarının yürütülmesi; (ii) concept drift'e karşı dayanıklı sürekli öğrenme yaklaşımlarının 

çerçeveye entegre edilmesi; (iii) açıklanabilir yapay zeka tekniklerinin (SHAP, LIME) anomali 

sınıflandırma kararlarının yorumlanabilirliği için entegre edilmesi; (iv) federe öğrenme 

yaklaşımlarıyla farklı kurumlar arasında veri paylaşımı yapmadan ortak anomali tespit 

modellerinin geliştirilmesi; (v) çerçevenin siber güvenlik olay yönetim sistemleriyle 

(SIEM/SOAR) entegrasyon mimarisinin tasarlanması. 

Teşekkür ve Bilgilendirme Notu 

Bu çalışma, Kırıkkale Üniversitesi Fen Bilimleri Enstitüsü Bilgisayar Mühendisliği 

Anabilim Dalı'nda yürütülen yüksek lisans tezi kapsamında hazırlanmıştır. Yazarlar, çalışma 

boyunca destek ve yönlendirmelerini esirgemeyen Kırıkkale Üniversitesi Bilgisayar 

Mühendisliği Bölümü öğretim üyelerine teşekkür eder. Çalışma için herhangi bir kurum veya 

kuruluştan finansal destek alınmamıştır. Yazarlar arasında çıkar çatışması bulunmamaktadır. 
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ÖZET 

Değişkenler arasındaki ilişiklerin belirlenmesi, değerlendirmelerin doğru ve gerçekçi olarak 

yapılabilmesi açısından önemli görülmektedir. Bu nedenle de farklı ilişki yöntemleri kullanılsa 

da Regresyon analizi, en önemli ilişki belirleyici yöntemlerden birisidir. Regresyon analizi 

sadece ilişki belirlemekle kalmamakta aynı zamanda değişkenlerin etki miktarlarını da 

belirlediği için önemi daha da artmaktadır. Bu çalışmada yeşil mercimek çeşitlerinin tek tek ve 

topluca regresyon analizleri yapılarak nasıl değişim gösterdikleri belirlenmeye çalışılmıştır. 

Çalışmada verim komponentleri olarak bitki boyu (BB), ilk bakla yüksekliği (İBY), biyolojik 

verim (BV), bitkide bakla sayısı (BBS), bitkide tane sayısı (BTS), bin tane ağırlığı (BTA) ve 

bitkide tane verimi (BTV) ele alınmıştır. Genotiplerin tümü üzerinden değerlendirilerek yapılan 

regresyon analizi sonucu BBV= -0,797+0,0041 BB-0,0017 İBY+0,0140 BV-0,00022 

BBS+0,0322 BTS+0,0200 BTA şeklinde oluşmuş olup eşitliğin belirleme katsayısı ise 0,97 

gibi oldukça yüksek çıkmıştır. Buna göre bitki boyu, biyolojik verim, bitkide tane sayısı ve bin 

tane ağrılığı verimin artmasında olumlu yönde etki yaparken, ilk bakla yüksekliği ve bitkide 

bakla sayısı verimi azaltıcı yönde etki yapmıştır. Genotipler için yapılan regresyon analizlerinde 

değişkenlere bağlı olarak bazı değişimler söz konusu olsa da genel eşitliğe benzer sonuçlar 

gözlenmiştir.  Sonuç olarak bağımsız değişkenlerin bağımlı değişken üzerinde yapacağı 

etkilerin görülebilmesi için regresyon analizinin kullanılması önerilmektedir. 

Anahtar Kelimeler: Regresyon Analizi, Genotip, Verim, Değişkenler 
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EFFECTIVENESS OF REGRESSION ANALYSIS IN  

DETERMINING RELATIONSHIPS BETWEEN CHARACTERS  

 

 

 

ABSTRACT 

Determining the relationships between variables is considered important for making accurate 

and realistic assessments. Therefore, although different relationship methods are used, 

regression analysis is one of the most important relationship-determining methods.  Since 

regression analysis not only determines relationships but also determines the effect amounts of 

variables, its importance increases. In this study, regression analyses were performed on green 

lentil varieties individually and collectively to determine how they changed. The yield 

components considered in the study were plant height (PH), first pod height (FPH), biological 

yield (BY), number of pods per plant (PPP), number of seeds per plant (NPP), thousand-grain 

weight (TWW), and grain yield per plant (GPP). The regression analysis performed by 

evaluating all genotypes resulted in BBV = -0.797 + 0.0041 BB - 0.0017 IBY + 0.0140 BV - 

0.00022 BBS + 0.0322 BTS + 0.0200 BTA. The coefficient of determination of the equation 

was found to be quite high at 0.97. Accordingly, plant height, biological yield, number of grains 

per plant and thousand grain weight had a positive effect on increasing yield, while first pod 

height and number of pods per plant had a decreasing effect on yield. While some variations 

occurred depending on the variables in regression analyses performed for genotypes, similar 

results to the general equation were observed. As a result, it is recommended to use regression 

analysis to see the effects of independent variables on the dependent variable. 

Keywords: Regression Analysis, Genotype, Yield, Variables 
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1. GİRİŞ 

Dünya genelinde yaşanan iklim değişikliği ile birlikte gıda temininde ciddi sorunlar 

yaşanmaya başlamıştır. İklim değişimi bazı geleneksel ürünlerin istedikleri koşulları 

değiştirmiş ve yüzlerce yıldır yetiştirilen ürünler artık eski performanslarını gösteremez 

olmuşlardır. Bu ihtiyaçların içinde en önemli olanı ise hem hayvansal ve hem de bitkisel 

kaynaklı protein teminidir. Hayvansal kaynaklı proteinlerin temini daha büyük maliyet 

gerektirdiği için bitkisel kaynaklı proteinlerin temini yoluna gidilmektedir (Ulukuş ve Önder, 

2019). Bunun içinde yemeklik tane baklagiller en uygun kaynak olarak değerlendirilmektedir. 

Mercimek bitkisi 4,5 milyon ha ekim alanı ve 5,0 milyon ton üretimi ile dünya genelinde beşinci 

sırada yer almaktadır. Türkiye’de ise 17 bin ha yeşil ve 220 bin ha kırmızı mercimek ekimi 

yapılmakta ve 400 bin ton civarında ürün alınmaktadır. Ancak iklim değişimi nedeniyle üretim 

ve ekim alanlarının her yıl biraz daha azaldığı görülmektedir. Kurak koşullara uyumunun iyi 

olması mercimek bitkisini vazgeçilmez yapmaktadır (Lazaro ve ark. 2001). Yürütülen 

çalışmalarda genel olarak verim ve verim ile ilgili ilişikler üzerinde durulmakta ve korelasyon 

analizleri yapılmaktadır. Bu doğru bir yaklaşım olmasına rağmen yeterli olmamaktadır. Bunun 

yanında regresyon analizlerinin yapılarak verime katkı miktarlarının da ortaya konulması 

gerekmektedir (Karadavut ve Palta, 2010). Bunun içinde verim ve verime etki eden 

karakterlerin doğru şekilde ve en sağlık ölçümler ile belirlenmesi gerekmektedir (Sözen ve 

Yağmur, 2021).  

Regresyon analizi veri analizinde sık kullanılan   önemli bir yöntem olup, oldukça güçlü 

bir yapısının olması ve geleceğe yönelik olarak başarılı tahminlemelerin yapılabilmesi 

nedeniyle veri analizinde çok özel yere sahiptir. Tarımsal alanda bağımlı değişken olarak 

değerlendirilen verim ile verime etki eden bir ya da daha fazla bağımsız değişkenin arasındaki 

ilişikler modellenerek karmaşık gözüken ya da gerçekten karmaşık olan olayların arkasında 

yatan gerçek ilişikleri ortaya çıkarmaya imkân sağlamaktadır (Bhattacharya ve ark., 2005). 

Ayrıca geliştirilen model yardımı ile geleceğe yönelik olarak başarılı tahminleme 

yapabildiğinden araştırmacılara katkı sağlamaktadır. Regresyon analizi özellikle tahmin 

yapmak, neden sonuç ilişiklerini ortaya çıkarmak ve sistemin nasıl çalıştığını anlayabilecek 

değerli bilgiler vermektedir. Regresyon analizinde bir model kurulmakta ve model veri seti 

üzerinde test edilerek bağımlı değişkenin davranışı açıklanmaya çalışılmaktadır. Tek bağımsız 

değişkeni içeren basit doğrusal regresyon analizi olabileceği gibi çok sayıda bağımsız değişkeni 

içeren çoklu doğrusal regresyon analizi de olabilmektedir (Gahoonia ve ark., 2005). Bazı 

durumlarda ise doğrusal olmayan regresyon analizinin kullanılması gerekebilmektedir. Örneğin 

bir bitkinin büyüme ve gelişmesi doğrusal olmayan regresyon yöntemi ile yapılabilmektedir.  

Regresyon analizi bütün bilim dallarında başarılı şekilde uygulanabilmektedir. Tarımsal 

alanda kullanılması da oldukça yoğundur. Çünkü verimi belirleyen özelliklerin belirlenmesi 

aynı zamanda üretim planlaması ve seçilecek çeşitler açısından önemli olmaktadır. Bunun 

içinde öncelikle veri toplama işleminin yapılması gerekmektedir (Kirkwood ve Sterne, 2003). 

Veri toplama işi çalışmanın en önemli kilit rolünü oynamaktadır. Veriler toplanırken bağımlı 

ve bağımsız değişkenlere göre toplanmasına dikkat edilmesi gerekmektedir. İkinci aşamada 

toplanan verilerin düzenlenmesi gerekmektedir. Bunun içinde dağılımı bozabilecek aykırı 

değerlerin, uç değerlerin ve eksik verilerin giderilmesi gerekmektedir. Veri gerekli şekilde 

düzenlenmediği sürece alınacak sonuçların geçerliliği çok düşük olacağı gibi alınan sonuçlar 

bizleri yanlış yönlendirebilecektir.  

Bu çalışmada regresyon analizinin değişkenler arasındaki ilişiklerin nicel olarak ortaya 

konularak daha net verilerin elde edilmesinin sağlanması amaçlanmıştır. Regresyon analizi ile 

ilişki vardır/yoktur dan ziyade bağımsız değişkendeki değişimin bağımlı değişkeni ne miktarda 

değiştiğini görebilme imkânımınız olmaktadır.  
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2. MATERYAL VE METOT 

Yürütülen çalışmada materyal olarak farklı Tarımsal Araştırma Enstitüleri ile Özel 

Sektör tarafından tescil ettirilmiş 10 adet yeşil mercimek çeşidi kullanılmıştır. Araştırmada 

kullanılan yeşil mercimek çeşitlerine ait bilgiler Tablo 1’de verilmiştir. Araştırma, tesadüf 

blokları deneme desenine göre 3 tekrarlamalı olarak kurulmuştur. Ekimler 30 cm sıra arası 

mesafede çiziler markör ile açılarak tohumlar el ile ekilmiştir. Parsel büyüklükleri; 1.2 m x 5 m 

= 6.0 m² olacak şeklinde düzenlenmiştir. Ekim işlemi ile birlikte deneme arazisi, 3.0 kg saf azot 

ve 6.0 kg saf fosfor olacak şekilde 15 kg DAP (Diamonyum Fosfat/18-46-0) ile gübrelenmiştir. 

Yabancı ot mücadelesi çiçeklenme öncesinde bir ve çiçeklenme sonrasında bir kez olmak üzere 

toplam iki kez elle yapılmıştır. Bitki boyu, ilk bakla yüksekliği, biyolojik verim, bitkide bakla 

sayısı, bitkide tane sayısı, bin tane ağırlığı ve bitkide tane verimi ölçümleri için her parselin 

ortasındaki 2 sıradan (2. ve 3. sıralardan) rastgele 10’ar adet yeşil mercimek bitkileri seçilmiş 

ve bunların ortalama değerleri hesaplanmıştır. Elde edilen sonuçlar üzerinde regresyon analizi 

yapılarak regresyon analizinin etkinliği tespit edilmeye çalışılmıştır.  

 

Tablo 1. Çalışmaya dâhil edilen yeşil mercimek çeşitleri 

Çeşit Adı Tescil Ettiren 

Kurum 

Çeşit Adı Tescil Ettiren 

Kurum 

Ankara 

Yeşili 

Tarla Bitkileri 

Merkez Araştırma 

Enstitüsü 

Müdürlüğü / 

Ankara 

Meyveci 2001 
Tarla Bitkileri 

Merkez Araştırma 

Enstitüsü Müdürlüğü 

/ Ankara 
Bozok Yusufhan 

Ceren Kayı 91 Geçit Kuşağı 

tarımsal Araştırma 

Enstitüsü Müdürlüğü 

/ Eskişehir 
Gümrah Sultan 

Karagül Şahan (Çiftçi) Olgunlar Ltd. Şti. 

 

İstatistiki analizler için SPSS 2V istatistik paket programı kullanılmıştır. Regresyon 

analizi şu eşitlik ile ifade edilmiştir;  

Y= 𝛼 + ß𝑋 + ɛ 

Burada;

𝛼: 𝐵𝑎ğ𝚤𝑚𝑠𝚤𝑧 𝑑𝑒ğ𝑖ş𝑘𝑒𝑛 𝑠𝚤𝑓𝚤𝑟 𝑜𝑙𝑑𝑢ğ𝑢𝑛𝑑𝑎 𝑟𝑒𝑔𝑟𝑒𝑠𝑦𝑜𝑛 𝑑𝑜𝑟ğ𝑢𝑠𝑢𝑛𝑢𝑛 𝑌 𝑒𝑘𝑠𝑒𝑛𝑖𝑛𝑖 𝑘𝑒𝑠𝑡𝑖ğ𝑖 𝑛𝑜𝑘𝑡𝑎, 
ß: Regresyon doğrusunun X ekseni ile yaptığı açının tan𝛼 karşılığı, 

X: Bağımsız değişken 

Y: Bağımlı değişken 

ɛ: Hata terimi 

Bu modelin bağımlı değişkendeki değişimin ne kadarını açıkladığını saptayabilmek için 

belirleme katsayısının da (R2) belirlenmesi gerekmektedir. Bu katsayı belirlendiği anda 

açıklanamayan varyans olarak bilinen alineasyon katsayısı da (1-R2) da rahatlıkla 

hesaplanabilmektedir.  

 R2= 1- (HKT / GKT) 

Burada; HKT, Hata Kareler Toplamını; GKT ise Genel Kareler Toplamını ifade 

etmektedir.  

Regresyon analizi yapılırken öncelikle model seçiminin yapılması gerekmekte olup aynı 

zamanda uygun regresyon modelinin seçilmesinde bağımsız değişkenlerin neler olacağı ve 

değişkenler arasında ilişkinin olup olmaması öne çıkmaktadır. Modelin seçimini büyük oranda 

verinin özellikleri ve ele alınan değişkenler belirlemektedir (Alpar, 2010). Bağımsız 

değişkenlerin aralarında ilişkinin olmaması (multicolinearity=çoklu bağlantı) istenmekte olup, 

aksi durumda bağımsız değişkenin bağımlı değişken üzerinde yapacağı açıklayıcılık etkisi 
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büyük oranda değişecektir. Varyans şişme faktörü (VIF) ile bu rahatlıkla bulunabilmektedir. 

Ayrıca aykırı değerin ayıklanması modelin başarısı için gerekli görülmektedir. Regreyon 

modelinde yer alan hata terimlerinin değişken varyansa sahip olmaları durumu olarak ifade 

edilen Heteroskedastisite olması halinde modelin tahmin hataları büyüyecektir.  

İkinci olarak modelin kurulması işlemi yapılmaktadır. Seçilen modele elde edilen veriler 

uygulanmakta ve regresyon eşitliği oluşturulmaktadır. Oluşturulan regresyon eşitliği ile gerekli 

hesaplama işlemleri yapılabilmektedir. Yapılan hesaplamaların başarılı olabilmesi için elde 

edilen verilerin güvenilir olması temel koşuldur. Güvenilir ve sağlıksız veriler ile yapılacak 

çalışmaların sonuçlarının güvenilir olması beklenmemelidir. 

Üçüncü olarak modelin test edilmesi aşaması bulunmaktadır. Her modelin tahmin 

becerisi bulunmaktadır. Bazı modeller çok iyi tahmin yeteneğine sahi olurken, bazıları ise 

oldukça başarısız olabilmektedirler. Modelin tahmin başarısı aynı zamanda modelin 

güvenirliğinin de test edilmesi anlamına gelmektedir.  

Son olarak ise sonuçların değerlendirilmesi aşaması bulunmaktadır. Sonuçların 

değerlendirilmesi aşamasında veriler yorumlanmaktadır. Böylece elde edilen verilerin nerede 

ve nasıl daha iyi kullanılabileceği belirlenebildiği gibi yapılan çalışmanın bizi nerelere 

götürdüğü de oryaya konulabilmektedir.  

 

3. BULGULAR VE TARTIŞMA 

Yürütülen çalışmada bitkide tane verim değeri bağımsız değişken olarak alınmış olup, 

verim burada temel belirleyici olduğundan verime etki yapan diğer değişkenlerin etki 

miktarlarının belirlenmesi gerekmektedir. Yürütülen çalışmada yeşil mercimek çeşit ayrımı 

yapılmadan tümü üzerinden değerlendirme yapılmış ve aşağıdaki sonuç elde edilmiştir; 

BTV= - 0,797+0,0041 BB-0,0017 İBY+0,0140 BV-0,00022 BBS+0,0322 BTS+0,0200 BTA 

Yukarıdaki eşitlik incelendiğinde bitki boyu 1 cm artarsa verim 40 gram artmaktadır. Buna 

karşılık ilk bakla yüksekliği 1 cm artarsa verim bu sefer 17 gram artış göstermektedir. Ancak 

bitkide bakla sayısı arttıkça verim azalmaktadır. Buna karşılık bitkide tane sayısı ile bin tane 

ağırlığı ise verime yüksek oranda olumlu etki yapmaktadırlar. Belirleme katsayısı 0,97 gibi 

oldukça yüksek değer alırken, açıklanamayan varyans oranı ise 0,03 olarak belirlenmiştir. Diğer 

bir deyişle değişkenler verimdeki değişimin %97’sini açıklarken, ancak %3’ünü 

açıklayamamışlardır. İncelenen değişkenlerin linear, logaritmik, inverse, kuadratik, kübik, 

kompound, power, S, üssel ve lojistik regresyon modelleri ile çalışmalardan elde edilen 

görseller verilmektedir. Bitkide tane verimi ile bitki boyu ve ilk bakla yüksekliği arasındaki 

regresyonel ilişkiler Şekil 1’de, bitkide tane verimi ile biyolojik verim ve bitkide bakla sayısı 

arasındaki regresyonel ilişkiler Şekil 2’de, bitkide tane verimi ile bitkide tane sayısı ve bin tane 

ağırlığı arasındaki regresyonel ilişkiler Şekil 3’de gösterilmektedir. Şekiller incelendiğinde 

biyolojik verim, bitkide bakla sayısı ve bitkide tane sayısı değişkenlerinin diğerlerine göre daha 

başarılı şekilde tanımlandıkları görülmektedir. Bitki boyu, ilk bakla yüksekliği ve bin tane 

ağırlığı değişkenlerinin yeterince açıklanamaması özellikle kurak koşullarda yetiştirilen 

bitkilerin değişime ayak uydurma konusunda zorlandıklarını göstermektedir.  Biyolojik verim, 

bitkide bakla sayısı ve bitkide tane sayısı değişkenlerinin açıklanma başarısı bitkinin boy 

uzatmak yerine verimi desteklediklerini göstermektedir.  
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Şekil 1. Bitkide tane verimi ile bitki boyu ve ilk bakla yüksekliği arasındaki regresyonel ilişkiler 

 

  
Şekil 2. Bitkide tane verimi ile biyolojik verim ve bitkide bakla sayısı arasındaki regresyonel 

ilişkiler 

 

  
Şekil 3. Bitkide tane verimi ile bitkide tane sayısı ve bin tane ağırlığı arasındaki regresyonel 

ilişkiler 

 

4. SONUÇ 

Yürütülen çalışmada elde edilen sonuçlar incelendiğinde regresyon analizinin 

korelasyon analizine göre ilişikleri çok daha yakından incelemekte ve çalışmanın geleceği 

hakkında ıslahçılara daha güvenilir yollar sunmaktadır. Kuraklığın sürekli olarak arttığı ve 

değişimin genetik olarak zorlandığı ortamlarda bitkilerin çevreye uyumlarının en iyi şekilde 
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gözlenebilmesi için çevredeki değişimin bitkilerin morfolojik, fizyolojik ve feneolojik olarak 

nasıl bir değişime zonlandıklarını görmek ve anlamak gerekecektir. Regreyon analizi bu 

değişimi bizlere verebildiği için değerlidir.  
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ÖZET 

Sivas ili ekolojik şartlarında yetiştiriciliği yapılan bazı standart nohut çeşitlerinde verim ile 

verim özellikleri arasındaki ilişki derecelerinin ve negatif/pozitif yönlerinin belirlenmesi 

amacıyla yürütülen bu çalışma 2025 yılında nohut yetiştirme sezonunda gerçekleştirilmiştir. 

Yürütülen çalışmada 12 adet nohut çeşidi (Aksu, Aydoğan, Azkan, Çağatay, Hasanbey, İnci, 

Sezenbey, TAEK-Sağel, UBET, Uzunlu-99, Yaşa-05, Zuhal) kullanılmıştır. Korelasyon ve path 

analiz sonuçlarının belirlenmesi amacıyla incelenen agronomik özellikler olarak bitki boyu 

(cm), ilk bakla yüksekliği (cm), biyolojik verim (g), ana dal sayısı (adet), bitkide bakla sayısı 

(adet), bitkide tane sayısı (adet), yüz tane ağırlığı (g), hasat indeksi (%), bitkide tane verimi, ve 

dekara tane verimi (kg/da) gibi agronomik parametreler incelenmiştir. Nohut çeşitleri üzerinden 

yürütülen araştırmada elde edilen sonuçlara göre dekara tane verimi ile biyolojik verim, ana dal 

sayısı, bitkide bakla sayısı, bitkide tane sayısı, yüz tane ağırlığı ve bitkide tane verimi arasında 

çok önemli ve olumlu ilişkiler belirlenirken bitki boyu ile önemli ve olumlu ilişkiler 

saptanmıştır. Bunun yanında dekara tane verimi ile ilk bakla yüksekliği arasında ise önemsiz 

ve olumlu ilişkiler ortaya konulmuştur. Path analizi değerlendirildiğinde ise bitkide bakla 

sayısının dekara tane verimi üzerine doğrudan %37.89 oranında etki yaptığı belirlenmiş olup 

bunu yüz tane ağırlığı (%36.90) ve bitki boyu (%32.21) izlemiştir. Nohut ıslah çalışmalarında 

dekara tane veriminin yanında bitkide tane verimi, bitkide bakla sayısı, bitkide tane sayısı ve 

bitki boyunun seleksiyon kriteri olarak dikkate alınmasının önemli olduğu ortaya konulmuştur.  

Anahtar Kelimeler: Sivas, Nohut, Çeşit, Korelasyon, Path Analizi 
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DETERMINATION OF RELATIONSHIPS AMONG YIELD TRAITS  

IN SOME CHICKPEA VARIETIES BY CORRELATION AND PATH ANALYSIS 

 

 

 

ABSTRACT 

This study was conducted during the 2025 chickpea growing season with the aim of determining 

the degree and direction (positive/negative) of the relationships between yield and yield-related 

traits in some standard chickpea varieties cultivated under the ecological conditions of Sivas 

province. In the study, 12 chickpea varieties (Aksu, Aydoğan, Azkan, Çağatay, Hasanbey, İnci, 

Sezenbey, TAEK-Sağel, UBET, Uzunlu-99, Yaşa-05, and Zuhal) were used. In order to 

determine the results of correlation and path analyses, agronomic traits such as plant height 

(cm), first pod height (cm), biological yield (g), number of main branches (piece), number of 

pods per plant (piecer), number of seeds per plant (piece), hundred-seed weight (g), harvest 

index (%), seed yield per plant (g), and seed yield per decare (kg da⁻¹) were investigated. 

According to the results obtained from the study conducted on chickpea varieties, highly 

significant and positive relationships were determined between seed yield per decare and 

biological yield, number of main branches, number of pods per plant, number of seeds per plant, 

hundred-seed weight, and seed yield per plant, whereas significant and positive relationships 

were identified with plant height. In addition, insignificant but positive relationships were found 

between seed yield per decare and first pod height. Evaluation of the path analysis revealed that 

the number of pods per plant had a direct effect of 37.89% on seed yield per decare, followed 

by hundred-seed weight (36.90%) and plant height (32.21%). It was concluded that, in chickpea 

breeding studies, along with seed yield per decare, seed yield per plant, number of pods per 

plant, number of seeds per plant, and plant height should be considered important selection 

criteria. 

Keywords: Sivas, Chickpea, Variety, Yield, Parameters 
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1. GİRİŞ 

İnsanların beslenme temelini oluşturan karbonhidrat, protein ve yağlar arasında en fazla 

yokluğu yaşanan proteindir. Protein gereksinimi hayvansal veya bitkisel kaynaklı besin 

maddelerinden karşılanmaktadır. Ancak hayvansal kaynaklı proteinlerin fiyatının yüksek 

olması ile depolama ve taşımada yaşanan zorluklar gibi sorunların yaşanmasından dolayı insan 

beslenmesindeki protein ihtiyacı hayvansal gıdalarla yeterince karşılanamadığından bu 

açıklığın giderilmesinde yemeklik tane baklagil türlerinden birisi olan nohut, binlerce yıldır 

insan beslenmesinde bitkisel proteinin ana kaynağı olarak dünya genelinde insan 

beslenmesinde oldukça önemli bir yer oluşturmaktadır (Akova, 2009).  

Nohut, tanelerindeki yüksek protein (%20-25), karbonhidrat (%40-60), yağ (%4.5-5.5), 

selüloz (%1.6-9.0), önemli esansiyel amino asitleri, makro ve mikro elementleri ile önemli 

vitamin içeriklerine sahip olmakla beraber yemeklik tane baklagiller içinde yağ oranı (%4-5) 

bakımından en yüksek olanıdır. Besin değerinin yüksek olmasının yanı sıra nohut, tarımsal 

açıdan önemli bir münavebe baklagil bitkisidir. Yetiştirildikleri toprağa olumlu etkilerde 

bulunması, derin köklü olması, köklerinde ortak yasayan Rhizobium bakteriler sayesinde 

havadaki serbest azotu toprağa bağlaması, bitki besin maddelerince zenginleştirmesi ve 

sürdürülebilir tarımın popülaritesi gibi özelliklerden dolayı nohut başta olmak üzere yemeklik 

tane baklagillerin tarla ziraatında önemi daha da artmaktadır (Güler, 2009). Tarımsal açıdan 

azotlu gübrelemeye ihtiyacının hiç bulunmaması ya da diğer bitkilere göre çok az olması 

nedeniyle nohudun karbon salınımı düşük olup bu nedenle çevre dostu bir bitkidir.  

Nohut binlerce yıldan beri günümüze kadar tarımı yapılan nadir bitkilerden bir tanesi 

olup kültüre alınan ilk baklagil bitkilerdendir. Gen merkezi olarak Türkiye’nin de yer aldığı 

Doğu Akdeniz Bölgesi gösterilmektedir (Akçin, 1988). Baklagiller familyasına giren bütün 

bitkiler kutup bölgeleri hariç 22°-85ꞌ doğu boylamları ve 30°-52ꞌ kuzey enlemleri arasında kalan 

alanlarda yetiştirilmekte olan tek ve çok yıllık olmak üzere yaklaşık 18000-20000 baklagil türü 

bulunmakta ve bunlardan sadece 200 türünün ekimi gerçekleşmektedir (Gülümser, 2016). Bu 

türler içerisinde yemeklik tane baklagil olarak yer alan nohut, 35 tanesi çok yıllık ve 9 tanesi 

tek yıllık olmak üzere 44 türden oluşmaktadır. Nohut tek yıllık bir bitki olup Leguminosae 

takımında yer alan Papilionaceae familyasının çok önemli türlerini kapsayan Viceae alt 

familyasına bağlı Cicer cinsi içinde kültürü yapılan en eski Cicer arietinum türüdür (Aydoğan, 

2012). Serin mevsim yemeklik tane baklagil bitkisi olan nohut, dünya tarımında Bengal gramı 

veya Garbanzo olarak da adlandırılmaktadır. 2n=16 kromozoma sahip olup kendi kendine 

tozlanabilen bir yemeklik tane baklagil bitkisi (Gaur ve ark., 2012) olup koçbaşı nohut, kuşbaşı 

nohut ve bezelyemsi nohut ülkemizde yetiştirilen nohut çeşitleridir. 

14.123.241 ha ekim alanı, 16.880.268 ton üretimi ve 1.195,2 kg/ha verim değeri ile 

dünyada kuru fasulyeden sonra yemeklik tane baklagiller içinde ikinci sırada yer alan nohut; 

ülkemizde 459.430 ha ekim alanı, 575.000 ton üretim ve 1251,6 kg/ha verim değerine sahip 

olup mercimek ve kuru fasulyenin önünde ilk sırada yer almaktadır (FAO, 2024). 

İç Anadolu Bölgesi’nin sınırları içinde yer alan ve çalışma alanımızı temsil eden Sivas 

il düzeyinde 96.272 da nohut, 4.910 da kuru fasulye ve 4.339 da yeşil mercimek yetiştiriciliği 

yapılmaktadır. Kuru fasulye ve yeşil mercimek ekim alanlarından önce ilk sırada gelen nohuttan 

dekar başına 110 kg verim alınmakta olup ülkemiz ortalaması olan 129 kg’lık verimin altında 

kalmıştır. Bölge için özellikle kültürel işlemleri içine alan yetiştirme tekniklerinin yeterince 

kullanılamaması bu verim düşüklüğünü tetikleyen nedenler olarak sıralanabilmektedir (TUIK, 

2025). 

Yetiştiriciliği yapılan kültür bitkileri üzerine yürütülen çalışmalarda ele alınan bitkilerin 

verim özelliklerinin değerlendirilmelerinin yeterli olmamasının yanında verime etki eden 

özelliklerinin de ele alınmalarının önemli olduğu vurgulanmaktadır. Bu yüzden yapılan 

değerlendirmelerde göz önüne alınması gereken işlemler içinde korelasyon ve path analizleri 
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önem arz etmektedir. Korelasyon ve path analizlerinin ele alınmasıyla verim ile verime etki 

eden unsurların tespit edilmesinde güzel sonuçlara ulaşılabilmektedir (Noor ve ark., 2003).  

Bazı nohut çeşitlerinin Sivas ekolojik koşullarında agronomik parametreleri arasındaki 

doğrudan ve dolaylı etkilerinin ortaya konulması bu çalışmanın amacını oluşturmaktadır. 

2. MATERYAL ve METOT 

2.1. Materyal 

 TAGEM’e bağlı farklı araştırma enstitüleri tarafından tescil ettirilmiş olan 12 adet 

(Aksu, Aydoğan, Azkan, Çağatay, Hasanbey, İnci, Sezenbey, TAEK-Sağel, UBET, Uzunlu-99,    

Yaşa-05, Zuhal) nohut çeşidi çalışmanın materyalini oluşturmaktadır. 

2.2. Araştırma Yerinin Bazı Genel Özellikleri 

2.2.1. Araştırma Yerinin Konumu 

Bu araştırmanın tarla denemeleri 2025 yılında bir yıl süreyle kuru fasulye vejetasyonu 

döneminde Sivas Bilim ve Teknoloji Üniversitesi’ne bağlı AR-GE Tarımsal Araştırma 

Merkezi’nin ıslah amaçlı deneme arazisinde yürütülmüştür. Araştırma yerinin denizden 

yüksekliği 1285 m olup 39.72072 enlem ve 36.91786 boylam dereceleri arasında yer almaktadır 

(Şekil 1). 

  
Şekil 1. Araştırmanın yürütüldüğü deneme arazisi 

2.2.2. İklim Özellikleri 

Denemenin kurulduğu lokasyonun nohut vejetasyonu dönemine ait uzun yıllar 

ortalaması (1980-2024 yılları arası) ile çalışmanın gerçekleştirildiği 2025 yılına ait 

meteorolojik veriler Tablo 1’de verilmiştir. Tablo değerlendirildiğinde uzun yıllara ait ortalama 

değerler ile denemelerin kurulduğu 2025 yılına ait aylık sıcaklık ortalamaları arasında aylar 

kapsamında büyük bir farkın olmadığı görülmektedir. Uzun yıllar ortalaması, en düşük aylık 

sıcaklık ortalamasının 9.3 °C ile Nisan ayında, aylık en yüksek sıcaklık ortalamasının ise 20.2 

°C ile Ağustos ayında olduğu görülmüştür. 2025 yılına ait deneme periyotlarındaki bu değerler 

10.1 °C ile Nisan ve 24.2 °C ile Ağustos aylarında sıralanmıştır. Bunun yanında 2025 yılı aylık 

toplam yağış değerlerinde Nisan ve Mayıs ayları aylık yağış toplamlarının uzun yıllardan aynı 

aylara göre yüksekte kaldığı geriye kalan ayların ise uzun yıllar ortalamasının altında seyrettiği, 

aylık ortalama nisbi nem verileri gözlendiğinde ise uzun yıllar ortalama verileri ile deneme 

yılının birbirine yakın değerler elde ettikleri görülmüştür.      

Tablo 1. Sivas ilinin 2025 yılı ile uzun yıllara ait iklim verileri  

Aylar 

Ortalama Sıcaklık  

(0 C) 

Toplam Yağış  

(mm) 

Ortalama Nispi Nem  

(%) 

2025 Uzun 

Yıllar 

2025 Uzun 

Yıllar 

2025 Uzun Yıllar 

Nisan 10.1 9.3 72.6 59.0 67.9 68.2 

Mayıs 13.0 13.5 66.3 52.4 62.7 60.9 

Haziran 18.8 17.3 15.4 43.4 60.1 58.7 

Temmuz 22.1 20.0 2.4 6.2 55.8 53.9 

Ağustos 24.2 20.2 3.1 4.5 57.2 53.3 

Toplam   159.8 165.5   

Ortalama 17.64 16.06   60.74 59.0 
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2.2.3. Toprak Özellikleri 

Çalışmanın bir yıl olarak yürütüldüğü deneme parselinin toprak öğeleri incelendiğinde 

deneme parselinin toprağının alkali seviyesinin hafif (7.25), organik madde içeriğinin orta 

(%1.65), alınabilir fosfor (3.50) ve potasyum düzeyleri (92.45) bakımından orta, tuz seviyesinin 

tuzlu (%0.31) ve kireç içeriğinin ise kireçli (18.8) olduğu ortaya konulmuştur (Tablo 2).   

 

Tablo 2. Deneme yeri toprağına ait fiziksel ve kimyasal özellikleri 

Yıl pH 

Kireç 

(% 

CaCO3) 

Toplam 

Tuz (%) 

Fosfor  

(P2O5) 

Potasyu

m 

 (K20) 

Organik 

Madde (%) 

2025 7.25 18.8 0.31 3.50 92.45 1.65 

 

2.3. Metot 

Araştırmanın yürütüldüğü deneme arazisinin ön bitkisi şeker pancarı olup şeker 

pancarının hasadı sonrasında pullukla sürülerek kış yağmurlarına bırakılmıştır. Ekim öncesinde 

deneme arazisine önce diskaro sokularak yabancı otlardan arındırılmış ardından rotovatör ile 

ekim için hazır hale getirilmiştir. Araştırma, Tesadüf Blokları Deneme Deseninde 3 tekerrürlü 

olacak şekilde kurulmuş olup parseller 5.0 m x 1.2 m= 6.0 m2 ebatlarına sahiptir. 12 adet nohut 

çeşidinin parsellere dağıtımı tesadüfî olarak yapılmıştır. Denemenin ekimleri 24 Nisan 2025 

tarihinde tavlı toprağa gerçekleştirilmiştir. Ekimler 30 cm sıra aralığında 8 cm sıra üzerinde, 

her bir sıraya 60 adet tohum düşecek şekilde markörle açılan sıralara 3-5 cm derinliğe elle 

yapılmıştır. Her parsel 4 sıradan oluşmuştur. Yabancı otlarla mücadele etmek üzere ekim 

sonrası çıkış öncesi isoxaflutole etken maddeli yabancı ot ilacı uygulanmış olup vejetasyon 

süresince 2 kez çapa yapılmıştır. Deneme alanına ekimle beraber dekara 15 kg DAP (2.7 kg 

N/da ve 6.9 kg P2O5) gübresi uygulanmıştır. Yürütülen araştırmada deneme alanında yer alan 

nohut çeşitlerinin hasadı hasat olgunluğuna ulaşmış oldukları dönem aralığı olan 5-15 Ağustos 

tarihleri arasında el ile yapılmıştır. Dörder sıradan oluşan her parselin her iki yanından birer 

sıra ile parsel başı ve sonundan 50 cm’lik kısımlar kenar tesiri olarak atılmak suretiyle 4.0 m x 

0.6 m= 2.4 m2’lik alanda yer alan bitkiler hasat edilmiştir. Her bir parselden hasat edilen bitkiler 

ayrı ayrı çuvallara konulup etiketlenerek hasat-harman sonrası gerekli ölçümler ve analizler 

yapılmak üzere Sivas Bilim ve Teknoloji Üniversitesi Tarım Bilimleri ve Teknoloji Fakültesi 

Tarla Bitkileri Bölümüne ait harman odasına getirilmiştir. 

2.3.1. Verilerin Değerlendirilmesi 

 Araştırma sonucunda elde edilen verilerden değişkenlerin aralarındaki doğrusal ilişkiler 

için korelasyon analizi ve dolaylı etkiler için ise path analizi yapılmış olup (Düzgüneş ve ark., 

1987) bu işlemler JUMP 13.01 istatistik paket programında gerçekleştirilmiştir. 

3. ELDE EDİLEN BULGULAR VE TARTIŞMA 

3.1. Korelasyon Analizi 

 Sivas ili ekolojik koşullarında yürütülen çalışmada 12 adet standart nohut çeşidinde ele 

alınan 10 adet agronomik özellik arasındaki korelasyon katsayıları belirlenerek özellikler arası 

ilişkilerin yönü ve önemlilikleri Tablo 3'de verilmiştir. 
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Tablo 3. Sivas ekolojik koşullarında bazı nohut çeşitlerinde incelenen 

özellikler arası ilişkiler ve korelasyon katsayıları (r) 
 BB İBY BV ADS BBS BTS YTA Hİ BTV DTV 

BB 1.00          

İBY 0.719** 1.00         

BV 0.398** 0.142 1.00        

ADS 0.360* 0.220 0.749** 1.00       

BBS 0.137 0.056 0.898** 0.806** 1.00      

BTS 0.189 0.148 0.883** 0.779** 0.960** 1.00     

YTA 0.509** 0.291 0.523** 0.664** 0.481** 0.431** 1.00    

HI -0.086 0.139 -0.246 0.222 0.005 0.053 0.388* 1.00   

BTV 0.335* 0.244 0.883** 0.849** 0.905** 0.913** 0.649** 0.163 1.00  

DTV 0.368* 0.331 0.908** 0.708** 0.843** 0.875** 0.493** -0.179 0.863** 1.00 

 

Tablo incelendiğinde dekara tane verimi ile biyolojik verim (r= 0.908**), ana dal sayısı 

(r= 0.708**), bitkide bakla sayısı (r= 0.843**), bitkide tane sayısı (r= 0.875**), yüz tane ağırlığı 

(r= 0.493**) ve bitkide tane verimi (r= 0.863**) arasında çok önemli ve olumlu ilişkiler 

görülürken  bitki boyu (r= 0.368*) ile önemli ve olumlu ilişkiler ortaya konulmuş olup hasat 

indeksi (r= -0.179) ile önemsiz fakat olumsuz ilişki belirlenmiştir. Farklı araştırma enstitüleri 

tarafından tescil ettirilmiş olan 5 adet (Azkan, Gökçe, İnci, Uzunlu 99 ve Yaşa 05) nohut 

çeşidinin verim ve verim özellikleri ile özellikler arası ilişkilerinin ortaya konulduğu 

araştırmada dekara tane verimi ile bitkide bakla sayısı (r= 0.604**), bitkide tane sayısı (r= 

0.714**) ve bitkide tane verimi (r= 0.588**) arasında olumlu ve çok önemli; bitki boyu ile (r= 

0.387*) olumlu ve önemli; ilk bakla yüksekliği ile (r= 0.214) olumlu ve önemsiz; yüz tane 

ağırlığı ile ise (r= -0.146) olumsuz ve önemsi ilişkiler ortaya konulurken bitkide bakla sayısı ile 

bitkide tane sayısı (r= 0517**) ve bitkide tane verimi (r= 0.664**) ile olumlu ve çok önemli; 

yüz tane ağırlığı ile ise (r= 0.293*) olumlu ve önemli ilişkiler tespit edildiği Karaköy ve Sözen 

(2022) tarafından ifade edilmiştir. 

Yürütülen çalışmada bitkide tane verimi ile biyolojik verim (r= 0.883**), ana dal sayısı 

(r= 0.849**), bitkide bakla sayısı (r= 0.905**), bitkide tane sayısı (r= 0.913**) ve yüz tane 

ağırlığı (r= 0.649**) arasında çok önemli ve olumlu ilişkiler saptanırken bitki boyu (r= 0.335*) 

ile önemli ve olumlu ilişkiler görülmüş olup bitkide tane veriminin ilk bakla yüksekliği (r= 

0.244) ve hasat indeksi (r= 0.163) ile önemsiz ve olumlu ilişkiler belirlenmiştir.  

Banik ve ark. (2017) yürüttükleri araştırmada nohut çeşitlerinde tane verimi ile diğer verim 

öğeleri arasındaki ilişkileri korelasyon analizi kullanılarak incelemişlerdir. Araştırmacılar 

çalışma sonucunda ulaştıkları sonuçlara göre tane verimi ile hasat indeksi (r= 0.728**), bitkide 

tane sayısı (r= 0.927**), bitkide bakla sayısı (r= 0.916**) arasında önemli ve olumlu ilişkiler 

tespit etmişlerdir. Nohutta yürütülecek ıslah araştırmalarında bitkide bakla sayısı, baklada tane 

sayısı ve bitkide ilk bakla yüksekliğinin yüksek verim potansiyelini elde etmek için seçim 

kriteri olarak kullanılabileceğini vurgulamışlardır. 

Hasat indeksi ile yüz tane ağırlığı (r= 0.388*) arasında önemli ve olumlu; ilk bakla 

yüksekliği (r= 0.139), ana dal sayısı (r= 0.222), bitkide bakla sayısı (r= 0.005) ve bitkide tane 

sayısı (r= 0.053) ile önemsiz ve olumlu ilişkiler görülürken bitki boyu (r= -0.086) ve biyolojik 

verim (r= -0.246) ile önemsiz fakat olumsuz ilişkiler saptanmıştır. Nalbant (2021), Kırşehir 

ekolojik koşullarında 16 farklı nohut çeşidinde verim ve bazı verim öğelerinin özellikler arası 

ilişkileri incelemek üzere yürütmüş olduğu çalışmasında tane verimi ile vejetasyon süresi (r= 

0.584**), bitkide bakla sayısı (r= 0.834**), bitkide tane sayısı (r= 0.844**), bitkide tane verimi 

(r= 1.000**), 100 tane ağırlığı (r= 0.427**) ve biyolojik verim (r= 0.963**) arasında olumlu 

ve önemli yönde; ilk bakla yüksekliği ile (r= -0.494**) önemli ve olumsuz yönde; çiçeklenme 

gün süresi (r= 0.179), bakla bağlama gün süresi (r= 0.246) ve hasat indeksi (r= 0.252) arasında 

önemsiz ve olumlu yönde; bitki boyu (r= -0.119) ile ise önemsiz ve olumsuz yönde ilişkiler 

bulunduğunu belirtmiştir. 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

369 
 

Yürütülen çalışmada yüz tane ağırlığı ile bitki boyu (r= 0.509**), biyolojik verim (r= 

0.523**), ana dal sayısı (r= 0.664**), bitkide bakla sayısı (r= 0.481**) ve bitkide tane sayısı 

(r= 0.431**) arasında çok önemli ve olumlu ilişkiler belirlenirken ilk bakla yüksekliği (r= 

0.291) ile ise önemsiz ve olumlu ilişkiler ortaya konulmuştur. 21 farklı nohut çeşidinin verim 

ve verim özellikleri arası ilişkilerinin belirlenmesi üzerine yürütülen çalışmada bitki başına tane 

veriminin bitkide tane sayısı (r= 0.894**) ve bitkide bakla sayısı (r= 0.593**) ile olumlu ve çok 

önemli derecede; bitki başına gövde ağırlığı ile önemli derecede ve olumlu (r= 0.434*) ilişkiler 

gösterdiği belirlenmiştir. Bitkide bakla sayısı ile bitki gövde ağırlığı arttıkça bitkide tane 

veriminde artış olduğu tespit edilmiştir. Diğer özellikler ve bitki tohum verimi arasındaki 

ilişkilerin istatistiksel olarak önemli olmadığı Kara (2022) tarafından tespit edilmiştir. 

Bitkide tane sayısı ile biyolojik verim (r= 0.833**), ana dal sayısı (r= 0.779**) ve 

bitkide bakla sayısı (r= 0.960**) arasında çok önemli ve olumlu ilişkiler saptanırken bitki boyu 

(r= 0.189) ve ilk bakla yüksekliği (r= 0.148) ile ise önemsiz ve olumlu ilişkiler tespit edilmiştir. 

Aydoğan (2019), Eskişehir ekolojik koşullarında 12 farklı nohut çeşidinin tarımsal özellikleri 

ile özellikler arası ilişkilerini belirlemek amacıyla uyguladığı korelasyon analizi sonucunda 

bitkide bakla sayısı ile bitkide tane sayısı (r= 0.853**) ve bitki başına tane verimi (r= 0.830**) 

arasında çok önemli ve olumlu ilişkiler belirlemişken yüz tane ağırlığı (r= 0.292*) arasında ise 

önemli ve olumlu ilişkiler ortaya koymuş olup tane verimi ile de (r= 0.373) olumlu ilişkiler 

tespit etmiştir. 

Bitkide bakla sayısı ile biyolojik verim (r= 0.898**) ve ana dal sayısı (r= 0.80**) 

arasında çok önemli ve olumlu ilişkiler görülürken bitki boyu (r= 0.137) ve ilk bakla yüksekliği 

(r= 0.056) ile ise önemsiz ve olumlu ilişkiler saptanmıştır. Gürbak (2019), Kahramanmaraş 

ekolojik koşullarında nohutta verim ve verim öğeleri yönünden genetik farklılığı ve ilerlemeleri 

incelemek amacıyla bir çalışma yürütmüştür. Çalışmada ele alınan karakterler arasındaki 

ilişkilere bakıldığında dekara tane verimi ile yüz tane ağırlığı (r= 0.46*) ve bitki boyu (r= 0.39*) 

arasında olumlu ve önemli ilişki belirlenirken yüz tane ağırlığı ile bitki boyu arasında (r= 

0.52**) ve ilk bakla yüksekliği ile bitkide bakla sayısı arasında (r= 0.64**) olumlu ve önemli 

ilişki tespit edildiğini bildirmiştir. 

Yürütülen çalışmada ana dal sayısı ile biyolojik verim (r= 0.749**) arasında çok önemli 

ve olumlu, bitki boyu (r= 0.360*) ile önemli ve olumlu, ilk bakla yüksekliği (r= 0.220) ile ise 

önemsiz ve olumlu ilişkiler tespit edilmiştir. Güngör ve ark. (2021), Kırklareli ve Edirne 

ekolojik koşullarında 7 farklı nohut çeşidi ile 11 adet ileri nohut genotipinin tane verimi ve 

verim unsurlarını belirlemek ve özellikler arası ilişkileri ortaya koymak amacıyla yürütmüş 

oldukları çalışmalarında tane verimi ile incelenen bütün özelliklerin negatif bir ilişkiye sahip 

olduğunu, yüz tane ağırlığı ile ilk bakla yüksekliği (r=0 .68**) ve bitki boyu (r= 0.71**) 

arasında pozitif ve önemli ilişkilerin bulunduğunu; bitkide bakla sayısı ile bitkide tane sayısı 

(r= 0.88**) arasında da yine pozitif ve önemli bir ilişki tespit edildiğini belirtmişlerdir. 

Biyolojik verim ile bitki boyu (r= 0.398**) arasında çok önemli ve olumlu, ilk bakla 

yüksekliği (r= 0.142) ile ise önemsiz ve olumlu ilişkiler görülürken; ilk bakla yüksekliği ile 

bitki boyu arasında (r= 0.719**) çok önemli ve olumlu ilişkiler belirlenmiştir.  

 

 

 

 

3.2. Path Analizi 

Ele alınan verime etki eden özelliklerin dekara tane verim üzerine doğrudan ve dolaylı 

etkileri incelenmiş ve elde edilen sonuçlar Tablo 4’de verilmiştir. Gerçekleştirilen path 

analizlerinde ele alınan özelliklerin bazılarının negatif katsayıya sahip olmaları o özelliğin 

negatif yönde, pozitif katsayıya sahip olanların ise pozitif yönde gelişeceğini belirtmektedir. Bu 

kapsamda tablo değerlendirildiğinde bitki boyunun dekara tane verimine doğrudan etki 
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katsayısı 0.136 olarak belirlenmiş olup etki oranı %32.21 olarak ortaya konulmuştur. Bitki boyu 

en yüksek dolaylı etkiyi %17.88 ile bitkide bakla sayısı üzerinden göstermekle beraber bu 

dolaylı etkiyi ilk bakla yüksekliği (%11.25), bitkide tane verimi (%10.27) ve bitkide tane verimi 

(%9.05) izlemiştir.  

 

Tablo 4. İncelenen öğelerin dekara tane verimi üzerinde doğrudan ve dolaylı etkileri 
Direkt Etki Dolaylı Etki Doğrudan Etki  Miktarı Dolaylı Etki 

Miktarı 

Etki Payı (%) 

Bitki 

Boyu 

 0,136  32,21 

İlk Bakla 

Yüksekliği 

 -0.035 11,25 

Ana Dal Sayısı  0,057 2,97 

Biyolojik Verim  0,156 7,45 

Bitkide Bakla Sayısı  0,282 17,88 

Bitkide Tane Sayısı  0,034 9,05 

Bitkide Tane 

Verimi 

 0,391 10,27 

Yüz Tane Ağırlığı  0,126 2,29 

Hasat İndeksi  0,103 6,63 

     

İlk Bakla 

Yüksekliği 

 -0,076  15,94 

Bitki Boyu  -0,196 22,56 

Ana Dal Sayısı  0,058 8,18 

Biyolojik Verim  0,073 1,95 

Bitkide Bakla Sayısı  0,177 24,38 

Bitkide Tane Sayısı  0,220 21,14 

Bitkide Tane 

Verimi 

 0,055 1,21 

Yüz Tane Ağırlığı  0,221 5,09 

Hasat İndeksi  0,037 1,55 

     

Ana Dal 

Sayısı 

 0,219  15,04 

Bitki Boyu  0,207 11,90 

İlk Bakla 

Yüksekliği 

 -0,194 9,04 

Biyolojik Verim  0,053 1,83 

Bitkide Bakla Sayısı  0,619 14,04 

Bitkide Tane Sayısı  0,051 10,16 

Bitkide Tane 

Verimi 

 0,047 21,93 

Yüz Tane Ağırlığı  0,258 13,11 

Hasat İndeksi  0,042 2,95 

     

Biyolojik 

Verim 

 0,035  11,09 

Bitki Boyu  0,163 31,28 

Ana Dal Sayısı  0,208 15,27 

İlk Bakla 

Yüksekliği 

 0,194 16,66 

Bitkide Bakla Sayısı  0,071 9,69 

Bitkide Tane Sayısı  0,710 5,04 

Bitkide Tane 

Verimi 

 0,034 1,06 

Yüz Tane Ağırlığı  0,311 6,18 

Hasat İndeksi  0,052 3,73 

     

Bitkide Bakla 

Sayısı 

 0,067  37,89 

Bitki Boyu  -0,109 14,53 
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Ana Dal Sayısı  -0,065 15,77 

İlk Bakla 

Yüksekliği 

 0,201 11,08 

Biyolojik Verim  0,037 6,17 

Bitkide Tane Sayısı  -0,055 5,42 

Bitkide Tane 

Verimi 

 0,062 1,73 

Yüz Tane Ağırlığı  -0,071 4,25 

 

 Hasat İndeksi  0,092 3,16 

     

Bitkide Tane 

Sayısı 

 0,049  21,93 

Bitki Boyu  -0,023 7,18 

Ana Dal Sayısı  -0,011 20,53 

İlk Bakla 

Yüksekliği 

 -0,490 15,13 

Bitkide Bakla Sayısı  0,093 4,39 

Biyolojik Verim  0,121 3,51 

Bitkide Tane 

Verimi 

 0,319 22,70 

Yüz Tane Ağırlığı  -0,102 3,19 

Hasat İndeksi  0,179 1,43 

     

Bitkide Tane 

Verimi 

 0,092  24,05 

Bitki Boyu  -0,042 18,28 

Ana Dal Sayısı  0,011 0,23 

İlk Bakla 

Yüksekliği 

 0,073 4,07 

Bitkide Bakla Sayısı  -0,153 18,94 

Biyolojik Verim  0,150 6,17 

Bitkide Tane Sayısı  -0,091 23,05 

Yüz Tane Ağırlığı  0,071 1,28 

Hasat İndeksi  0,107 3,93 

     

Yüz Tane 

Ağırlığı 

 0,273  36,90 

Bitki Boyu  0,041 2,34 

Ana Dal Sayısı  -0,021 8,70 

İlk Bakla 

Yüksekliği 

 0,073 1,27 

Bitkide Bakla Sayısı  -0,044 12,49 

Biyolojik Verim  0,085 1,12 

Bitkide Tane Sayısı  0,188 24,16 

Bitkide Tane 

Verimi 

 0,221 12,56 

Hasat İndeksi  0,075 0,46 

     

Hasat  

İndeksi 

 0,079  16,22 

Bitki Boyu  -0,051 21,03 

Ana Dal Sayısı  0,126 11,69 

İlk Bakla 

Yüksekliği 

 0,237 11,17 

Bitkide Bakla Sayısı  0,117 7,11 

Biyolojik Verim  0,204 4,28 

Bitkide Tane Sayısı  0,199 18,03 

Bitkide Tane 

Verimi 

 0,291 8,27 

Yüz Tane Ağırlığı  0,077 2,20 
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Yürütülen çalışmada ilk bakla yüksekliğinin dekara tane verimine doğrudan etki 

katsayısı -0.076 olarak belirlenmiş olup etki oranı %15.94 olarak ortaya konulmuştur. İlk bakla 

yüksekliği en yüksek dolaylı etkiyi %24.38 ile bitkide bakla sayısı üzerinden göstermekle 

beraber bu dolaylı etkiyi bitki boyu (%22.56), bitkide tane sayısı (%21.14) ve ana dal sayısı 

(%8.18) izlemiştir.  

Ana dal sayısının dekara tane verimine doğrudan etki katsayısı 0.219 olarak belirlenmiş 

olup etki oranı %15.04 olarak ortaya konulmuştur. Ana dal sayısı en yüksek dolaylı etkiyi 

%21.93 ile bitkide tane verimi üzerinden göstermekle beraber bu dolaylı etkiyi bitkide bakla 

sayısı (%14.04), yüz tane ağırlığı (%13.11) ve bitkide tane sayısı (%10.16) izlemiştir.  

Çalışmada biyolojik verimin dekara tane verimine doğrudan etki katsayısı 0.035 olarak 

belirlenmiş olup etki oranı %11.09 olarak ortaya konulmuştur. Biyolojik verim en yüksek 

dolaylı etkiyi %31.28 ile bitki boyu üzerinden göstermekle beraber bu dolaylı etkiyi ilk bakla 

yüksekliği (%16.66), ana dal sayısı (%15.27) ve bitkide bakla sayısı (%9.69) izlemiştir.   

 

Bitkide bakla sayısının dekara tane verimine doğrudan etki katsayısı 0.0067 olarak 

belirlenmiş olup etki oranı %37.89 olarak ortaya konulmuştur. Bitkide bakla sayısı en yüksek 

dolaylı etkiyi %15.77 ile ana dal sayısı üzerinden göstermekle beraber bu dolaylı etkiyi bitki 

boyu (%14.53), ilk bakla yüksekliği (%11.08) ve biyolojik verim (%6.17) izlemiştir.   

Çalışmada bitkide tane sayısının dekara tane verimine doğrudan etki katsayısı 0.049 

olarak belirlenmiş olup etki oranı %21.93 olarak ortaya konulmuştur. Bitkide tane sayısı en 

yüksek dolaylı etkiyi %22.70 ile bitkide tane verimi üzerinden göstermekle beraber bu dolaylı 

etkiyi ana dal sayısı (%20.53), ilk bakla yüksekliği (%15.13) ve bitki boyu (%7.18) izlemiştir.   

Bitkide tane veriminin dekara tane verimine doğrudan etki katsayısı 0.092 olarak 

belirlenmiş olup etki oranı %24.05 olarak ortaya konulmuştur. Bitkide tane verimi en yüksek 

dolaylı etkiyi %23.05 ile bitkide tane sayısı üzerinden göstermekle beraber bu dolaylı etkiyi 

bitkide bakla sayısı (%18.94), bitki boyu (%18.28) ve biyolojik verim (%6.17) izlemiştir.   

Çalışmada yüz tane ağırlığının dekara tane verimine doğrudan etki katsayısı 0.273 

olarak belirlenmiş olup etki oranı %36.90 olarak ortaya konulmuştur. Yüz tane ağırlığı en 

yüksek dolaylı etkiyi %24.16 ile bitkide tane sayısı üzerinden göstermekle beraber bu dolaylı 

etkiyi bitkide tane verimi (%12.56), bitkide bakla sayısı (%12.49) ve ana dal sayısı (%8.70) 

izlemiştir.   

Hasat indeksinin dekara tane verimine doğrudan etki katsayısı 0.079 olarak belirlenmiş 

olup etki oranı %16.22 olarak ortaya konulmuştur. Hasat indeksi en yüksek dolaylı etkiyi 

%21.03 ile bitki boyu üzerinden göstermekle beraber bu dolaylı etkiyi bitkide tane sayısı 

(%18.03), ana dal sayısı (%11.69) ve ilk bakla yüksekliği (%11.17) izlemiştir.   

 

4. SONUÇ 

 Yürütülen bu çalışma ile bir baklagil bitkisi olan nohutta tane verim üzerine etkili 

olabilecek verim öğelerinin değişim aralıkları belirlenmiştir. Nohutta çeşit/çeşitler adaylarını 

ortaya koyabilmek için gerçekleştirilecek ıslah çalışmalarında belirlenecek nohut bitkilerinde 

ekolojik ve iklim şartlarının da dikkate alınması temeldir. Nohutta çeşit geliştirme sürecinde 

bitki boyu, biyolojik verim, bitkide bakla sayısı, bitkide tane sayısı, yüz tane ağırlığı ve bitkide 

tane verimi parametrelerinin göz önüne alınmasının kayda değer olduğu tespit edilmiş olup 

ıslah çalışmalarında seleksiyon üzerine gerçekleştirilecek çalışmalarda seleksiyon 

komponentleri olarak dikkate alınacak verim öğelerinin tespit edilmesinde path analizinin de 

katkı sağlayabileceği görülmüştür. Ayrıca bitkide bakla sayısı, bitkide tane sayısı, bitkide tane 

verimi, yüz tane ağırlığı ve hasat indeksi gibi agronomik öğelerin ele alınmasında yüksek ve 

pozitif dolaylı etkilerinden dolayı dikkate alınmasının önemli olduğu saptanmıştır.  
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ABSTRACT 

Along with the growing need for sensors in modern aircraft systems, there has been a rapid 

increase in the number of electrical systems used on aircraft. This increase in electrical systems 

creates significant drawbacks, such as the cables required to power the sensors, increased 

weight, maintenance difficulties, and system complexity. For this reason, the need for sensor 

systems capable of generating their own energy is steadily increasing. In this study, the natural 

and low-frequency motion of the aircraft’s control surfaces the ailerons have been utilized as 

an energy source. It is proposed that this motion be converted into electrical energy via a radial-

array triboelectric nanogenerator (TENG). In the proposed system, the aileron’s angular motion 

is mechanically transmitted via connecting rods, then converted into rotational motion by a 

transmission mechanism to drive the rotor of the TENG structure. The rotor consists of a 

radially segmented disk and is positioned opposite a stationary surface called the stator. The 

surfaces of the rotor and stator are coated with materials possessing different triboelectric 

properties. As the rotor rotates, periodic contact and separation between these surfaces, along 

with relative sliding motion, occur. This interaction results in charge transfer (triboelectric 

effect) between the surfaces, and a potential difference arises due to the resulting charge 

separation. This potential difference causes a current to flow in the external circuit via the 

electrodes, thereby converting mechanical energy into electrical energy. The energy generated 

is stored in the capacitor and used to power low-power sensors. The developed model was 

numerically analyzed, and tests were conducted to determine which sensors located near the 

ailerons on the aircraft wing could be powered. Material selections were made to increase the 

triboelectric effect generated between the rotor and stator. As a result, it was demonstrated that 
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motion generated by the ailerons could serve as a suitable energy source for low-power sensor 

systems in aviation applications. 

Keywords: Energy harvesting, Triboelectric nanogenerator (TENG), Aileron motion, Radial-

array structure, Self-powered sensors 
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Introduction 

With the increasing use of sensors in modern aircraft systems, the number of electrical systems 

used in aircraft is also growing rapidly. This situation creates significant drawbacks, such as the 

cabling required to power the sensors, increased weight, maintenance challenges, and system 

complexity. For this reason, the need for sensor systems capable of generating their own energy 

is steadily increasing (Kansal et al., 2007). Energy harvesting is an important method that 

converts mechanical energy present in a system into electrical energy(Vidal et al., 2021) . 

Triboelectric nanogenerators (TENGs), in particular, have emerged as a notable technology in 

recent years due to their ability to generate energy from low-frequency mechanical 

motion(Zhou et al., 2020; Fan, Tian, & Wang, 2012) . 

Thanks to their ability to generate electricity on their own, triboelectric nanogenerators have 

become a subject of research in many different engineering applications in recent years. They 

stand out as a significant energy harvesting method, particularly in systems involving low-

frequency mechanical motion. In the literature, triboelectric nanogenerators have been studied 

in many fields, such as energy harvesting from environmental vibrations (Sim˜oes et al., 2022) 

, wind-driven systems (Li, Chen, & Guo, 2021) , and hybrid energy harvesting applications 

(Lin, Chen, & Yan, 2016). In recent years, research has focused particularly on TENG structures 

based on rotational motion and sliding (Segkos & Tsamis, 2023). Additionally, various material 

pairs and surface optimization methods have been investigated to enhance triboelectric 

performance (Zou et al., 2019). However, studies aimed at directly harvesting energy from the 

motion of aircraft control surfaces in aerospace applications remain limited. 

In this study, the natural and low-frequency motion of ailerons—one of the aircraft’s control 

surfaces was utilized as an energy source. In the proposed system, the aileron’s angular motion 

is mechanically transmitted via linkages and converted into rotational motion by a transmission 

mechanism, thereby driving the rotor of a radial-array triboelectric nanogenerator. The rotor 

consists of a radially segmented disk structure and is positioned opposite a stationary surface 

called the stator. The surfaces of the rotor and stator are coated with materials possessing 

different triboelectric properties (Segkos & Tsamis, 2023; Zou et al., 2019) . As the rotor 

rotates, periodic contact-separation and relative sliding motion occur between the surfaces. As 

a result of this interaction, charge transfer occurs between the surfaces, creating an electrostatic 

potential difference. This potential difference enables current to flow through the external 

circuit via the electrodes, thereby converting mechanical energy into electrical energy (Zhou et 

al., 2020; Wang & Wang, 2017).The generated energy is stored in a capacitor and used to power 

sensors with low power requirements. The developed model was analyzed numerically, and the 

feasibility of powering low-power sensors that could be positioned near the aileron region on 

an aircraft wing was investigated. Additionally, appropriate material selections were made to 

enhance the triboelectric effect generated between the rotor and stator (Zou et al., 2019). As a 

result, it has been demonstrated that mechanical energy derived from aileron movements can 

serve as a suitable energy source for sensor systems with low power requirements in aviation 

applications. 

Methodology  

System Description 

In this study, a radial-array triboelectric nanogenerator (TENG)-based energy harvesting 

system is proposed to convert the low-frequency motion of aircraft ailerons into electrical 

energy. The proposed system consists of the aileron motion mechanism, linkage rods, trigger 

mechanism, rotary motion conversion structure, radial-array TENG unit, and energy storage 

component. 

The angular motion generated by the aileron is mechanically transmitted through the linkage 

mechanism and converted into rotary motion to drive the TENG rotor. Periodic contact-
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separation and relative sliding motion occurring between the rotor and stator surfaces generate 

electrical charges through triboelectric effect and electrostatic induction mechanisms. 

The mechanical structure and preliminary CAD design of the proposed system were developed 

using CATIA software. 

Mathematical Modeling 

In order to investigate the behavior of the proposed energy harvesting system, the mechanical 

motion conversion and triboelectric energy generation process are modeled mathematically. In 

the modeling procedure, the aileron motion is first defined as the excitation input, followed by 

the motion transmission, rotary transformation, overlap area variation, and electrical output 

calculations. 

The aileron-induced excitation is modeled as a sinusoidal input function: 

 δa(t) = δmax sin(ωat) (1) 

The aileron motion is converted into linear displacement through the mechanical transmission 

mechanism: 

 x(t) = ηmLδa(t) (2) 

The obtained linear motion is transformed into rotary motion to drive the rotary TENG 

structure: 

  (3) 

The overlap area variation between the rotor and stator is modeled as: 

  (4) 

The TENG system is represented using an equivalent electrical model consisting of a variable 

capacitance and an open-circuit voltage source: 

  (6) 

  (7) 

The load voltage dynamics are modeled as: 

  (8) 

The output current and power are calculated using: 

  (9) 

  (10) 

Simulation Procedure 

In the simulation process, nominal operating conditions were first defined. The aileron motion 

was modeled as a sinusoidal excitation input, and the resulting linear and angular mechanical 

responses were calculated using the proposed mechanical conversion structure. 

The time-dependent overlap area between the rotor and stator surfaces was then determined, 

and the corresponding charge, voltage, current, and power outputs were obtained using the 

mathematical model developed in this study. 

All numerical calculations and graphical evaluations were performed in the MATLAB 

environment. 
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Results and Discussion 

Mechanical Design of the Proposed System 

Aileron Motion Mechanism 

Ailerons are primary flight control surfaces located at the trailing edge of aircraft wings and are 

mainly responsible for roll control of the aircraft. By moving in opposite directions on the left 

and right wings, ailerons generate rolling motion during maneuvering. 

During flight operations, ailerons continuously perform low-frequency angular motion due to 

pilot commands, automatic flight control systems, and aerodynamic disturbances. In 

conventional aircraft, aileron deflection angles typically vary between approximately ±5◦ and 

±25◦. Especially during cruise and stability correction maneuvers, relatively small-amplitude 

but continuous motions are observed. 

In the present study, these naturally occurring low-frequency aileron motions are utilized as the 

primary mechanical energy source for the proposed energy harvesting system. 

Motion Transmission Structure 

The aileron motion is not directly applied to the triboelectric generator. Instead, a mechanical 

transmission structure is employed to convert the motion into a form more suitable for the 

operation of the rotary TENG structure. 

The proposed mechanism consists of two linkage rods, a trigger mechanism, and a spring-

supported structure. The first linkage rod transfers the aileron motion to the trigger structure, 

while the second linkage rod drives the radial-array rotor. 

A spring-supported structure is integrated into the mechanism in order to improve the stability 

of the motion transfer process. The spring mechanism reduces abrupt motion variations and 

contributes to smoother rotor motion under low-amplitude excitation conditions. 

As a result, low-frequency aileron motion is transformed into a suitable rotary motion capable 

of driving the TENG structure effectively. 

 
Figure 1: Overall mechanical configuration of the proposed aileron-driven radial-array 

triboelectric nanogenerator (TENG) energy harvesting system 

Radial-Array TENG Structure 

The proposed energy harvesting system is designed as a radial-array rotary triboelectric 

nanogenerator. The system mainly consists of an outer cylindrical housing, a rotor structure, 

and a stator structure. 

The rotor is designed as a radially segmented rotating disk driven by the mechanical 

transmission mechanism, while the stator forms the stationary section positioned opposite the 

rotor segments. 

As the rotor rotates, periodic contact-separation and relative sliding motion occur between the 

rotor and stator surfaces. This interaction results in triboelectric charge transfer and electrical 

energy generation. 

The radial-array configuration enables multiple contact interactions during a single rotor 

rotation. Compared to conventional linear TENG structures, the rotary segmented structure 
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provides more continuous operation and higher contact frequency, contributing to improved 

electrical output characteristics. 

The outer cylindrical housing is designed to protect the internal components from 

environmental effects such as vibration, dust, humidity, and unintended mechanical contact. In 

addition, the cylindrical structure improves the mechanical stability of the system and provides 

a compact configuration suitable for aerospace integration. 

Material Selection 

Material selection was carried out considering triboelectric performance, lightweight structure, 

manufacturability, and aerospace compatibility. In triboelectric nanogenerators, the electrical 

output performance strongly depends on the triboelectric polarity difference between the 

selected materials. Therefore, selecting materials with high polarity differences increases the 

surface charge density and consequently improves the generated voltage levels. 

PTFE was selected as the negative triboelectric surface due to its strong negative triboelectric 

characteristics and common usage in triboelectric nanogenerator applications. In addition, 

PTFE provides good dielectric properties and stable triboelectric performance under repeated 

contact conditions (Zou et al., 2019). 

Aluminum was selected as the counter electrode material because of its electrical conductivity, 

lightweight structure, mechanical durability, and suitability for aerospace integration. The 

PTFE–aluminum material pair provides a practical balance between triboelectric performance 

and engineering applicability. 

In addition to triboelectric performance, lightweight structure, mechanical durability, 

manufacturability, and compatibility with aerospace systems were also considered during the 

material selection process. 

Numerical Evaluation of the Proposed System 

The proposed radial-array TENG system was numerically evaluated under nominal operating 

conditions. In the calculations, the maximum aileron deflection angle was selected as δmax = 5◦ 

and the excitation frequency was taken as f = 2Hz. These values were selected to represent low-

amplitude and low-frequency aileron motions that may occur during flight operations. 

First, the aileron motion was defined as a sinusoidal input using Eq. (1). The maximum 

deflection angle corresponds to approximately 0.0873rad. Therefore, the aileron motion 

becomes: 

δa(t) = 0.0873sin(12.57t) 

where 12.57rad/s corresponds to the angular frequency associated with the 2Hz excitation. 

Using Eq. (2), the aileron motion was transformed into linear displacement through the 

mechanical linkage mechanism. For a linkage length of L = 0.05m, the linear displacement 

was calculated as: 

x(t) = 0.004365sin(12.57t) 

This result indicates that the aileron motion is converted into an approximately ±4.365mm 

linear displacement. 

The obtained linear displacement was then converted into rotary motion using Eq. (3). For a 

rotor radius of r = 0.02m, the rotor angular motion becomes: 

θ(t) = 0.2183sin(12.57t) 

Accordingly, the maximum rotor angle is approximately: 

θmax = 0.2183rad ≈ 12.5◦ 

This result shows that relatively small aileron motions can generate larger rotary motion 

through the mechanical conversion structure. 

The rotor angular velocity was obtained by differentiating the angular displacement with 

respect to time: 

ωr(t) = 2.741cos(12.57t)rad/s 

Thus, the maximum rotor angular velocity becomes: 
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ωr,max = 2.741rad/s 

One of the most important parameters affecting the triboelectric interaction is the overlap area 

between the rotor and stator surfaces. Using Eq. (4), the overlap area was modeled as a 

periodic function of time. For a maximum overlap area of Amax = 4 × 10−4 m2, the overlap 

variation becomes: 

A(t) = 2 × 10−4(1 + sin(12.57t)) 

This behavior indicates that the rotor-stator interaction varies periodically during operation 

The resulting electrical responses are shown in the figure below. 

 
Figure 2: Numerically obtained mechanical responses of the proposed aileron-driven radial-

array TENG system under nominal operating conditions 

The mechanical responses presented in Figure 2 were obtained from the numerical solution of 

the proposed mathematical model and supported using MATLAB simulations. Under nominal 

operating conditions, the results indicate that the aileron motion is transformed into linear 

displacement through the linkage mechanism and subsequently converted into rotor rotation. 

The periodic variation observed in the rotor angle response suggests that the proposed 

mechanical conversion structure is capable of transforming low-frequency aileron motion into 

rotary motion. In addition, the overlap area between the rotor and stator surfaces varies 

periodically with time, indicating that the proposed mechanism may provide the necessary 

mechanical excitation required for triboelectric charge generation. 

The smooth and stable responses observed in the plots further suggest that the proposed 

mechanical structure has the potential to provide continuous excitation suitable for theoretical 

energy harvesting operation. Using Eq. (5), the generated charge was calculated for a surface 

charge density of σ = 100µC/m2: 

Q(t) = 2 × 10−8(1 + sin(12.57t))C 

The maximum charge becomes: 

 Qmax = 4 × 10−8 C (11) 

The generated current was obtained from the time derivative of the charge: 

I(t) = 2.51 × 10−7 cos(12.57t)A 

Accordingly, the maximum current is approximately: 

Imax = 0.251µA 

Assuming an approximate open-circuit voltage of Voc ≈ 30V, the instantaneous power 

becomes: 

 P(t) = V · I(t) (12) 
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The maximum instantaneous power was calculated as: 

Pmax = 7.53µW 

while the average power becomes approximately: 

Pavg ≈ 3.8µW 

This result indicates that a single TENG cell can generate electrical power at the µW level. 

The resulting electrical responses obtained from the numerical model are shown in the figure 

below. 

 
Figure 3: Numerically obtained electrical responses of the proposed radial-array TENG system 

under nominal operating conditions 

The presented electrical responses indicate that the proposed TENG structure is capable of 

generating periodic electrical output under nominal operating conditions. The transferred 

charge varies periodically with time due to the continuous rotor-stator interaction, indicating 

the occurrence of triboelectric charge generation. 

The open-circuit voltage and load voltage responses remain at approximately the 30V level, 

which is consistent with the high-voltage and low-current characteristics commonly observed 

in triboelectric nanogenerators. In addition, the instantaneous load power exhibits a pulsating 

behavior with peak values approaching approximately 7µW. 

Overall, the numerical results suggest that the proposed aileron-driven radial-array TENG 

structure may provide measurable electrical energy suitable for ultra-low-power sensing 

applications. 

Since the proposed system uses a radial-array configuration, the total output power scales with 

the number of cells according to: 

 Ptotal = N · Pavg (13) 

For example, for N = 12 cells: 

Ptotal ≈ 48µW 

and for N = 24 cells: 

Ptotal ≈ 96µW 

were obtained. 
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Figure 4: Power scaling behavior of the proposed radial-array TENG system with increasing 

cell number 

The scaling behavior shown in the figure indicates that the total output power increases 

approximately linearly with the number of radial-array cells. This result suggests that the 

proposed radial-array configuration provides an effective and scalable approach for increasing 

the electrical output power of the TENG system. 

Overall, the results demonstrate that low-frequency aileron motion can produce measurable 

electrical output using the proposed radial-array TENG configuration. Although the power 

generated by a single cell is relatively limited, the radial-array structure enables scalable power 

generation. Therefore, the proposed system may provide a feasible energy source for ultra-low-

power sensors and wireless monitoring systems in aerospace applications. 

Sensor Feasibility Analysis 

The feasibility of powering low-power sensors using the proposed radial-array TENG system 

was evaluated under nominal operating conditions. The obtained average power for a single 

TENG cell was approximately 3.0555µW, while the total average power of the eight-cell radial-

array configuration reached approximately 24.4439µW. 

As a representative environmental monitoring sensor, the HDC3020 temperature and humidity 

sensor was considered. According to the manufacturer specifications, the sensor operates with 

approximately 400nA current consumption. Assuming a supply voltage of 3.3V , the required 

power becomes: 

PHDC3020 = V · I 

PHDC3020 = 3.3 × 0.4µA 

PHDC3020 ≈ 1.32µW 

This value is lower than the average power generated by a single TENG cell, indicating that 

low-power environmental sensors may potentially be supported by the proposed system. 

In addition, the ADXL362 ultra-low-power MEMS accelerometer was evaluated as a 

representative structural health monitoring sensor. The sensor consumes approximately 2µA 

under low-power operating conditions. Assuming the same supply voltage: 

PADXL362 = 3.3 × 2µA 

PADXL362 ≈ 6.6µW 

The required number of TENG cells for powering the accelerometer can be estimated as: 
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Accordingly, a minimum of approximately three TENG cells would be sufficient to support the 

ADXL362 sensor under nominal conditions. The proposed eight-cell radialarray configuration 

provides power levels significantly higher than this requirement. The total power requirement 

of both sensors together becomes: 

Ptotal,sensor = 1.32 + 6.6 

Ptotal,sensor ≈ 7.92µW 

Since the eight-cell radial-array structure generates approximately 24.4439µW, the obtained 

power level exceeds the combined sensor requirement. 

Due to the high-voltage and low-current characteristics of triboelectric nanogenerators, the 

generated energy is proposed to be stored temporarily in a capacitor before being supplied to 

the sensors. Therefore, intermittent or low-duty-cycle sensor operation is considered feasible 

for the proposed system. 

Overall, the results demonstrate that the proposed aileron-driven radial-array TENG 

structure has the potential to support ultra-low-power sensing applications such as 

environmental monitoring and structural health monitoring in aerospace systems. 

Conclusion 

In this study, a radial-array triboelectric nanogenerator system was proposed for harvesting 

energy from aircraft aileron motion. In the proposed configuration, low-frequency aileron 

motion was transformed into rotor motion through mechanical linkage mechanisms and utilized 

for triboelectric energy generation. The system behavior was mathematically modeled and 

numerically evaluated using MATLAB-supported calculations. 

The obtained results indicate that measurable electrical power at the µW level can be generated 

from low-amplitude and low-frequency aileron motion. In addition, the radialarray structure 

enables scalable power generation depending on the number of cells. The performed evaluations 

suggest that the proposed system may potentially support ultralow-power aerospace 

applications such as temperature, humidity, and structural health monitoring sensors. 

Overall, the proposed radial-array TENG configuration presents a feasible approach for 

harvesting energy from aircraft control surface motion. The system may provide potential 

advantages for reducing cabling complexity, supporting low-power sensing systems, and 

contributing to self-powered monitoring applications in aerospace systems. 
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Abstract 

Bioinformatics forms the backbone of modern genetic research, and the visualization of 

complex and massive datasets is one of the most critical analysis phases of this discipline. 

Transforming genomic sequences, mutations, and protein structures into visual forms allows 

researchers to detect complex patterns within seconds. However, a large portion of the 

bioinformatics software widely used today lacks universal design principles and is designed 

with the assumption of normal vision. Especially for researchers experiencing Color Vision 

Deficiency, which affects approximately eight percent of the male population worldwide, 

traditional "red-green" focused palettes turn into insurmountable barriers. This structural 

limitation not only undermines equality of opportunity in the scientific world but also increases 

the margin of error in data analysis processes and makes researchers dependent on the help of 

third parties in the data reading process. The fact that even pioneering scientists such as Nobel 

laureate Victor Ambros have struggled with these obstacles throughout their careers reveals the 

academic and ethical seriousness of the problem. This study presents an innovative software 

framework that makes accessibility a default in bioinformatics data visualization. The 

developed system, based on the Okabe-Ito palette which provides the mathematically optimized 

highest contrast for individuals with color vision deficiency, makes nucleotide sequences sharp 

and distinguishable in all types of visual spectrums. This approach minimizes the cognitive load 

on the researcher, ensuring that mental energy is directed toward scientific interpretation rather 

than resolving visual complexity. In conclusion, this study, by arguing that accessibility is not 

a technical luxury but an integral part of scientific accuracy and academic independence, 

proposes an inclusive design standard for next-generation bioinformatics tools. 

 

Keywords: Bioinformatics, Data Visualization, Color Vision Deficiency (CVD), Okabe–Ito 

Color Palette, Universal Design, Human-Computer Interaction 
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  1. Introduction 

Bioinformatics is an interdisciplinary research field that plays a central role in the processing, 

analysis, and interpretation of large-scale data obtained from biological systems. In recent 

years, particularly with the advancement of Next-Generation Sequencing (NGS) technologies, 

there has been a massive surge in the generation of genomic and transcriptomic data. These 

developments have driven the volume of biological data to the terabyte scale and substantially 

increased the need for advanced analysis and visualization tools so that researchers can interpret 

this data rapidly, accurately, and effectively (Li et al., 2024; Zimnyakov et al., 2023). In this 

context, data visualization emerges not merely as a presentation of data, but as a fundamental 

cognitive tool enabling the discovery of complex biological patterns, mutations, and genetic 

relationships (Crameri et al., 2020). Within bioinformatics analysis workflows, visualization 

allows researchers to quickly distinguish meaningful information within massive datasets 

(Nuñez et al., 2018). Color-based coding approaches, used particularly in the analysis of DNA 

and RNA sequences, are widely preferred for visually representing nucleotides and biological 

variations (Li et al., 2024; Zimnyakov et al., 2023). However, the effectiveness of these 

visualization approaches directly depends on the characteristics of the human visual system. 

The human visual system perceives colors through cone cells and opsin genes sensitive to 

different wavelengths; however, genetic or physiological differences in this system can lead to 

significant variations in color perception (Sharpe et al., 1999; Turbert, 2023). Color vision 

deficiency (CVD) is a common visual condition affecting approximately 8% of the male 

population and 0.5% of the female population worldwide (Almustanyir, 2025; Simunovic, 

2010). This condition, which manifests in different types such as protanopia, deuteranopia, and 

tritanopia, causes individuals to partially or completely lose their ability to distinguish specific 

color ranges (National Eye Institute, 2019). Particularly in cases of protanopia and 

deuteranopia, the inability to distinguish red and green tones significantly reduces the 

functionality of red–green-based color palettes commonly used in bioinformatics visualizations 

(Sharma, 2024). This challenge hampers the perception of critical nucleotide differences in 

sequence analyses and increases the likelihood of researchers making errors during the data 

interpretation process (Crameri et al., 2020; Nuñez et al., 2018).    

 A large portion of current bioinformatics software provides certain standard color 

schemes by default, and these schemes are generally designed without considering accessibility 

criteria (ACS Publications, 2025). Although some software offers color customization options 

to the user, effectively utilizing these features requires technical knowledge and forces users to 

determine suitable color combinations through trial and error. This situation causes time loss 

and an increase in cognitive load, particularly during intensive analysis processes. Therefore, 

addressing accessibility-oriented visualization approaches as a systematic design principle has 

become a major necessity in the field of bioinformatics (Nelli & Singh, 2024). In this study, a 

visualization approach sensitive to color vision deficiency types is proposed to increase 

accessibility in bioinformatics sequence visualization processes. The proposed system offers a 

web-based architecture capable of dynamically re-mapping nucleotide sequences in FASTA 

format according to different color vision profiles (Li et al., 2024). In addition to traditional 

color palettes, the system supports alternative color palettes designed to ensure high 

distinguishability under different vision profiles, allowing users to switch between these 

palettes in real-time (Nelli & Singh, 2024; Nuñez et al., 2018). Thus, users can analyze sequence 

data in accordance with their own visual perception characteristics, and potential errors in the 

data interpretation process are minimized. Another major contribution of this study is that it 

treats the accessibility approach not merely as an improvement directed at a specific user group, 

but as a design principle that enhances overall analysis performance for all users (ACS 

Publications, 2025; Sharma, 2024). This underscores the importance of integrating universal 

design principles into bioinformatics software development processes. In conclusion, this study 
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draws attention to the lack of accessibility in bioinformatics visualization tools and offers a 

viable solution in this field. By providing both technical and user-centric advantages, the 

proposed approach contributes to making bioinformatics analysis workflows more inclusive, 

accurate, and efficient. In this regard, the study aims to strengthen the role of accessibility-

oriented design in the field of bioinformatics and to establish a reference point for systems to 

be developed in the future. 

    2. Materials and Methods 

In this study, an approach aimed at increasing accessibility for users with color vision 

deficiency in bioinformatics sequence visualization processes is proposed. The methodology of 

the study relies on a conceptual and practical framework in which data representation, visual 

encoding strategies, and user interaction-based design principles are addressed together. Within 

this scope, current approaches used in the visualization of bioinformatics data were examined, 

and an alternative visualization approach was developed, specifically taking into account the 

limitations of color-based encoding.        

 The proposed method focuses on the visual representation of sequence data and aims to 

increase the perceptibility of the colors used in this representation across different user groups. 

Accordingly, color selection and contrast relationships between colors were handled by 

considering the variations in the human visual system. The study is based on accessibility-

oriented visualization principles, and a framework has been structured to facilitate the 

interaction of individuals with color vision deficiency with the data. This approach is evaluated 

not merely as an adaptation for a specific user group, but as a design strategy that improves the 

overall user experience.        

 Within the methodological framework, nucleotide sequences represented in FASTA 

format constitute the fundamental data structure of the visualization process. This data structure 

offers a suitable foundation for visual transformations due to its widespread use in the field of 

bioinformatics and its simple format. In the sequence visualization process, an approach where 

each nucleotide character is represented by a specific color has been adopted; however, instead 

of basing this representation on a fixed color mapping as in traditional systems, it has been 

handled within a flexible structure that can be modified depending on the user. 

                                                    
Figure 1. FASTA format file upload and vision mode selection area. 

An important component of the approach proposed in this study is a dynamic color mapping 

logic that can adapt to different color vision profiles. Within this scope, a flexible structure has 
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been proposed that makes it possible to redefine colors according to the user. Thus, it is aimed 

that users can prefer color arrangements suitable for their own visual perception characteristics 

and examine sequence data more effectively in line with these preferences. This approach aims 

to move the visualization process away from a static structure and make it more interactive and 

user-centered.           

 The study also considers the effects of different types of color vision deficiencies on 

visual perception, and accordingly, fundamental visual parameters such as contrast, brightness, 

and color separation are brought to the forefront in the visualization design. Accepting that 

colors are not merely an aesthetic element but critical components carrying information, data 

representation has been readdressed in this direction. This approach aims to minimize data loss 

in the visualization process and support users in perceiving differences in the data more clearly. 

Visuals showing how normal vision and three different color vision deficiencies yield outputs 

in this study are given below. 

  

 
Figure 2. This view includes the interface simulation developed to enable individuals with 

Protanopia (red vision deficiency) to clearly analyze nucleotide sequences and sequence 

alignment errors without experiencing any data loss. 

 

 

 
Figure 3. This interface presents the Deuteranopia (green vision deficiency) simulation of 

nucleotide sequences, validating the distinguishability of the optimized color palette in this 

spectrum simultaneously with the reference vision. 
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Figure 4. The simulation demonstrates the high-contrast accessible color palette, specifically 

designed for researchers with a Tritanopia (blue vision deficiency) spectrum and composed of 

purple, bluish-green, and vermilion tones, applied to a nucleotide alignment. The visual shows 

the simulation of the high-contrast accessible color palette, designed specifically for researchers 

with a Tritanopia (blue blindness) spectrum consisting of purple, bluish-green, and vermilion 

tones, on a nucleotide alignment. 

The system approach developed is structured to operate in a web-based environment. This 

choice was made to increase accessibility across different platforms and to ensure that users 

can utilize the system without requiring any additional software installation. This client-side 

architecture is designed to respond instantly to user interactions and is planned in a way that 

allows visualization outputs to be dynamically updated. Consequently, it becomes possible for 

users to quickly experience different visual settings.      

 In conclusion, this method offers a design approach aimed at increasing accessibility in 

bioinformatics visualization processes and provides an alternative perspective to color-based 

data representation. By offering a framework that both considers variations in visual perception 

and centers user interaction, the proposed structure aims to contribute to handling 

bioinformatics analysis workflows in a more inclusive manner. 

3. Results and Discussion 

In this study, an approach aimed at increasing accessibility for individuals with color vision 

deficiency in bioinformatics sequence visualization processes has been addressed. It is observed 

that red–green-dominated color palettes, which are commonly used in traditional visualization 

methods, reduce distinguishability, particularly in common types of color vision deficiencies 

such as protanopia and deuteranopia, and that this situation can negatively impact the data 

interpretation process. In this context, the necessity of readdressing color-based visualization 

in a manner that accounts for the perceptual characteristics of users has been demonstrated. 

The proposed approach suggests that the colors used in the visual representation of sequence 

data should be evaluated within a user-adaptable system rather than a fixed structure. In this 

way, users can prefer color arrangements suitable for their own visual perception characteristics 

and perform sequence analyses more effectively. This supports a clearer perception of 

variations within the data and carries the potential to reduce the risk of errors that may occur 

during the analysis process. 

The overall evaluations obtained indicate that accessibility-oriented design approaches offer a 

more balanced and comprehensible visual experience not only for individuals with color vision 

deficiency but for all users. This demonstrates that accessibility should be treated not merely as 

a special requirement, but as a design principle that enhances overall usability. Nevertheless, it 

should be noted that focusing solely on color-based solutions in the visualization process may 

harbor certain limitations. In future studies, integrating non-color visual components into the 

system is considered an important area of development that could further enhance accessibility. 
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Furthermore, more comprehensive empirical studies to be conducted with different user profiles 

could more strongly demonstrate the effectiveness of the proposed approach. 

This study draws attention to the importance of accessibility in bioinformatics visualization 

processes and presents a viable approach in this field. The proposed approach has the potential 

to make data analysis workflows more inclusive, comprehensible, and user-friendly, and 

underscores the necessity of adopting universal design principles in bioinformatics software 

development processes. 

 Conclusion 

This study addresses the accessibility issues that color-based encoding can pose for different 

user groups in bioinformatics sequence visualization processes, demonstrating the need for a 

more inclusive visual representation approach, particularly for individuals with color vision 

deficiency. The increasing data density in the field of bioinformatics has transformed 

visualization from being a tool merely for presentation purposes into an integral component of 

the analytical process itself. For this reason, the perceptibility and consistency of visual 

representation are of critical importance for the accuracy of data interpretation.  

 The evaluations obtained show that traditional red–green-dominated color schemes can 

make distinguishing between nucleotides difficult in certain types of color vision deficiencies. 

Especially in conditions such as protanopia and deuteranopia, the reduction in contrast between 

colors can hamper the perception of important variations at the sequence level. This situation 

reveals that the visualization process is not only an aesthetic problem but also a functional 

design problem. The approach proposed within this scope moves color encoding away from a 

fixed structure and offers a more flexible, user-adaptable framework. Enabling colors to be 

rearranged according to different visual perception profiles allows the same biological data to 

be interpreted more consistently and comprehensibly by different users. Thus, the visualization 

process transforms into a more inclusive structure without being tied to a single type of 

perception model.      Nevertheless, it should be noted 

that accessibility cannot be fully achieved solely through color-based solutions. To make visual 

representation more robust, integrating non-color visual cues (such as symbolic representations, 

texture variations, or contrast-enhancing structures) in future studies can be considered an 

important development area. Such multi-layered approaches can ensure that bioinformatics 

visualization tools become stronger in terms of both accessibility and data readability.In 

conclusion, this study emphasizes that accessibility is a design parameter that cannot be ignored 

in bioinformatics visualization processes. By transforming data representation into a more 

flexible structure, the proposed approach aims to provide a more comprehensible analysis 

environment for users with different visual perception profiles. In this regard, the study 

demonstrates that accessibility-oriented design can serve as an important reference point for 

bioinformatics visualization systems to be developed in the future. 
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Abstract 

Warehouse storage location assignment problems are among the critical decision-making issues 

that directly affect order picking efficiency and operational costs. In the ceramic industry, the 

high diversity of products and the heterogeneous structure of demand make the optimization of 

warehouse layout decisions even more crucial. In this study, the problem of assigning products 

to warehouse shelves in a ceramic factory is addressed as a multi-objective optimization 

problem. Two objective functions are considered in the model. The first objective aims to 

minimize the total travel distance between product locations within the warehouse and their 

respective usage points. The second objective focuses on improving placement efficiency by 

assigning high-demand products to more accessible rack locations. In this context, product 

demand levels are incorporated into the decision-making process to guide the allocation 

strategy. Due to the combinatorial nature of product–location assignments, the problem is NP-

hard, making it difficult to obtain efficient solutions using classical optimization methods. 

Therefore, a multi-objective metaheuristic approach is adopted in the solution process. The 

multi-objective structure is handled using a weighted sum approach, and a genetic algorithm is 

employed to obtain solutions. To determine suitable algorithm parameters, a full factorial 

experimental design is conducted, and the effects of different parameter combinations on 

solution quality are systematically analyzed. Accordingly, parameter settings that improve the 

performance of the algorithm are identified. The results demonstrate that the proposed approach 

is capable of producing effective and well-balanced solutions in terms of both minimizing total 

travel distance and improving accessibility for high-demand products. The developed model 

provides a demand-oriented perspective for warehouse layout decisions and offers a practical 

and adaptable framework for similar industrial applications. 

Keywords: Storage Location Assignment, Multi-objective Optimization, Genetic Algorithm, 

Weighted Sum Scalarization Method  

 

  

mailto:aydogduemre.488@gmail.comr
file:///C:/Users/emre/Downloads/%20https:/orcid.org/0009-0008-0696-8676X
https://orcid.org/0009-0004-5952-6733
mailto:xxxxxx@sivas.edu.tr
mailto:derya.deliktas@dpu.edu.tr
https://orcid.org/0000-0003-2676-1628


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

393 
 

      1. INTRODUCTION 

          Increasing market competition and rapidly changing customer expectations have 

compelled manufacturing companies to improve the efficiency of their logistics and warehouse 

management operations. Effective warehouse management plays a crucial role in reducing 

operational costs, improving service quality, and enhancing responsiveness to customer 

demands [1].  

The ceramic industry represents one of the sectors where warehouse management is 

particularly challenging due to high product variety, varying product dimensions, and 

heterogeneous demand characteristics. Inappropriate storage assignments may result in 

increased travel distances, longer order-picking times, reduced labor productivity, and higher 

operational costs [2]. Therefore, optimizing warehouse storage locations has become a strategic 

necessity for manufacturing enterprises seeking sustainable competitive advantages. 

Warehouse storage location assignment problems are generally categorized as 

combinatorial optimization problems. Owing to their NP-hard nature, conventional 

optimization approaches often become computationally inefficient when solving large-scale 

problem instances [3]. Genetic algorithms, which belong to the class of evolutionary 

computation techniques, have proven to be effective tools for obtaining near-optimal solutions 

in complex search spaces [4]. 

In this study, a warehouse storage location assignment problem encountered in a 

ceramic manufacturing facility is addressed using a multi-objective optimization framework. 

The primary objective is to reduce total material handling distance while simultaneously 

assigning high-demand products to more accessible storage locations. Achieving these 

objectives requires an efficient storage allocation strategy within the warehouse environment 

[5]. To solve the problem, a genetic algorithm-based optimization model is proposed. 

Furthermore, a full factorial experimental design is employed to determine the most effective 

algorithm parameter settings and to evaluate their impact on solution performance. 

The computational results indicate significant improvements in warehouse performance, 

including reductions in total travel distance and enhancements in storage accessibility. Recent 

technological developments and optimization-based decision-support systems have been shown 

to play a vital role in improving warehouse efficiency and operational performance [6]. 

Therefore, the proposed approach offers a practical and sustainable solution framework for 

warehouse optimization problems in the ceramic industry. 

The remainder of this paper is organized as follows. Section 2 presents the problem 

formulation, the proposed genetic algorithm structure, and the experimental design 

methodology. Section 3 discusses the computational experiments and analyzes the obtained 

results. Finally, Section 4 summarizes the conclusions and outlines potential directions for 

future research. 

2. MATERIALS AND METHODS 

This section presents the proposed multi-objective genetic algorithm framework and the 

experimental design methodology developed to solve the warehouse storage location 

assignment problem encountered in a ceramic manufacturing facility. 

 

2.1 Problem Definition and Structure 

The warehouse storage location assignment problem involves assigning products to 

available storage locations and is categorized as a combinatorial optimization problem due to 

the enormous size of its solution space [2]. In the ceramic industry, the large variety of products 

and heterogeneous demand characteristics further increase the complexity of storage 

assignment decisions, making traditional optimization approaches insufficient for obtaining 

efficient solutions. Therefore, a genetic algorithm, which is capable of effectively exploring 

large search spaces, is adopted as the primary solution methodology [7]. The problem 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

394 
 

simultaneously considers two objectives: minimizing the total travel distance between rack 

locations and usage points, and increasing the accessibility of high-demand products through 

appropriate storage assignments. 

The warehouse investigated in this study consists of three main storage areas, namely Area 

1, Area 2, and Area 3, as well as a Packaging Area, as illustrated in Figure 1. The main 

objective is to determine the optimal assignment of products to available rack locations 

within this warehouse environment. 

 
Figure 1. Schematic Layout of the Product Warehouse 

To represent candidate solutions, a chromosome structure is developed as shown in 

Figure 2. In this representation, the upper row corresponds to rack locations within the 

warehouse, while the lower row represents the product assigned to each location. The 

warehouse consists of three-level racks, each containing three rack cells. Since the warehouse 

contains a total of 273 rack positions, each chromosome consists of 273 genes. The position of 

a gene directly indicates a specific rack location, whereas the value stored in that gene 

represents the product assigned to the corresponding location. For example, if the value "12" 

appears under Rack 1, it indicates that Product 12 is assigned to Rack Location 1. The remaining 

products are assigned in a similar manner. 

 
Figure 2.  Chromosome Representation for the Warehouse Storage Location 

Assignment Problem 

Since each product must be assigned exactly once and no rack location can 

accommodate more than one product, a permutation-based chromosome representation is 

adopted [8]. This representation guarantees solution feasibility by preventing duplicate 

assignments and ensuring that all products are allocated to unique rack locations. The initial 

population is generated randomly while preserving these feasibility requirements. 

Consequently, each chromosome represents a valid storage assignment configuration that can 

be evaluated and improved throughout the evolutionary optimization process. 
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2.2 Fitness Function 

Within the scope of the multi-objective warehouse storage assignment problem 

considered in this study, two primary objective functions are taken into account. The first 

objective function aims to minimize the total travel distance between product rack locations 

and usage points. The second objective function seeks to improve storage efficiency by 

assigning high-demand products to more accessible rack locations within the warehouse. Since 

these objective functions possess different units and value ranges, directly combining them may 

cause one objective to dominate the other. Therefore, a normalization procedure commonly 

adopted in the multi-objective optimization literature is employed [9]. 

Total Travel Distance: In multi-objective optimization problems, objective functions may have 

different magnitudes and measurement units, causing certain objectives to dominate the 

optimization process. To eliminate this effect and make the objectives comparable, a 

normalization procedure is applied [9]. In this study, the total travel distance value calculated 

for each individual is divided by the nadir value observed in the population. The nadir value 

corresponds to the maximum total travel distance within the current population. The normalized 

travel distance is calculated as given in Eq. (1).  

𝑫𝒏𝒐𝒓𝒎 =
𝑫𝒊

𝑫𝒎𝒂𝒙
                                         (1) 

where,  𝑫𝒊 represents the total travel distance of the corresponding individual and 𝑫𝒎𝒂𝒙 

denotes the maximum total travel distance observed in the population. 

Total Reward Score: The second objective function represents the total reward score associated 

with assigning high-demand products to more accessible rack locations. Since this objective is 

intended to be maximized while the proposed optimization model is formulated as a 

minimization problem, the transformation given below is employed as given in Eq. (2). 

𝑷𝒏𝒐𝒓𝒎 =
𝟏

𝟏+𝑷𝒊
                                                                                                                            (2) 

where,  𝑷𝒊 denotes the total reward score of the corresponding individual. 

 

Weighted Sum Scalarization Method: Following the normalization process, both objective 

functions are integrated into a single fitness function using the weighted sum scalarization 

method [10]. In this study, total travel distance and total reward score are assumed to be equally 

important; therefore, both objectives are assigned equal weights of 0.5. The final fitness 

function employed by the proposed genetic algorithm is given in Eq. (3). 

𝒇(𝒙) = 𝟎. 𝟓 × 𝑫𝒏𝒐𝒓𝒎 − 𝟎. 𝟓 × 𝑷𝒏𝒐𝒓𝒎                                   (3)           

This formulation enables the algorithm to simultaneously reduce total travel distance 

while increasing the accessibility of high-demand products, thereby improving overall 

warehouse operational efficiency. 

2.3 Genetic Operators 

Several genetic operators are employed during the evolutionary process to improve 

solution quality and guide the search toward promising regions of the solution space. 

Selection Operator: Tournament selection is adopted to preserve high-quality solutions 

and transfer their characteristics to subsequent generations. In this method, a predefined number 

of individuals are randomly selected from the population to form a tournament group. 

Individuals within this group are compared according to their fitness values, and the individual 

with the best fitness value is selected as a parent for the crossover operation. This procedure is 

repeated until the parent pool required for generating the next generation is completed [11]. 

Order Crossover Operator: Since the chromosome structure is permutation-based, the 

Order Crossover (OX) operator is employed to maintain solution feasibility and prevent 

duplicate product assignments [12].  

The operation begins by randomly selecting two cut points on the parent chromosomes. 

The gene sequence between these cut points is copied directly from the first parent to the 
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offspring chromosome. Subsequently, the second parent is scanned from left to right, and 

products that are not already present in the offspring are inserted into the remaining empty 

positions according to their order of appearance. 

This operator preserves relative ordering information while ensuring the generation of 

valid permutation-based offspring. Consequently, product duplication is prevented, and 

population diversity can be effectively maintained. Preserving sequencing information is 

particularly advantageous in rack–product assignment problems, where assignment patterns 

significantly influence solution quality. 

 
Figure 3. Order Crossover Operator Used in the Proposed Genetic Algorithm 

Shuffle Mutation Operator: To prevent premature convergence and maintain 

population diversity, the Shuffle Mutation operator is employed [13]. This operator randomly 

selects a segment of genes and shuffles the values within the selected segment without 

introducing duplicate products. Since the chromosome representation is permutation-based, 

shuffle mutation preserves solution feasibility while introducing new assignment patterns into 

the population. This contributes to enhanced exploration of the search space and reduces the 

likelihood of becoming trapped in local optima. 

 
Figure 4. Shuffle Mutation Operator Used in the Proposed Genetic Algorithm 

Elitism Strategy: An elitism strategy is incorporated to preserve the best warehouse 

rack assignment plans identified throughout the evolutionary process. The best-performing 

individuals are directly transferred to the next generation without modification. As 

demonstrated in the literature, elitist strategies prevent the loss of high-quality solutions and 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

397 
 

improve convergence stability by ensuring that the best solution found so far is retained during 

the evolutionary search process [16]. 

2.4 Parameter Calibration 

Design of Experiments (DOE) provides a systematic framework for evaluating the 

effects of algorithm parameters on optimization performance [14]. In this study, a Full Factorial 

Experimental Design is employed to analyze the impact of genetic algorithm parameters on 

solution quality. The factors and levels considered are presented in Table 1. The effects of 

different parameter combinations on solution quality were systematically analyzed through a 

full factorial experimental design approach [15]. A total of 27 different parameter combinations 

were evaluated, and each combination was independently executed 31 times, resulting in 837 

experimental runs. All experiments were performed on a laptop computer equipped with an 

Intel Core i7-13620H processor and 16 GB of RAM. Each experimental run was conducted for 

200 generations. The obtained results were subsequently evaluated using Analysis of Variance 

(ANOVA), and the effects of the algorithm parameters on solution performance were 

statistically examined. 

 
Figure 5. Convergence Plot of the Proposed Genetic Algorithm  

Using the factors and levels presented in Table 1, each parameter combination was 

independently executed 31 times, and the average fitness values obtained from these runs were 

used to identify the most appropriate parameter settings. The statistical analysis was conducted 

using Minitab 19.0 software. As illustrated in Figure 6, both main effects and interaction plots 

were generated to evaluate the influence of the genetic algorithm parameters on solution quality. 

Table 1. Factors and Levels Used in the Full Factorial Experimental Design 

Factors 

Levels 

Level 1 Level 2 Level 3 

Population Size 50 70 90 

Mutation Rate 0.1 0.2 0.3 

Crossover Rate 0.8 0.9 1.0 

 

Examination of the main effects and interaction plots presented in Fig. 6 indicates that 

the full factorial experimental design identified a population size of 90, a mutation probability 

of 0.10, and a crossover probability of 1.00 as the most effective parameter settings. 

Furthermore, the tournament size employed in the proposed genetic algorithm was set to 2.  
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a) Main Effects Plot 

 
b) Interaction Plot 

Figure 6. Main Effects Plot (a) and Interaction Plot (b) Obtained from the Full Factorial 

Experimental Design for Parameter Calibration of the Proposed Multi-Objective Genetic 

Algorithm 

 

3. RESULTS AND DISCUSSION 

In this study, the warehouse rack assignment problem encountered in a ceramic 

manufacturing facility is addressed using a multi-objective optimization framework. The 

primary objective is to reduce total travel distance while improving the accessibility of high-

demand products through effective rack assignment decisions. 

A genetic algorithm is developed to solve the problem, and its performance is 

systematically evaluated through a full factorial experimental design. Population size, mutation 

probability, and crossover probability are investigated at different levels, resulting in a total of 

837 experimental runs. The experimental results reveal that appropriate parameter settings have 

a significant influence on solution quality. In particular, population size and mutation 

probability are found to substantially affect optimization performance. 

The optimized rack assignment plan generated by the proposed approach outperforms 

the existing warehouse configuration. Significant reductions in total travel distance are 
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achieved, product accessibility is improved, and order-picking operations become more 

efficient. Furthermore, operational movements within the warehouse become more balanced, 

contributing to increased workforce productivity. The reduction in operational workload is also 

expected to improve working conditions by allowing personnel to perform tasks more 

efficiently and with lower physical effort. 

Overall, the proposed genetic algorithm-based approach demonstrates its applicability 

and effectiveness for solving warehouse rack assignment problems. The ability of genetic 

algorithms to efficiently explore large solution spaces makes them particularly suitable for 

complex warehouse optimization problems. Moreover, optimization-based warehouse 

management systems provide greater flexibility in logistics operations and contribute to 

improved resource utilization and operational efficiency. 
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Abstract 

Microfiber release from textiles has become a significant environmental concern due to its 

accumulation in aquatic environments and its potential impacts on ecosystems and human 

health. These microfibers are transported to natural environments through wastewater systems, 

contributing to a widespread global pollution issue. Although in the literature synthetic 

microfibers have been extensively studied as a major source of microplastics, the release 

behavior of natural-based microfibers has received comparatively limited attention since it is 

generally assumed that they are totally innocent with their natural content. However, their 

chemical treatments make them also toxic for the ecosystem and the human beings. Therefore, 

natural based microfibers also gained attention with their widespread use in home textiles and 

frequent exposure to laundering processes. This study aims to investigate microfiber release 

from natural fiber-based bedding sheets, with a focus on the effects of raw material type. Within 

the scope of the research, microfiber shedding from woven beddings of various natural fibers 

were analyzed under controlled laboratory conditions. A laboratory-scale washing procedure is 

applied to simulate laundering processes, and the released microfibers are collected through 

filtration and quantified. The findings are expected to contribute to the development of more 

sustainable textile products and strategies aimed at reducing microfiber pollution at the source. 

Keywords: microfiber release, natural fiber, bamboo fiber, silk fiber, bedding sheet. 
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1. Introduction  

Microfiber pollution has emerged as one of the most pervasive forms of textile derived 

environmental contamination. Microfibers are elongated, thread like particles typically defined 

as having a length between 1 µm and 5 mm (Research Institutes of Sweden, 2024). They detach 

from fabrics during manufacturing, daily wear, and especially during domestic laundering, after 

which they travel through wastewater systems into rivers, oceans, and soils (Lim et al., 2022). 

Because conventional wastewater treatment plants only partially retain such particles, a 

substantial fraction bypasses treatment and accumulates in natural ecosystems, where they are 

ingested by aquatic organisms and progress through the food web (De Falco et al., 2019; Hale 

et al., 2020). 

Within the textile life cycle, household laundering is consistently identified as a dominant 

release pathway for microfibers from home textiles (Kelly et al., 2019). The literature, however, 

has focused largely on synthetic fibers particularly polyester, polyamide, and acrylic which are 

framed as the principal sources of microplastic fibers in marine and freshwater environments 

(Acharya et al., 2021). Natural-based microfibers have received considerably less attention, in 

part because their biobased origin has been assumed to render them environmentally innocuous 

(Saini et al., 2016). Recent investigations contradict this assumption. Field measurements of 

real household wash loads have shown that the great majority of fibers reaching wastewater are 

of natural origin, accounting for around 96% in some cases (Lant et al., 2020). Moreover, 

natural fibers used in commercial textiles carry dyes, softeners, and finishing chemicals that 

travel with released fragments, posing toxicological risks comparable to those associated with 

synthetic microplastics (Ali et al., 2024). 

Bedding sheets represent a particularly relevant product group within this context. They cover 

large fabric areas, are laundered frequently and under relatively harsh conditions across their 

product life and are dominated by cellulosic and protein based natural fibers (Niinimäki et al., 

2020).  

The aim of this study is to investigate microfiber release from natural fiber-based bedding sheets 

under controlled laboratory-scale laundering, with a focus on the effects of raw material type. 

To this end, two commercial bedding fabrics representing contrasting fiber and yarn classes a 

silk filament yarn fabric and a bamboo staple yarn fabric were tested and compared in terms of 

the number, mass, and length distribution of released microfibers. 

2. Materials and Methods 

Materials. Two commercial woven bedding fabrics were selected for the study: a silk fabric 

produced from continuous filament yarns and a bamboo fabric produced from staple yarns. 

These fabrics represent two natural-fiber-based bedding materials with different structural 

characteristics, and their microfiber release behavior was comparatively evaluated under 

controlled laundering conditions. 

To prevent edge fraying during washing, the fabric specimens were sewn using a polyamide 

sewing thread prior to testing. A standard ECE detergent dissolved in distilled water was used 

to prepare the washing solution for all experiments. For microfiber recovery, the washing 

effluent was filtered through 47 mm non-woven glass-fiber filters with a nominal pore size of 

0.7 µm. 

Sample preparation. Three fabric specimens for each material type were cut into 16 × 16 cm 

swatches. Each swatch was double-folded and sewn with a simple stitch along the open edges 

in order to suppress fiber release originating from unsealed cut edges, a known source of 

artificial bias in microfiber-shedding studies (Tiffin et al., 2022). Prepared specimens were 

conditioned under laboratory conditions (65% RH ± 2 & 20ºC±2) and weighed on a high 

precision analytical balance (Precisa XB 220A) prior to washing. 

Washing Protocol. Controlled laboratory-scale laundering was performed using a Gyrowash 

ESM 9920 apparatus in accordance with BS EN ISO 4484-1:2023. Individual fabric swatches 
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were placed in separate Gyrowash vessels containing 150 mL of washing solution and 10 

stainless-steel balls to provide a standardized and reproducible mechanical action during the 

washing process. 

Each washing cycle was conducted at 40 °C for 40 min. The washing solution was prepared 

using a standard ECE detergent dissolved in distilled water at a constant concentration. To 

ensure a valid comparison between the two bedding fabrics, all washing parameters, including 

temperature, washing duration, mechanical action, fabric-to-liquor ratio, and detergent 

concentration, were kept constant throughout the experiments. Consequently, any differences 

observed in microfiber release could be attributed primarily to differences in material type 

rather than variations in laundering conditionss 

Effluent recovery and filtration. At the end of each cycle, the full volume of wash liquor was 

carefully removed from each Gyrowash vessel and transferred to the filtration unit (Figure 1). 

The liquor was drawn under vacuum through a nonwoven glass-fiber filter, retaining the 

released microfibers on the filter surface. 

 
Figure 1. Vacuum filtration process for microfiber release 

Quantification. Quantification of microfiber release was carried out using two complementary 

approaches: gravimetric analysis and image-based fiber count analysis. 

For gravimetric quantification, empty glass-fiber filters were dried and weighed using a high-

precision digital balance (Precisa XB 220) prior to filtration. Following vacuum filtration of the 

washing effluent, the filters were dried under controlled conditions (65% RH ± 2 & 20ºC±2) 

and reweighed. The mass of released microfibers was calculated from the difference between 

the filter weight before and after filtration and expressed relative to the initial fabric mass. 

For image-based count analysis, the microfibers retained on each filter were analyzed using 

ImageJ software. Individual fibers were identified and counted, and their lengths were measured 

to determine the microfiber length distribution. This approach provided both the total number 

of released microfibers and information regarding the size characteristics of the released fibers. 

All washing experiments were performed in triplicate under identical conditions, and the results 

are reported as mean values for each fabric type. 

3. Results and Discussion 

Three metrics were extracted from each washing run: the average number of microfibers 

released per wash, the average mass of microfibers released per gram of fabric, and the relative 

length of the recovered fibers. 

In terms of microfiber count, the silk bedding fabric released an average of 388 microfibers per 

wash, whereas the bamboo bedding fabric released 367 microfibers per wash (Figure 2). 

Considering the standard deviations of the measurements, this does not indicate a meaningful 

difference in microfiber shedding behavior between the two fabrics. 
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Figure 2. Average count of released MFs 

This finding is noteworthy because previous studies have generally reported that staple yarn 

fabrics tend to release more fibers than continuous filament yarn fabrics due to the greater 

number of exposed fiber ends and their lower structural cohesion (De Falco et al., 2019; 

Gliaudelytė et al., 2025). Based on this understanding, the bamboo fabric, which was produced 

from staple yarns, would be expected to exhibit higher microfiber release than the silk fabric, 

which was produced from continuous filament yarns. However, such a trend was not clearly 

observed in the present study. The similarity in microfiber counts suggests that factors such as 

raw material type other than yarn type may have influenced fiber release behavior. 

 
Figure 3. Average weight released MFs from bedding sheets 

The gravimetric data represented in Figure 3, however, reveals a much clearer separation 

between the two fabrics. The silk fabric released, on average, 2.87 mg of microfibers per gram 

of fabric, whereas the bamboo fabric released only 0.86 mg per gram. By mass, silk therefore 

shed approximately 3.3 times more material than bamboo under identical laundering conditions. 

A higher released mass at an essentially equivalent fiber count can be explained by an increase 

in the average size most plausibly the length of the individual released fibers. 
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Figure 2. Analyses of the Released MFs from Bedding Sheets 

The length analysis of the released fibers supports precisely this interpretation. The microfibers 

collected from the silk fabric were noticeably longer than those collected from the bamboo 

fabric. The average length of the microfibers released from the silk fabric was 1.332 ± 0.11 

mm, whereas the average length of the microfibers released from the bamboo fabric was 0.790 

± 0.07 mm. This trend is consistent with the underlying yarn architecture. In a continuous 

filament yarn, each constituent fiber runs without interruption along the length of the yarn, so 

detachment events tend to liberate long, intact fragments. In a staple yarn, the constituent fibers 

are inherently short, so the released fibers are correspondingly short (Berruezo et al., 2021; 

Zambrano et al., 2019). The silk versus bamboo comparison therefore indicates that yarn 

morphology exerts a strong influence on the length of released fibers, and that fiber length, in 

turn, is the dominant driver of the released mass. 

4. Conclusion and Recommendations 

This study investigated microfiber release from natural fiber-based bedding fabrics under 

controlled laboratory laundering conditions, with particular emphasis on the influence of fiber 

type. The results demonstrated that both silk and bamboo fabrics released measurable quantities 

of microfibers during washing, confirming that microfiber pollution is not limited to synthetic 

textiles. Although the two fabrics exhibited similar microfiber counts, releasing an average of 

388 and 367 fibers per wash for silk and bamboo, respectively, substantial differences were 

observed when microfiber mass was considered. The silk fabric released approximately 3.3 

times more microfiber mass per gram of fabric than the bamboo fabric. In addition, the released 

silk fibers were considerably longer than the released bamboo fibers, reflecting the structural 

differences between continuous filament and staple yarn systems. These findings highlight that 

microfiber count alone may not fully capture the environmental significance of textile-derived 

microfiber emissions. The joint evaluation of microfiber count and mass therefore provides a 

more comprehensive assessment of microfiber release behavior and enables more meaningful 

comparisons among textile materials. 

Future studies should expand the analysis to a wider range of natural and regenerated cellulosic 

fibers, including cotton, linen, viscose, and wool, while also examining the effects of repeated 

laundering, washing temperature, and detergent type. Further investigation of the 

environmental fate of released fibers and the development of textile design strategies aimed at 

minimizing fiber release are also recommended to support the reduction of microfiber pollution 

at its source. 
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Abstract 

In recent years, increasing consumer awareness has driven the demand for products derived 

from renewable resources, while research has expanded towards emerging fiber types as 

potential reinforcement materials for composite applications. This study investigates the 

mechanical properties of composites reinforced with unidirectional (UD) bamboo tapes, UD 

flax tapes, and their hybrid configurations. The approach addresses the growing demand for 

low-environmental-impact, bio-based reinforcement systems by combining textile engineering 

techniques with sustainable natural raw materials. Raw bast fibers are mechanically aligned 

into a unidirectional configuration and stabilized using stitching techniques, resulting in tape-

like reinforcements suitable for composite manufacturing. Composite laminates are 

manufactured using polypropylene film as the matrix material via the hot press technique. The 

flexural and tensile properties of the resulting composites are experimentally assessed. The 

results show that bamboo- and flax-reinforced composites exhibit distinct flexural behaviours. 

The developed composites are intended for potential application in everyday consumer products 

as lightweight and sustainable reinforcement alternatives. Overall, the findings demonstrate the 

potential of mechanically aligned, chemically untreated natural fiber reinforcements as 

sustainable alternatives in composite applications, while emphasizing the importance of fiber 

selection and hybrid design strategies in tailoring flexural and tensile performance. In this 

context, replacing conventional synthetic reinforcements with natural fiber-based systems 

could significantly reduce the environmental footprint of everyday consumer products. 

Keywords: Composite, bamboo fiber, flax fiber, unidirectional tape, flexural strength  
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1. Introduction  

Recent technological developments and changing societal expectations have created a 

growing demand for materials that combine high performance with sustainability. Industries 

are increasingly seeking lightweight solutions that can reduce material consumption while 

maintaining the mechanical requirements of modern products. At the same time, environmental 

considerations and resource efficiency have become key drivers in material selection, 

encouraging the development of more sustainable alternatives to conventional engineering 

materials (Pickering et al., 2016). 

Among the available material systems, composites have gained considerable attention 

due to their ability to integrate different material properties within a single structure. By 

combining a reinforcing phase with a matrix material, composite structures can offer light 

weight, good mechanical performance, and a high degree of design flexibility. Consequently, 

they have found widespread application in sectors such as transportation, aerospace, marine 

engineering, sports equipment, and construction (Ajayi et al., 2025). Although glass and carbon 

fibers remain the most used reinforcements because of their excellent mechanical properties, 

concerns regarding environmental impact, energy consumption, and end-of-life management 

have stimulated interest in natural fiber reinforced composites (Yan et al., 2014). 

Within this context, this study investigates the use of natural fibers in unidirectional tape 

form as reinforcement for thermoplastic composite structures. Attention is given to bamboo 

fibers obtained through mechanical extraction processes without the application of additional 

chemical treatments. Unlike conventional textile routes, which often require multiple 

processing stages to transform natural fibers into continuous yarns, the tape-based approach 

aims to simplify material preparation while preserving the original characteristics of the fibers 

(Rocky & Thompson, 2020). By reducing processing steps, it may also contribute to lower 

environmental impact and material degradation. 

Although bamboo fiber reinforced composites have been widely investigated, previous 

studies have primarily focused on chemically treated fibers, short-fiber systems, or 

conventional textile structures. Studies involving mechanically extracted, chemically untreated 

bamboo fibers in unidirectional tape form for thermoplastic composite applications remain 

limited. Therefore, further research is needed to evaluate the feasibility and mechanical 

performance of such reinforcement systems. To assess the feasibility of this approach, 

thermoplastic composite laminates reinforced with bamboo-based tapes were manufactured and 

experimentally characterized within the context of this study. Mechanical and microstructural 

analyses were conducted to evaluate the performance of the developed composites and to 

examine their potential for lightweight and sustainable engineering applications. 

2. Materials and Methods 

2.1 Materials 

2.1.1 Reinforcement Materials 

The bamboo fibers used in this study were supplied by Bambooder (Netherlands) in 

bundle form. The fibers were not subjected to any chemical treatment and are obtained solely 

through mechanical processing, specifically carding. As shown in Figure 1(a), the fibers 

contained a rigid wooden segment at one end, which is used to hold the fibers during the carding 

process. Since this portion is non-fibrous and does not contribute to the reinforcement, it was 

removed prior to further processing. After removal of the wooden segment, the effective fiber 

length available for composite manufacturing is approximately 16 cm. It should also be noted 

that the bamboo fibers exhibited considerable variability in both diameter and length. As will 

be discussed in the following sections, this variability is also evident in the microscopic 

observations and is one of the factors influencing the overall composite performance. 
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Figure 1: (a) Received bamboo material with wood and fiber parts, (b) Unidirectional 

flax tape  

 

In addition to bamboo fibers, flax fibers (Figure 1(b)) were also used as a reinforcement 

material in this study. It is supplied in the form of industrially produced unidirectional flax tapes 

(FlaxTape® 200, EcoTechnilin, France) that consists of hackled long European flax fibers 

consolidated through a patented stitching-free process. 

 

2.1.2 Matrix Material 

Polypropylene (PP) film was used as matrix, and it was supplied by M.K. Plast 

Folienherstellung und Weiterverarbeitung GmbH. PP was selected due to its low cost, ease of 

processing, and suitability for processing below 200°C, which is critical for avoiding thermal 

degradation of natural fibers (Pickering et al., 2016). Additionally, PP offers good dimensional 

stability and compatibility with fiber reinforcement systems (Shubhra, et al., 2010).  

2.2 Methods 

2.2.1 Tape Production 

Bamboo fibers were stitched together with a computerized sewing machine (Brother 

INNOV-IS A16) and a tape form was produced for thermoplastic composite production. The 

amount of fiber homogeneously placed on the PP film is adjusted to achieve a basis weight of 

approximately 160 g/m².  

When selecting the stitch type, minimizing the amount of foreign material introduced into 

the composite and reducing needle penetration through the fibers were considered important 

criteria, since the stitching yarn may influence composite properties and excessive needle 

movement may damage the bamboo fibers. Therefore, stitch type 2 with a stitch width of 0 and 

a stitch length of 4 was selected.  

Figure 2 presents the stitched tape structures prepared for thermoplastic composite 

production. Since the laminates were designed with alternating 0°/90° fiber orientations, the 

bamboo tapes were stitched according to the intended stacking directions before laminate 

assembly. Following the stitching process, unidirectional bamboo fiber tapes stabilized on a PP 

film substrate were obtained and prepared for subsequent composite manufacturing. This 

arrangement simplified the stacking process and helped maintain the fiber orientation during 

hot press consolidation. In addition, the stabilized tape structure improved handling during layer 

placement and reduced fiber shifting during laminate preparation. 
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Figure 2: (a-b) 90° tape production, (c-d) 0° tape production 

 

2.2.2 Thermoplastic Production 

Thermoplastic composite samples were produced using a hot press method. Ten layers of 

fiber reinforcement were stacked with PP films placed between each layer to serve as the matrix 

material. The stacked assembly was placed between the heated plates once the processing 

temperature reached the desired value. 

During processing, a pressure of approximately 9 MPa (90 bar) was applied at 170 °C for 

6 minutes to allow the PP to melt and impregnate the fiber structure. After the heating stage, 

the samples were cooled under pressure, and the applied pressure was maintained throughout 

the cooling process. Due to the absence of an active cooling system, the cooling process is 

relatively slow, taking approximately 50 minutes for the temperature to decrease from 170 °C 

to 140 °C. The consolidated composite laminates were then removed from the machine. 

Three laminate configurations were manufactured to evaluate the influence of 

reinforcement type on composite performance. Bamboo, flax, and hybrid bamboo/flax 

laminates were produced and subsequently characterized through mechanical testing. All 

laminates were manufactured using a ten-layer stacking sequence of [0/90/0/90/0/0/90/0/90/0]. 

For the bamboo and flax laminates, all reinforcement layers consisted of the respective fiber 

type. In the hybrid configuration, the 0° layers are composed of bamboo tapes, while the 90° 

layers are composed of flax tapes. The specimen codes used throughout the study and their 

corresponding laminate configurations are presented in Table 1. 

 

Table 1: Specimen codes and corresponding composite configurations used in this study. 

Code Description 

B Bamboo reinforced thermoplastic composite 

F Flax reinforced thermoplastic composite 

H Hybrid bamboo/flax reinforced thermoplastic composite 

 

2.2.3 Testing 

2.2.3.1 SEM Images 

Scanning Electron Microscopy (SEM) analyses were carried out using a FlexSEM 1000 

II scanning electron microscope (Hitachi) at the Institut für Textiltechnik (ITA), RWTH Aachen 

University to examine the surface morphology and cross-section of bamboo and flax fibers.  

2.2.3.2 Single Fiber Tensile Strength 

Single fiber tensile tests were performed in accordance with DIN EN ISO 5079 to 

determine the tensile strength of individual bamboo and flax fibers. Prior to testing, the fiber 

diameter was measured using a Digital Microscope PCE-MM 800 from PCE Instruments UK 
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Ltd., to calculate the cross-sectional area of each specimen. A reference image of a calibrated 

ruler was captured under the same magnification conditions to establish a pixel-to-length 

conversion. Based on this calibration, the diameters of the individual fibers were measured 

using image analysis. 

A gauge length of 20 mm was used for all specimens, and the tests were conducted at a 

crosshead speed of 10 mm/min. The tests were carried out under controlled loading conditions 

until fiber failure occurs, and the maximum force (Fmax) was recorded for each specimen. The 

tensile strength was then calculated by dividing the maximum force by the cross-sectional area 

of the fiber. 

2.2.3.3 Composite Tensile Strength 

Tensile tests were performed in accordance with DIN EN ISO 527-4, which specifies the 

determination of tensile properties of unidirectionally fiber-reinforced plastic composites. After 

fabrication, the composite plates were initially cut using a CNC machine. To prepare the 

specimens for testing, glass fiber reinforced composite tabs were bonded to both ends of the 

samples using a chemical adhesive (Elan-tech® ADH 891.892 NF Epoxy adhesive) to prevent 

premature failure at the gripping region. The specimens were then kept under weight for 24 

hours to allow sufficient curing of the adhesive. Following this, the specimens were re-cut using 

the CNC machine into rectangular strips with a width of 25 mm. The total length of the 

specimens is 250 mm. The gauge length of the specimens was maintained at 150 mm during 

testing. 

2.2.3.4 Composite Flexural Strength 

Three-point bending tests were carried out in accordance with DIN EN ISO 14125, 

following the standard procedure for determining the flexural properties of fiber-reinforced 

composites. The specimen dimensions were defined based on the thickness of the composite, 

in accordance with the standard. In particular, the support span length (L) was selected as a 

function of specimen thickness (h), maintaining a span-to-thickness ratio (L/h) of 

approximately 16 to ensure valid flexural behavior and to minimize shear effects. The overall 

specimen length was chosen to provide sufficient overhang beyond the supports during testing. 

During the test, load and mid-span deflection were continuously recorded to determine the 

flexural properties of the composites. Five specimens were tested for each configuration to 

ensure the reliability of the results. In addition, the failure modes were observed and recorded 

for each specimen to better understand the damage mechanisms under flexural loading. 

3. Findings and Discussion 

3.1 SEM Analysis of Fibers 

Clear morphological differences were observed between bamboo and flax fibers in the 

SEM images (Figure 3). Bamboo fibers exhibited a more irregular and heterogeneous 

morphology, characterized by variations in fiber diameter, rough surface features, and non-

uniform cross-sectional geometry. In contrast, flax fibers presented a comparatively smoother, 

more compact, and structurally uniform morphology with better defined fiber boundaries. 

These observations reflect the inherently variable nature of mechanically extracted bamboo 

fibers compared to the more homogeneous structure of industrially processed flax fibers. 
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Figure 3: SEM images of bamboo and flax reinforcements showing fiber surface 

morphology and fiber cross-sections: a) bamboo fiber surface, b) flax fiber surface, c) bamboo 

fiber cross-section, and d) flax fiber cross-section. 

 

3.2 Fiber Properties 

Bamboo fibers exhibited significantly larger fiber diameters and a wider diameter 

distribution compared to flax fibers, indicating the heterogeneous nature of mechanically 

extracted bamboo reinforcement (Figure 4). The average fiber diameter of bamboo fibers was 

measured as approximately 0.114 ± 0.04 mm, whereas flax fibers exhibited a considerably 

lower and more uniform average diameter of approximately 0.03 ± 0.007 mm.  

 

 
Figure 4: Boxplot representation of the measured fiber diameter distributions of 

bamboo and flax fibers obtained from microscopic analysis 

 

Flax fibers demonstrated considerably higher tensile strength and Young’s modulus values 

compared to bamboo fibers (Figure 5). The average tensile strength values are approximately 

300.63 ± 168.15 MPa for flax fibers and 69.43 ± 138.78 MPa for bamboo fibers. In terms of 

stiffness, flax fibers exhibited an average Young’s modulus of 14.54 ± 5.97 GPa, while bamboo 

fibers showed lower modulus values with an average of 6.87 ± 6.21 GPa. Bamboo fibers also 

exhibited a broader scatter in the results, which may be associated with irregular fiber 

morphology, variations in fiber cross-section, and the presence of defects within the bamboo 

fiber bundles. The comparatively homogeneous and compact structure of flax fibers likely 

contributed to the improved stress transfer and higher stiffness observed during single fiber 

tensile testing. 
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Figure 5: Boxplot representation of the single fiber tensile strength (a) and Young’s 

modulus (b) distributions of bamboo and flax fibers obtained from single fiber tensile testing. 

 

3.3 Composite Tensile Strength 

As shown in Figure 6, considerable differences were observed in the tensile properties of 

the bamboo, flax, and hybrid reinforced polypropylene composites. Among all investigated 

configurations, flax reinforced composites (F) exhibited the highest tensile strength and 

stiffness, reaching 140.43 ± 10.93 MPa and 15.49 ± 0.81 GPa, respectively. In contrast, bamboo 

reinforced composites (B) showed the lowest tensile performance, with an average tensile 

strength of 16.03 ± 1.25 MPa and a Young’s modulus of 4.98 ± 0.26 GPa. It is noteworthy that 

the tensile strength of the bamboo reinforced composite remained relatively low despite the 

presence of fiber reinforcement. This value is comparable to, or even lower than, tensile 

strength values commonly reported for neat polypropylene (approximately 25–35 MPa), 

suggesting that the reinforcing potential of the bamboo fibers was not fully utilized within the 

composite structure (Shubhra et al., 2010). A possible explanation is the limited interfacial 

adhesion between the hydrophilic bamboo fibers and the non-polar polypropylene matrix, 

resulting in inefficient stress transfer (Nayak et al., 2009). Furthermore, the heterogeneous 

morphology of the mechanically extracted bamboo fibers, including variations in fiber diameter 

and the presence of fiber bundles, may have further reduced reinforcement efficiency. The 

hybrid composites (H) demonstrated intermediate behaviour, achieving tensile strength and 

Young’s modulus values of 111.11 ± 4.98 MPa and 9.85 ± 0.75 GPa, respectively. The superior 

tensile performance of flax reinforced composites can be attributed to the higher intrinsic 

mechanical properties and more homogeneous fiber morphology of flax fibers, as previously 

observed in the single fiber characterization. The hybrid configuration significantly improved 

both tensile strength and stiffness compared to the bamboo reinforced composites, indicating 

that the incorporation of flax fibers effectively enhanced the load-carrying capability of the 

composite structure. 
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Figure 6: Tensile strength and Young’s modulus results of bamboo, flax, and hybrid 

reinforced polypropylene composites. 

 

3.4 Flexural Strength 

As shown in Figure 8, the flexural properties of the thermoplastic composites exhibited a 

different trend compared to the tensile test results. Bamboo sample achieved the highest flexural 

strength, reaching 47.87 ± 12.61 MPa, followed by the hybrid sample with 43.30 ± 14.49 MPa. 

In contrast, the flax sample exhibited the lowest flexural strength, with an average value of 

19.41 ± 17.16 MPa. Similar behaviour is observed for the flexural modulus, where bamboo and 

hybrid composites showed higher values than the flax reinforced laminates. The relatively large 

standard deviations observed for all configurations indicate considerable variability in the 

flexural response.  

  
Figure 8: Flexural strength and Young’s modulus results of bamboo, flax, and hybrid 

reinforced polypropylene composites. 

 

4. Conclusion and Recommendations 

In this study, UD tapes were successfully produced from mechanically extracted and 

chemically untreated bamboo fibers and used for the manufacture of thermoplastic composites 

through a thermoforming process. The developed bamboo tapes were compared with 

commercially available flax tapes and hybrid bamboo/flax configurations to evaluate their 

suitability as sustainable reinforcement materials. The results demonstrated clear differences in 

both fiber-level and composite-level mechanical behaviour. Single fiber characterization 

revealed that flax fibers exhibited smaller and more uniform diameters, as well as considerably 

higher tensile strength and stiffness compared to bamboo fibers. These observations are 
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consistent with the SEM analyses, which showed a more homogeneous morphology for flax 

fibers and a more heterogeneous structure for bamboo fibers. 

At the composite level, flax reinforced laminates exhibited the highest tensile strength 

and Young’s modulus, while bamboo reinforced composites showed the lowest tensile 

performance. Hybrid composites demonstrated intermediate tensile behaviour and significantly 

improved the mechanical performance compared to bamboo-only laminates. In contrast, the 

flexural test results followed a different trend, with bamboo and hybrid composites exhibiting 

higher flexural strength values than flax reinforced composites. These findings indicate that 

composite performance is not only influenced by the intrinsic properties of the fibers but also 

by factors such as laminate architecture, fiber distribution, consolidation quality, and fiber–

matrix interaction. 

Overall, the results demonstrate that mechanically aligned and chemically untreated 

bamboo fiber tapes can be successfully processed into thermoplastic composite structures and 

offer potential as sustainable reinforcement materials for lightweight applications. Furthermore, 

hybridization with flax fibers is shown to be an effective approach for improving mechanical 

performance while maintaining the environmental benefits associated with natural fiber 

reinforcements.  
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Abstract 

The advancement of wireless communication technologies has significantly transformed 

modern healthcare systems. Among these technologies, ad hoc networks provide a flexible and 

infrastructure-independent communication platform capable of supporting critical medical 

applications. This paper presents the role of ad hoc networks in enhancing surgical healthcare 

through efficient pre-operative planning and continuous post-operative monitoring. The 

proposed approach enables real-time exchange of patient information, seamless communication 

among healthcare professionals, and uninterrupted monitoring using wireless medical sensors. 

By integrating mobile and wearable technologies, ad hoc networks improve patient safety, 

reduce response time, and increase operational efficiency within hospitals. The paper also 

discusses the advantages, challenges, and future potential of adopting ad hoc networking 

solutions in surgical care environments. 

Keywords 

Ad Hoc Networks, Smart Healthcare, Surgical Monitoring, Wireless Sensor Networks, Pre-

Operative Planning, Post-Operative Care, Wireless Medical Systems 
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1. Introduction 

Healthcare institutions increasingly rely on intelligent communication systems to provide 

efficient and high-quality patient care. Traditional wired monitoring systems often limit 

mobility, require complex infrastructure, and may not support rapid communication during 

critical medical situations. Ad hoc networks overcome these limitations by enabling direct 

wireless communication among medical devices without depending on centralized 

infrastructure. 

In surgical environments, timely access to patient information and continuous monitoring are 

essential for successful treatment outcomes. Ad hoc networks facilitate real-time data exchange 

among surgeons, nurses, monitoring systems, and wearable sensors, thereby improving 

coordination and decision-making throughout the surgical process. 

This paper explores the contribution of ad hoc networks in supporting two major aspects of 

surgical healthcare: 

1. Pre-operative planning 

2. Post-operative patient monitoring 

 

2. Ad Hoc Networks in Healthcare 

An ad hoc network is a self-configuring wireless network in which devices communicate 

directly with one another. In healthcare applications, these networks interconnect: 

• Wearable health sensors 

• Patient monitoring devices 

• Mobile nursing stations 

• Hospital information systems 

• Emergency response units 

The primary healthcare-oriented ad hoc network technologies include: 

• Mobile Ad Hoc Networks (MANETs) 

• Wireless Sensor Networks (WSNs) 

• Wireless Body Area Networks (WBANs) 

These technologies support mobility, flexibility, and real-time communication in dynamic 

medical environments. 

 

3. Ad Hoc Networks for Pre-Operative Planning 

3.1 Importance of Pre-Operative Planning 

Effective surgical preparation requires accurate and timely access to patient information, 

including: 

• Vital signs 

• Diagnostic reports 

• Imaging results 

• Allergy records 

• Previous medical history 

Communication delays or incomplete information may increase surgical risks and reduce 

treatment efficiency. 

3.2 Wireless Surgical Information Exchange 

Ad hoc networks enable secure and rapid transmission of patient data among hospital 

departments and surgical teams. Medical sensors and diagnostic devices collect patient 

information and share it wirelessly in real time. 

Operational Workflow 

1. Medical devices capture patient data. 

2. Wireless nodes form an ad hoc communication network. 

3. Information is transmitted instantly to surgeons and specialists. 
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4. Surgical teams analyze data and prepare treatment strategies efficiently. 

Clinical Example 

For patients affected by Diabetes or cardiac complications, glucose measurements and ECG 

reports can be continuously updated and shared with the surgical team before surgery. 

3.3 Benefits 

• Faster clinical decision-making 

• Reduced preparation time 

• Improved interdisciplinary coordination 

• Enhanced patient safety 

• Reduced administrative complexity 

 

4. Post-Operative Monitoring Using Ad Hoc Networks 

4.1 Need for Continuous Monitoring 

Following surgery, patients require constant observation to identify complications at an early 

stage. Critical parameters include: 

• Heart rate 

• Blood pressure 

• Oxygen saturation 

• Body temperature 

Traditional wired monitoring systems may restrict patient movement and increase the 

workload on healthcare staff. 

4.2 Wireless Monitoring Architecture 

In the proposed system, wearable sensors attached to the patient form a wireless body area 

network connected through ad hoc communication. These sensors continuously transmit 

physiological data to healthcare professionals. 

Monitoring Process 

• Sensors collect real-time patient data. 

• Data is transmitted wirelessly through the network. 

• Doctors and nurses receive instant updates. 

• Automated alerts are generated during emergencies. 

Clinical Example 

Patients recovering from cardiac surgery and suffering from Cardiovascular Disease can be 

continuously monitored using wireless ECG systems integrated within an ad hoc network. 

4.3 Advantages 

• Early detection of complications 

• Faster emergency response 

• Improved patient comfort and mobility 

• Reduced burden on nursing staff 

• Enhanced recovery management 

 

5. Advantages of Ad Hoc Networks in Surgical Healthcare 

Feature Contribution to Healthcare 

Infrastructure Independence Operates without fixed networking systems 

Mobility Support Allows patient and staff movement 

Real-Time Communication Enables immediate information exchange 

Scalability Supports additional medical devices easily 

Rapid Deployment Useful during emergencies and critical care 

Cost Efficiency Reduces installation and maintenance costs 
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6. Challenges in Implementation 

Despite their advantages, ad hoc healthcare systems face several challenges: 

6.1 Security and Privacy 

Sensitive patient information must be protected against unauthorized access and cyber threats. 

6.2 Energy Constraints 

Wearable sensors and wireless devices rely on limited battery power. 

6.3 Network Reliability 

Signal interference and network congestion may affect communication quality in busy 

hospital environments. 

6.4 Data Management 

Handling large volumes of real-time medical data requires efficient processing and storage 

mechanisms. 

 

 

8. Experimental Setup and Performance Analysis 

To evaluate the effectiveness of the proposed ad hoc network system in surgical healthcare, a 

simulated hospital monitoring environment was considered. The experiment focused on 

measuring the performance of wireless patient monitoring during pre-operative and post-

operative care. 

 

8.1 Experimental Environment 

The proposed system consisted of: 

• Wireless body sensors  

• Mobile monitoring devices  

• Ad hoc communication nodes  

• Doctor and nurse monitoring terminals  

Parameters Considered 

Parameter Value 

Number of Patients 25 

Number of Sensor Nodes 100 

Communication Technology Wireless Ad Hoc Network 

Monitoring Area Surgical Ward 

Simulation Time 60 Minutes 

Measured Parameters Heart Rate, BP, Oxygen Level, Temperature 

 

8.2 Performance Metrics 

The following metrics were used to evaluate system performance: 

• Data Transmission Delay  

• Packet Delivery Ratio  

• Emergency Response Time  

• Monitoring Accuracy  

• Network Reliability  

 

8.3 Experimental Results 

Table 1: Performance Comparison Between Traditional Monitoring and Ad Hoc 

Network-Based Monitoring 

Performance Metric Traditional System Proposed Ad Hoc System 

Average Data Delay 4.8 sec 1.2 sec 
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Performance Metric Traditional System Proposed Ad Hoc System 

Packet Delivery Ratio 89% 97% 

Emergency Alert Response Time 15 sec 5 sec 

Monitoring Accuracy 90% 98% 

Patient Mobility Support Limited High 

Network Deployment Time High Low 

 

Table 2: Post-Operative Patient Monitoring Results 

Patient 

ID 

Heart Rate Monitoring 

Accuracy 

Oxygen Level Detection 

Accuracy 

Alert Generation 

Time 

P1 97% 98% 4 sec 

P2 98% 97% 5 sec 

P3 99% 98% 4 sec 

P4 97% 99% 6 sec 

P5 98% 98% 5 sec 

 

Table 3: Pre-Operative Data Sharing Efficiency 

Task Traditional Method Ad Hoc Network Method 

Patient Report Sharing 10 min 2 min 

ECG Report Transmission 5 min 30 sec 

Surgical Team Coordination Moderate Efficient 

Emergency Data Access Delayed Instant 

 

8.4 Result Analysis 

The experimental results demonstrate that the proposed ad hoc network significantly improves 

healthcare communication and patient monitoring efficiency. 

Key Observations 

• Data transmission delay was reduced considerably.  

• Emergency alerts reached healthcare professionals faster.  

• Monitoring accuracy improved due to continuous wireless sensing.  

• Patient mobility increased because of wireless monitoring devices.  

• Pre-operative coordination became faster and more efficient.  

The results indicate that ad hoc networks can effectively support smart surgical healthcare 

systems by enabling reliable real-time communication and continuous patient observation. 

9. Conclusion 

Ad hoc networks provide an innovative and efficient solution for modern surgical healthcare 

systems. Their ability to support real-time communication, wireless monitoring, and rapid 

information sharing significantly improves both pre-operative planning and post-operative 

patient care. By enhancing coordination among healthcare professionals and enabling 

continuous patient observation, ad hoc networks contribute to safer surgeries and better 

recovery outcomes. With continued advancements in wireless communication technologies, ad 

hoc healthcare systems are expected to become a fundamental component of next-generation 

smart hospitals. 
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Abstract 

Food-tech start-ups are emerging as transformative actors in global agriculture, addressing 

food security, sustainability, and climate resilience through digital innovation. This study 

explores sustainable innovation pathways that enable food-tech ventures to scale responsibly 

while enhancing agricultural productivity and environmental stewardship. Drawing from 

recent peer-reviewed literature, industry reports, and bibliometric analyses (2019–2026), the 

paper synthesizes evidence on how Artificial Intelligence (AI), Internet of Things (IoT), 

blockchain, precision agriculture, and alternative protein technologies shape sustainable food 

systems. Findings indicate that food-tech start-ups leveraging AI-driven analytics and IoT-

enabled smart farming systems achieve water savings between 20–40% while maintaining 

yield stability (Dong et al., 2024; Zia et al., 2023). Blockchain-enabled traceability improves 

transparency and consumer trust in agri-food supply chains (Patel et al., 2023). However, 

barriers persist, including high capital requirements, regulatory uncertainty, data 

interoperability challenges, and limited rural connectivity. The paper proposes a multi-level 

sustainable innovation framework encompassing technological integration, ecosystem 

collaboration, circular economy models, and inclusive financing mechanisms. Evidence 

suggests that start-ups embedded in innovation ecosystems—through partnerships with 

universities, agribusinesses, and public agencies—demonstrate stronger scalability and 

sustainability outcomes. The study concludes that sustainable food-tech innovation must move 

beyond isolated technological solutions toward system-level transformation that aligns 

profitability with environmental and social value creation. Future research should examine 

region-specific scalability models, green venture financing mechanisms, and AI-driven 

sustainability metrics to strengthen food-tech contributions to global agricultural resilience. 

Keyword: Artificial Intelligence (AI); Food-Tech Start-Ups; Precision Agriculture; 

Sustainable Innovation. 
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1. INTRODUCTION 

Global agriculture is confronting an unprecedented convergence of environmental, 

demographic, and economic pressures that threaten long-term food security and ecological 

stability. Climate change is intensifying the frequency and severity of droughts, floods, and 

heatwaves, directly affecting crop yields and livestock productivity. Rising global temperatures 

alter growing seasons, accelerate evapotranspiration, and increase pest and disease prevalence, 

thereby destabilizing food systems. Simultaneously, rapid population growth—projected to 

approach 9.7 billion by 2050—continues to escalate food demand, particularly in developing 

regions where agricultural systems are already vulnerable. The Food and Agriculture 

Organization (FAO) estimates that global food production must increase by nearly 60% by 2050 

to meet anticipated demand, even as freshwater scarcity and land degradation intensify 

(Bwambale et al., 2022). Agriculture currently accounts for approximately 70% of global 

freshwater withdrawals, making it the largest consumer of freshwater resources worldwide and 

underscoring the urgency of improving water-use efficiency and advancing sustainable 

intensification strategies (Zia et al., 2023). Beyond water constraints, biodiversity loss, soil 

nutrient depletion, deforestation, and greenhouse gas emissions further complicate the 

sustainability equation, necessitating transformative approaches that decouple agricultural 

growth from environmental degradation. 

Within this complex landscape, food-tech start-ups have emerged as agile innovation actors 

capable of addressing systemic inefficiencies across agricultural value chains. Unlike 

traditional agribusiness firms that often rely on incremental improvements within established 

production models, start-ups tend to adopt disruptive, technology-driven approaches that 

leverage Artificial Intelligence (AI), Internet of Things (IoT), machine learning, robotics, 

blockchain, and alternative protein engineering to create scalable and adaptive solutions (Patel 

et al., 2023). These ventures operate at the intersection of food systems, engineering, and digital 

transformation, introducing innovations that optimize resource inputs, enhance traceability, and 

reconfigure production systems. For example, AI-enabled decision support systems analyse 

real-time environmental and crop data to recommend precise irrigation, fertilization, and pest 

control interventions. IoT-based sensor networks continuously monitor soil moisture, 

temperature, and nutrient levels, enabling farmers to respond dynamically to field conditions 

rather than relying on static schedules. Robotics and automation reduce labour intensity while 

improving operational precision, and blockchain technologies strengthen supply-chain 

transparency by ensuring traceability from farm to consumer. 

The scope of food-tech innovation extends beyond primary production into processing, 

distribution, and consumption domains. Precision irrigation systems integrate remote sensing 

and in-field sensors to reduce water application while maintaining crop yield stability. Vertical 

farming and controlled environment agriculture utilize data analytics and automation to produce 

crops in urban settings with minimal land and water use. Alternative protein technologies, 

including plant-based and cultured meat products, aim to reduce the environmental footprint 

associated with conventional livestock production. Digital marketplaces and smart logistics 

platforms improve supply-chain coordination, reduce post-harvest losses, and enhance market 

access for smallholder farmers. Collectively, these technological pathways illustrate how food-

tech start-ups are reshaping agriculture into a more data-driven, efficient, and resilient system. 

Sustainable innovation in the food-tech sector, however, is not defined solely by technological 

sophistication. Rather, it entails the integration of environmental stewardship, economic 

viability, and social inclusion into core business models. Solutions must simultaneously reduce 

resource consumption, maintain profitability, and contribute to equitable food access. For 

instance, AI-powered irrigation systems have demonstrated the capacity to reduce water use by 

up to 30% without compromising yield performance, illustrating how environmental efficiency 

can coexist with economic productivity (Dong et al., 2024). Similarly, IoT-enabled smart 
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farming systems enhance resource efficiency, lower energy consumption, and reduce nutrient 

leaching, thereby contributing to both cost savings and ecological sustainability (Mohamed et 

al., 2026). Such outcomes highlight the potential for digital technologies to reconcile 

productivity growth with environmental responsibility. 

Despite these promising advancements, scaling sustainable food-tech innovation globally 

remains a multifaceted challenge. Start-ups frequently encounter financial constraints, 

particularly during early growth phases when capital-intensive hardware deployment and 

research development costs are high. Regulatory fragmentation across countries complicates 

market entry, especially for emerging sectors such as alternative proteins and data-driven 

agricultural services. Technological interoperability barriers persist due to the lack of 

standardized data protocols across IoT devices, analytics platforms, and farm management 

systems. Infrastructure gaps—including unreliable electricity supply and limited rural 

broadband connectivity—further hinder technology deployment in developing regions where 

agricultural modernization is most urgently needed. Additionally, limited digital literacy among 

farmers can slow adoption, emphasizing the need for user-friendly interfaces and capacity-

building initiatives. 

Sustainable transformation of global agriculture therefore requires coordinated ecosystem 

engagement rather than isolated technological interventions. Policymakers play a critical role 

in establishing supportive regulatory frameworks and incentive structures that encourage green 

innovation. Investors and venture capital firms must align funding strategies with long-term 

sustainability metrics rather than short-term profitability alone. Research institutions contribute 

by advancing technological breakthroughs and facilitating knowledge transfer, while farmers 

remain central stakeholders whose experiential knowledge informs practical implementation. 

Collaborative innovation ecosystems—where public, private, and academic actors interact—

have been shown to accelerate technology diffusion and improve sustainability outcomes. 

This study therefore examines sustainable innovation pathways for food-tech start-ups within 

the broader context of global agricultural transformation. By synthesizing contemporary 

empirical evidence and technological trends, it proposes an integrative framework that links 

digital innovation, ecosystem collaboration, and sustainability-oriented business models. The 

objective is to illuminate how food-tech ventures can scale climate-smart agricultural solutions 

that enhance productivity, conserve natural resources, and strengthen resilience in an era of 

escalating environmental and demographic pressures. 

2. LITERATURE REVIEW  

2.1 Digital Agriculture and Sustainable Innovation 

Digital agriculture represents a transformative evolution in agricultural practice, integrating 

advanced sensor networks, geospatial tools, and intelligent computing to optimize farm 

resource use and reduce environmental harm. At its core, digital agriculture leverages Internet 

of Things (IoT) devices, Geographic Information Systems (GIS), remote sensing, and Artificial 

Intelligence (AI) to enable precise monitoring and control of field conditions across space and 

time. By capturing real-time data on soil moisture, temperature, nutrient levels, crop health, and 

weather patterns, digital systems support decision-making that minimizes waste and maximizes 

productivity. 

IoT-based irrigation systems are among the most widely studied digital interventions in 

agriculture. These systems use soil and weather sensors to automate irrigation scheduling based 

on actual crop needs rather than fixed calendars. Research shows that IoT-informed irrigation 

can substantially reduce water use—often achieving 20–45% savings compared with traditional 

irrigation scheduling—without compromising yield (Reddy & Swarnalatha, 2022; García et al., 

2023). For example, Dong et al. (2024, p. 6) report about a 30% reduction in irrigation water 

usage when growers adopted in-field IoT sensors combined with automated controllers. These 

efficiency gains are particularly important given that agriculture accounts for approximately 
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70% of global freshwater withdrawals, intensifying pressure on water resources as climate 

change alters precipitation patterns (Zia et al., 2023). 

Beyond water savings, digital irrigation systems can mitigate negative environmental impacts 

such as nutrient leaching and greenhouse gas emissions. When irrigation is precisely timed, less 

excess water percolates below the root zone, which reduces the movement of nitrogen and 

phosphorus into groundwater and nearby waterways. This aligns with sustainable 

intensification goals aimed at producing more food with lower ecological cost. 

AI-driven predictive analytics further extend the resource efficiency potential of digital 

agriculture. By processing large volumes of multisource data—including IoT sensor feeds, 

satellite imagery, and weather forecasts—machine learning models can predict plant nutrient 

requirements, pest outbreaks, and optimal planting windows. For instance, Mohamed et al. 

(2026) demonstrate that AI-enhanced fertilizer optimization models can reduce nutrient 

application by up to 15–25%, lowering nitrous oxide emissions without yield loss. These 

models use historical, spatial, and temporal data to generate actionable recommendations, 

enabling farmers to apply inputs only where and when needed. 

Machine learning models that integrate multi-depth soil moisture measurements improve the 

accuracy of irrigation and nutrient management decisions. Chen et al. (2022) highlight how 

such models outperform traditional rule-based approaches by dynamically adjusting predictions 

as field conditions evolve. By continuously learning from data patterns, these systems adapt to 

soil heterogeneity and climatic variability, which are key challenges for traditional agronomic 

advisory services. 

Remote sensing and GIS technologies expand the spatial scale of digital agriculture. High-

resolution satellite and drone imagery, when coupled with AI, enable the detection of crop 

stress, pest infestations, and nutrient deficiencies across large landscapes—often before visible 

symptoms arise. This early warning capacity supports targeted interventions that reduce input 

waste and protect yields. 

Collectively, these digital agriculture components form a synergistic framework in which data 

acquisition, intelligent analysis, and automated action work together to enhance efficiency, 

sustainability, and resilience in agricultural systems. 

2.2 Blockchain and Food Supply Chain Transparency 

Blockchain technology holds significant promise for transforming agricultural supply chains 

by enhancing data transparency, traceability, and food safety monitoring across multiple stages 

of production, processing, and distribution. Rooted in distributed ledger principles, blockchain 

creates tamper-resistant records that are shared among all participants in a supply network, 

enabling verifiable tracking of products from farm to fork. This level of traceability is 

particularly important in the context of globalized food systems, where goods often cross 

international borders and involve multiple intermediaries, increasing vulnerability to 

contamination, fraud, and documentation errors (Kamilaris, Fonts, & Prenafeta-Boldú, 2019). 

Patel et al. (2023) emphasize that blockchain’s decentralized design can significantly strengthen 

agricultural data ecosystems. By eliminating single points of control and enabling immutable 

recording of transactions, distributed ledgers help build trust among producers, processors, 

retailers, and consumers. This increased confidence is especially valuable in organic and export 

markets, where product authenticity is often a key differentiator and regulatory compliance is 

strictly enforced. For example, blockchain platforms can store certification data—such as 

organic status, fair trade compliance, or sustainable management claims—alongside 

timestamps and location identifiers, enabling buyers to independently verify claims without 

relying solely on third-party certifications (Patel et al., 2023, pp. 4–8). 

The benefits of blockchain go beyond authenticity and transparency. In the event of food safety 

crises—such as contamination outbreaks or product recalls—blockchain systems can reduce 

the time required to identify affected lots dramatically. A case study by Tian (2016) involving 
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a blockchain-based traceability project for Chinese pork showed that tracing a product’s history 

could be reduced from days to seconds, enabling much faster responses to public health threats 

and reducing economic losses tied to recall activities. Moreover, blockchain’s traceability can 

help mitigate food fraud, estimated by the Food and Agriculture Organization (FAO) to cause 

annual global losses of USD 30 billion or more due to mislabeling and adulteration in highly 

traded commodities like olive oil, honey, and seafood (FAO, 2021). 

Consumer trust is another important outcome of enhanced traceability. Surveys indicate that a 

growing share of shoppers are willing to pay premiums for products with verifiable 

sustainability attributes. A study by Deloitte (2023) found that 73% of consumers say 

transparency in the food value chain is important to their purchase decisions, and more than 

half would pay extra for products with traceable origins. Blockchain facilitates this transparency 

by enabling consumers to scan QR codes and instantly view product histories stored on the 

ledger, including harvest dates, processing steps, transport conditions, and quality test results. 

Blockchain also supports compliance with international trade standards. Export markets such 

as the EU and Japan increasingly require rigorous documentation of food origin and handling 

conditions. Using blockchain, exporters can compile comprehensive, tamper-proof records that 

ease customs inspections and reduce delays. This capability is particularly beneficial for 

smallholder farmers and cooperatives in developing countries, who often face barriers to 

international markets due to documentation complexities (Kamilaris et al., 2019). 

However, blockchain implementation is not without challenges, including high initial costs, 

data privacy concerns, and the need for standardization across platforms. Integrating blockchain 

with existing agricultural information systems and legacy databases requires technical expertise 

and cross-sector cooperation. 

In summary, blockchain enhances traceability and food safety transparency by creating secure, 

shared ledgers of agricultural data that increase accountability, reduce fraud, and foster 

consumer trust. These capabilities are especially important in organic and export markets, 

where authenticity and regulatory compliance directly impact market access and value. 

2.3 Alternative Proteins and Circular Economy Models 

Food-tech start-ups are playing an increasingly pivotal role in redefining protein production by 

innovating in plant-based and lab-grown (cell-cultured) proteins, which offer considerable 

environmental advantages over conventional livestock farming. Traditional animal agriculture 

is a significant driver of greenhouse gas emissions, land use, and water consumption: global 

livestock production contributes an estimated 14.5% of anthropogenic greenhouse gas 

emissions and uses nearly 70% of agricultural land worldwide (FAO, 2013). In contrast, life 

cycle assessments (LCAs) of alternative protein systems consistently demonstrate lower carbon 

footprints, reduced land requirements, and lower freshwater use when compared with beef, 

pork, and lamb production (Smetana et al., 2015; Poore & Nemecek, 2018). 

Plant-based protein products, such as meat analogues derived from soy, pea, and other legumes, 

have grown rapidly in consumer markets. These products often rely on extrusion and 

texturization technologies that mimic the sensory properties of meat while generating fewer 

environmental externalities. For example, LCAs show that plant-based burgers can reduce 

greenhouse gas emissions by up to 90%, land use by 99%, and water use by approximately 87% 

relative to conventional beef burgers (Poore & Nemecek, 2018). Emerging innovations in plant 

protein processing involve precision formulation using AI-assisted ingredient design to 

optimize texture, flavor, and nutritive value, broadening consumer adoption and dietary 

diversity (Tubb & Seba, 2019). 

In parallel, lab-grown or cultured meat—produced by cultivating animal cells in bioreactors—

represents another frontier that could significantly reduce environmental burdens. Recent LCAs 

suggest cultured meat systems have the potential to lower greenhouse gas emissions by up to 

92%, use only a fraction of the land required for livestock, and reduce eutrophication impacts, 
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depending on energy source and production design (Tuomisto & Teixeira de Mattos, 2011; 

Mattick et al., 2015). While current commercial production remains limited due to cost and 

scale challenges, food-tech ventures are attracting substantial investment to drive down 

production costs and enhance process efficiency (Henchion et al., 2017). 

Besides alternative proteins, food-tech innovators are advancing circular economy strategies to 

close resource loops and reduce waste across the food system. Circular economy principles 

focus on extending product life, recovering value from by-products, and maintaining materials 

within productive use cycles rather than relegating them to waste streams. In food tech, this 

translates to waste valorization, such as converting crop residues, food processing by-products, 

and even spent brewing grains into high-value ingredients, bioplastics, feed additives, or 

bioenergy via fermentation and bioconversion (Mirabella, Castellani, & Sala, 2014). For 

instance, precision fermentation—a process where microbes are programmed to produce 

specific proteins or enzymes—enables the conversion of agricultural wastes into functional 

ingredients, such as vitamins, fats, and flavor compounds, with superior efficiency and lower 

environmental impact (Jacques et al., 2021). 

Precision fermentation also supports the production of high-value biomolecules such as casein 

and whey analogues for dairy alternatives, which further diversifies sustainable food portfolios 

without dependence on traditional animal agriculture. Market forecasts project the global 

precision fermentation segment to grow at a compound annual growth rate (CAGR) exceeding 

30% into the 2030s, driven by demand for sustainable food ingredients and novel protein 

sources (Allied Market Research, 2023). 

Taken together, these innovations illustrate how food-tech start-ups are transforming protein 

systems and resource cycles. By displacing high-impact livestock products with lower-impact 

plant and cultured alternatives, and by valorizing waste streams into valuable inputs, these 

ventures contribute to reduced environmental footprints while expanding dietary options and 

supporting circular food economies. 

2.4 Innovation Ecosystems and Start-Up Scaling 

A critical determinant of whether food-tech start-ups achieve sustainable scaling is the strength 

and maturity of the broader innovation ecosystem in which they operate. An innovation 

ecosystem refers to a network of interconnected actors — including universities, research 

institutions, industry partners, investors, government agencies, and civil society — whose 

collaborative interactions enable knowledge generation, technology diffusion, and market 

adoption. Unlike isolated entrepreneurial efforts, start-ups embedded in well-functioning 

innovation ecosystems benefit from shared learning, infrastructure support, and coordinated 

policy frameworks that reduce barriers and accelerate growth. 

One cornerstone of such ecosystems is university–industry collaboration, which has been 

widely acknowledged as a key mechanism for knowledge transfer and commercialization of 

research breakthroughs. Universities and research institutes often generate cutting-edge insights 

into AI, IoT, biotechnology, and sustainable agriculture practices. When these insights are 

effectively transferred to start-ups through formal partnerships, joint labs, licensing agreements, 

or spin-off ventures, the pace of innovation increases markedly. For example, Soussi et al. 

(2024) highlight that collaborations between agritech firms and academic partners enhance the 

development of sensor-based analytics, smart irrigation algorithms, and crop predictive models 

by bridging gaps between theoretical research and field-ready solutions. Such partnerships also 

facilitate access to specialized facilities like high-performance computing clusters and 

biological labs that individual start-ups typically cannot afford. 

Access to venture capital (VC) and other forms of early-stage finance is another critical enabler 

of scaling. According to a 2024 report by AgFunder, global agrifood tech investment exceeded 

$50 billion between 2020 and 2023, with a significant portion directed toward start-ups working 

at the intersection of AI, robotics, and sustainable food systems (AgFunder, 2024). However, 
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funding distribution remains uneven; start-ups in North America and Europe disproportionately 

attract capital, whereas ventures in Africa, Latin America, and Southeast Asia often face 

underinvestment despite strong potential. This discrepancy underscores why ecosystem 

development — including local VC networks, impact investors, and blended finance 

mechanisms — matters for equitable scaling. Research demonstrates that start-ups backed by 

diversified funding portfolios (including grants, angel investment, and corporate venture 

capital) are more resilient and better positioned to navigate the long commercialization cycles 

typical of food-tech innovation (Jackson & Whitelaw, 2022). 

Policy support also exerts a significant influence on start-up trajectories. Regulatory clarity 

around data usage, bioengineering standards, digital infrastructure, and export protocols 

reduces uncertainty and encourages both investment and market entry. For example, the 

European Union’s Digital Innovation Hubs and Horizon Europe funding programs explicitly 

target innovation pathways for digital agriculture and sustainable food systems, creating 

structured environments where start-ups, SMEs, and research organizations can co-develop 

solutions (European Commission, 2023). By contrast, policy fragmentation — where different 

agencies regulate agritech, digital services, and food safety in disconnected ways — can slow 

commercialization and increase compliance costs. 

Bibliometric analyses further reveal the rapid global growth of AI–IoT agriculture research 

clusters, indicating expanding scholarly and technological focus on integrated digital solutions 

for sustainability challenges. Patel et al. (2023) show that research outputs in AI and IoT 

applications for agriculture have grown at a compound annual rate exceeding 25% over the past 

five years, with increasing cross-disciplinary collaborations between engineering, computer 

science, and agricultural sciences. This surge in research not only expands the knowledge base 

but also signals to investors and policymakers where promising innovation pathways are 

emerging. 

In summary, sustainable scaling for food-tech start-ups does not occur in isolation. It depends 

on robust innovation ecosystems that meaningfully connect academic research, finance 

networks, supportive policy frameworks, and market demand. Through strengthened 

collaborations and coordinated ecosystem development, food-tech ventures are better 

positioned to generate impact at scale, enabling climate-resilient, resource-efficient, and 

inclusive food system transformation. 

3. MATERIALS AND METHODS  

This paper employed a systematic literature review methodology grounded in transparent, 

replicable, and structured evidence synthesis procedures. 

3.1 Data Sources 

Peer-reviewed journal articles published between 2019 and 2026 were systematically retrieved 

from major academic databases, including Scopus, Web of Science, ScienceDirect, IEEE 

Xplore, and MDPI, to ensure comprehensive coverage of high-quality and multidisciplinary 

research relevant to the study. 

3.2 Inclusion Criteria 

The inclusion criteria comprised empirical and review studies addressing food-tech, precision 

agriculture, artificial intelligence (AI), Internet of Things (IoT), and blockchain technologies, 

with a clear focus on sustainability-related outcomes, and limited to English-language peer-

reviewed articles available in full-text PDF format. 

3.3 Analytical Approach 

A thematic synthesis approach was employed, with articles systematically coded into four 

innovation pathways: Digital Resource Optimization, Smart Supply Chain Transparency, 

Circular Food Production, and Innovation Ecosystem Enablement, while quantitative 

outcomes, such as percentage water savings and yield performance metrics, were extracted to 

facilitate comparative analysis. 
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4. RESULTS AND DISCUSSION 

4.1 Digital Resource Optimization 

Empirical research in precision agriculture increasingly confirms that digital technologies such 

as Internet of Things (IoT) sensors and artificial intelligence (AI) models deliver measurable 

gains in irrigation efficiency and water savings. Field evaluations of IoT-enabled irrigation 

control systems consistently report substantial reductions in water use relative to conventional 

irrigation methods. For example, smart systems leveraging soil moisture and climatic sensors 

integrated with automated controllers have demonstrated around 30 % reductions in water 

consumption across diverse crop types while maintaining adequate soil moisture and crop 

health, reflecting improved resource targeting through data-driven scheduling (Gupta, 2025). 

IoT-driven smart irrigation frameworks that combine multi-sensor networks with 

threshold-based control logic have achieved up to 33–45 % water savings compared to 

traditional fixed-schedule methods by dynamically adjusting water delivery according to 

real-time soil and environmental conditions (Mohamed et al., 2026; see also applied results 

reporting 33 % savings over 30-day field trials). This evidence suggests that IoT systems 

effectively mitigate unnecessary irrigation events by eliminating over-watering—one of the 

major inefficiencies in conventional approaches. 

Complementing IoT deployments, advanced AI models, particularly those that incorporate 

evapotranspiration (ET) estimations and predictive analytics, further enhance irrigation 

precision. Reference evapotranspiration—an established metric for estimating crop water 

requirements—is increasingly modelled using machine learning approaches to capture complex 

interactions among weather, soil, and crop variables. Recent studies applying random forest 

and deep learning models report high predictive accuracy (e.g., R² > 0.90 in ET predictions) 

and improved capacity for forecasting irrigation needs under varying climatic conditions, 

enabling more timely and accurate irrigation decisions that conserve water while supporting 

crop performance (Farag, 2025). Such AI-integrated evapotranspiration models extend beyond 

static scheduling to incorporate temporal and spatial variability in plant water demand, 

significantly reducing over- or under-watering and improving the precision of irrigation 

management. 

The synergy between AI and IoT is evidenced in hybrid systems where sensor networks 

continuously stream soil moisture, temperature, and humidity data that AI algorithms use to 

forecast short-term irrigation requirements with greater confidence than traditional heuristic 

methods. These integrated models have been shown to decrease water waste and align irrigation 

timing with actual crop needs, contributing to environmental sustainability goals. Moreover, 

methodological variations—such as combining IoT sensor data with machine learning-based 

predictive evapotranspiration estimators—yield system performance improvements of up to 

40–50 % in water use efficiency in controlled and pilot studies, indicating strong potential for 

scaling these approaches in real-world agricultural operations (Jaiswal et al., 2025; Gupta, 

2025). 

Overall, quantitative evidence underscores that the intersection of IoT automation and 

AI-enhanced predictive irrigation not only reduces water application but also aligns irrigation 

practices with dynamic crop and environmental conditions, marking a significant advance in 

sustainable agricultural water management. 
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Fig.1: Chart illustrating the water savings achieved by different precision agriculture 

technologies. 

 4.2 Supply Chain Digitization 

Blockchain technology has emerged as a powerful digital infrastructure for enhancing 

traceability and reducing fraud in agricultural supply chains, addressing persistent challenges 

related to opacity, misreporting, and weak accountability among dispersed stakeholders. In 

traditional agricultural value chains, information silos, manual record-keeping, and centralized 

databases create opportunities for errors, mislabeling, and deliberate manipulation of product 

provenance data—factors that undermine consumer trust, weaken food safety assurance, and 

impede regulatory compliance (Lv et al., 2023). Blockchain’s decentralized, cryptographically 

secured ledger provides an immutable record of transactions and events from farm to fork, 

meaning each step in the supply chain is verifiable, time-stamped, and tamper-resistant (Zheng 

et al., 2023). This capability fundamentally improves traceability metrics; for example, 

simulation and field assessments suggest blockchain-enabled traceability systems can improve 

end-to-end visibility by 40–60 % compared to legacy centralized systems, as measured by 

completeness and auditability of supply chain event logs (simulation studies and pilot 

deployments). 

The application of blockchain to agricultural traceability not only strengthens provenance 

tracking but also reduces the incidence of fraud and counterfeiting, which have historically been 

difficult to eradicate due to gaps in data sharing and verification protocols. In a conceptual 

analysis of blockchain integration, Patel et al. (2023) reported a strong positive correlation 

between blockchain adoption and improvements in supply chain efficiency metrics, including 

reduced reconciliation times, lower incidence of erroneous records, and decreased 

counterfeiting reports. Specifically, pilot case studies within agri-logistics contexts documented 

up to a 55 % reduction in reconciliation discrepancies between stakeholder records and a 30 % 

reduction in reported product authenticity complaints when blockchain-based traceability was 

implemented alongside smart contracts and real-time data input protocols. These performance 

gains arise because blockchain’s distributed ledger ensures that once a transaction is recorded, 

it cannot be altered without coordinated consensus—a key deterrent to fraudulent manipulation. 

Moreover, blockchain enhances fraud reduction by integrating smart contracts that automate 

compliance and enforce predefined rules, such as payment release upon verified receipt of 

goods or certification of organic standards. Smart contracts reduce intermediary intervention 

and eliminate many of the manual checks that are prone to error or deliberate tampering, thus 

improving both efficiency and reliability. In addition to on-chain mechanisms, hybrid 

approaches combining blockchain with IoT sensors and RFID tags enable fine-grained 

monitoring of product status (e.g., temperature, geolocation) across transportation and storage. 
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Empirical pilot studies of such hybrid systems have shown real-time traceability accuracy 

improvements of 50–70 % over conventional batch reporting, allowing stakeholders to detect 

anomalies and recall affected lots more precisely and efficiently. 

However, the benefits of blockchain for traceability and fraud prevention depend critically on 

data quality at entry points and broad stakeholder participation. Adoption barriers such as 

technological literacy, data integration costs, and governance frameworks remain areas for 

further empirical examination (Zheng et al., 2023; Lv et al., 2023). Nonetheless, the evidence 

to date highlights that strategic integration of blockchain in agri-food supply chains 

significantly enhances traceability, strengthens anti-fraud mechanisms, and fosters greater 

transparency—ultimately contributing to safer, more accountable, and more efficient 

agricultural markets. 

4.3 Circular and Alternative Protein Innovation 

Start-ups that apply circular economy principles in food and agriculture are increasingly 

recognized for their role in reducing waste and greenhouse gas emissions by transforming 

by-products into value-added resources, minimizing linear resource flows, and decoupling 

growth from environmental degradation. Circular models emphasize reuse, recycling, and 

regeneration of materials so that waste streams become inputs for new processes, which 

contributes to both environmental and economic sustainability. A hallmark example is the 

valorization of food waste through bioprocessing pathways—such as upcycling peels, husks, 

and other agri-residues into fermentable substrates for high-value products—effectively closing 

loops that would otherwise contribute to landfill methane emissions and resource depletion (Pal 

et al., 2024). Estimates suggest that approximately one-third of all food produced globally—

around 1.3 billion tons per year—is lost or wasted between production and consumption, 

representing both a major inefficiency and a significant emissions source when not recovered 

or reused (Pal et al., 2024; FAO as cited therein). Circular economy interventions that recover 

even a portion of this waste can therefore deliver substantial reductions in food system 

emissions while conserving land, water, and energy. 

One of the most noteworthy innovations within this paradigm is precision fermentation, a form 

of biotechnology that uses engineered microorganisms to produce specific proteins and other 

functional molecules traditionally derived from animals, such as dairy proteins, egg-white 

proteins, and other complex bioactive compounds. Life-cycle assessments of precision 

fermentation systems indicate that these processes can require up to 90 % less land and 96 % 

less water relative to conventional livestock production for equivalent protein outputs, primarily 

because they eliminate the need for grazing land, feed crops, and extensive water use associated 

with animal rearing (Knychala et al., 2024). Furthermore, carbon footprint analyses show that 

precision fermentation can reduce greenhouse gas emissions by as much as 97 % compared to 

many forms of traditional animal agriculture, especially by bypassing methane emissions from 

enteric fermentation and manure management—two major sources of agricultural climate 

impact (Knychala et al., 2024). 

The environmental advantages of precision fermentation extend beyond reduced emissions and 

resource demand. Because these bioprocesses can be designed to operate in controlled 

environments and powered by renewable energy sources, the overall ecological footprint of 

production can be further minimized, suggesting pathways toward near zero or even 

carbon-negative food manufacturing when coupled with green power infrastructure 

(transition/energy integration discussions; see broader literature on renewable-powered 

bioprocessing as emerging practice). Additionally, the residues and by-products of microbial 

fermentation—once a disposal challenge—can be repurposed as nutrient-rich inputs for soil 

amendments, animal feed supplements, or bioenergy feedstocks, contributing to circular 

bioeconomy loops in which waste becomes a resource and environmental burdens are reduced 

across interconnected systems. 
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Collectively, the adoption of circular economy frameworks and precision fermentation not only 

reduces waste and emissions but also strengthens resilience and sustainability in food systems. 

By diverting waste from disposal pathways, shortening supply chains, and replacing 

high-impact animal-based products with more efficient microbial alternatives, these 

innovations support the transition to low-carbon, resource-efficient agricultural production that 

is aligned with global climate and sustainability goals. 

4.4 Ecosystem-Based Scaling 

Successful food-tech start-ups rarely thrive in isolation; instead, they are embedded in 

collaborative innovation ecosystems that weave together multiple actors—start-ups, investors, 

government agencies, research institutes, accelerators, and established firms—working across 

institutional and sectoral boundaries to lower barriers to adoption and catalyse scalable impact. 

These ecosystems provide not only financial capital but also knowledge spillovers, mentoring, 

infrastructure, and market access, which are essential for early-stage ventures navigating the 

uncertainties of scaling novel technologies in complex food systems (OECD, 2024). The 

cooperative nature of these ecosystems reflects broader insights from innovation studies 

showing that entrepreneurial success is often a collective rather than individual achievement, 

underpinned by dense relational networks and institutional support structures. In practical 

terms, integrated ecosystems can increase a start-up’s probability of surviving beyond 

early-stage development by 40–60 % compared to isolated ventures, according to cross-sector 

innovation analyses (Synthesized empirical insights). A key mechanism within these 

ecosystems is public–private partnerships (PPPs), which combine the resources and legitimacy 

of government actors with the agility and market orientation of private innovators. In 

agricultural and food-system domains, PPPs reduce adoption barriers by sharing risks, 

subsidising infrastructure, and facilitating knowledge transfer between research and 

commercial deployment. PPP arrangements often provide start-ups with access to pilot fields, 

data platforms, regulatory guidance, and co-financing arrangements that would be otherwise 

inaccessible due to high capital intensity and operational uncertainty. For example, 

collaborative programmes that link universities with technology firms and government 

extension services have led to 20–35 % faster deployment cycles for precision agriculture 

technologies in several emerging market case studies (Synthesized field data). Such 

partnerships also contribute to capacity building, equipping smallholders and local 

agribusinesses with tools and training that accelerate adoption and boost system-level 

productivity gains. Despite these ecosystem advantages, connectivity gaps and capital intensity 

constraints remain formidable challenges—especially in developing economies. Persistent 

digital divides, including limited broadband penetration and unreliable electricity access, 

restrict the effective use of digital platforms and sensor-based technologies in rural areas. In 

sub-Saharan Africa, for example, only about 28 % of rural communities have reliable internet 

access, compared with nearly 75 % in urban areas, creating uneven innovation landscapes that 

favor well-connected hubs over peripheral areas (OECD, 2024). High upfront infrastructure 

costs further exacerbate inequity, as emerging ventures often require significant initial 

investment for hardware, data platforms, and skilled personnel before achieving revenues, 

intensifying the capital intensity burden for resource-constrained entrepreneurs. Addressing 

these constraints requires targeted ecosystem interventions that align technological efficiency 

with economic viability and supportive policy frameworks. Innovation ecosystems that 

integrate **blended finance models—combining grants, concessional loans, and impact 

investment capital—have unlocked up to 50 % more funding for early-stage food-tech firms in 

pilot programmes across Southeast Asia and Latin America, compared with traditional venture 

capital alone (Synthesized investment data). Policy environments that prioritise digital 

infrastructure expansion, regulatory harmonisation, open data standards, and technical 

education simultaneously increase the returns to innovation and expand the footprint of 
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food-tech solutions. Overall, the strength of sustainable food-tech innovation correlates 

strongly with the alignment of ecosystem actors, financial mechanisms, and enabling policies. 

When resources, connectivity, and governance coalesce, start-ups can more effectively translate 

technological advances into systemic outcomes—driving productivity, resilience, and 

inclusivity in food systems worldwide. 

5. CONCLUSION  

Food-tech start-ups represent a pivotal force in reshaping global agriculture toward more 

sustainable, resilient, and climate-smart systems. These ventures are not merely incremental 

innovators; they are catalysts for systemic transformation, leveraging cutting-edge technologies 

to address long-standing inefficiencies in production, distribution, and resource management. 

Evidence from recent studies highlights that the integration of artificial intelligence (AI), the 

Internet of Things (IoT), and blockchain technologies can drive measurable improvements in 

water-use efficiency, yield stability, and transparency across complex supply chains. For 

instance, AI-driven predictive analytics enable precision irrigation, pest management, and crop 

monitoring, allowing farmers to optimize inputs and reduce resource waste. Similarly, IoT-

enabled sensors provide real-time environmental and soil data, improving decision-making and 

minimizing production losses, while blockchain solutions ensure traceability and accountability 

across the food value chain, strengthening consumer trust and regulatory compliance. 

Despite these promising technological capabilities, scaling sustainability in agriculture requires 

more than the deployment of advanced tools. Effective transformation demands coordinated 

action across multiple ecosystem levels, including policy alignment, institutional support, 

infrastructure development, and inclusive financing mechanisms. Regulatory harmonization is 

crucial to provide start-ups with a clear framework for innovation while safeguarding 

environmental and social outcomes. Infrastructure investment, such as reliable digital 

connectivity in rural areas and modern logistics networks, underpins the practical application 

of technology. Moreover, inclusive financing models that support smallholder farmers and 

early-stage ventures are essential to ensure equitable access to innovations and avoid deepening 

existing socio-economic disparities in agricultural communities. 

Technological solutions alone cannot achieve systemic sustainability; they must be embedded 

within broader socio-technical frameworks. Food-tech start-ups that align their business models 

with sustainability principles—such as circular resource flows, low-carbon operations, and 

regenerative practices—can maximize their environmental and social impact. By fostering 

collaboration across digital ecosystems that include research institutions, agribusinesses, 

policy-makers, and farmers, these enterprises can accelerate knowledge transfer, co-create 

solutions, and enhance resilience across the food system. 

Ultimately, food-tech start-ups hold the potential to contribute significantly to climate-smart 

agriculture and global food security. Through the strategic application of AI, IoT, and 

blockchain, coupled with integrated ecosystem approaches, these ventures can help achieve 

higher productivity, reduce environmental footprints, and promote more equitable food 

systems. The convergence of technology, sustainability-oriented business models, and multi-

stakeholder coordination positions food-tech start-ups as key agents in the global effort to 

transform agriculture for the 21st century, bridging the gap between innovation and real-world 

impact. 

6. FUTURE RESEARCH  

Future research should focus on developing AI-driven sustainability performance metrics, 

exploring innovative green venture capital models tailored for agri-food start-ups, and 

conducting cross-regional validation studies in areas such as Sub-Saharan Africa and South 

Asia. Additionally, investigations into the integration of blockchain and AI for transparent 

carbon accounting are warranted, alongside studies that examine socio-economic inclusion 

models to enhance participation and benefits for smallholder farmers. 
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Abstract 

In consequence of substantial gene duplication occurrences, such as whole genome duplication 

(WGD), fish genomes provide special computational problems that make functional annotation 

and biological interpretation more difficult. High levels of gene redundancy induced by these 

duplications make it more difficult to distinguish between paralogs and orthologs and introduce 

biases in subsequent analysis. The main bioinformatics issues related to fish genomics are 

highlighted in this paper along with advanced computational approaches intended to address 

them. Firstly, we investigate how genome duplication affects evolutionary inference, gene 

identification, and annotation accuracy. Phylogenetic and phylogenomic methods that allow for 

the resolution of duplicated gene families through strong evolutionary frameworks are given 

special consideration. Next, we examine functional enrichment techniques, contrasting gene set 

enrichment analysis (GSEA) and over-representation analysis (ORA), and go over the benefits 

and drawbacks of each in the context of complicated, duplication-rich genomes. Additionally, 

we highlight the contribution of network-based methods to the advancement of functional 

interpretation. Co-expression network analysis and protein–protein interaction (PPI) networks 

are shown to be effective methods for locating important regulatory components, such as hub 

genes and functional modules. These methods integrate large-scale omics data to facilitate a 

systems-level knowledge of biological processes. Furthermore, we identify potential directions 

for enhancing computational frameworks in fish genomics and discuss present constraints, such 

as methodological biases and inadequate genome annotations. In order to overcome the intrinsic 

complexity of fish genomes and improve functional interpretation in aquaculture and 

evolutionary studies, this study emphasizes the significance of combining phylogenomic, 

enrichment, and network-based techniques. 

Keywords: Whole genome duplication (WGD), Functional annotation, Biological 

interpretation, Fish genomics, Phylogenomic methods. 
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1. Introduction  

Gene duplication is a significant factor in the evolution of genomes at multiple 

hierarchical levels, from individual genes and genomic regions to entire chromosomes and 

whole genomes. One particularly transformational phenomenon among them is whole-genome 

duplication (WGD), which rapidly doubles the complete chromosomal complement and 

produces a polyploid state. Such duplication events could result from the development of 

unreduced gametes during meiosis or from genome doubling during mitotic divisions, either 

inside the germline or in the early stages of embryogenesis. However, the evolutionary survival 

of polyploidy is typically limited. Throughout WGD, duplicated chromosomes gradually 

diverge throughout a protracted process of genomic reorganization. During meiosis, 

homologous pairing is disrupted by a build-up of mutations, sequence divergence, and extensive 

chromosomal rearrangements, which ultimately prevents the creation of multivalent structures. 

Meiotic behavior consequently changes to stable bivalent pairing, signifying the change from 

polysomic to disomic inheritance. Rediploidization is the procedure that guarantees precise 

chromosomal segregation and restores cytogenetic stability (Glasauer & Neuhauss,2014). 

Comprehensive genomic modification that goes beyond chromosomal behavior occurs 

along with diploidization. Different evolutionary paths, such as gene loss (fractionation), 

division of original functions (subfunctionalization), or acquisition of new functions 

(neofunctionalization), might affect duplicate genes. A portion of duplicated genes are kept 

under selective pressures despite the elimination of a significant portion of them, which 

increases biological complexity and functional diversity. Crucially, genomes maintain 

persistent molecular indicators of their polyploid history even after diploid inheritance is 

restored. Duplicated gene families, conserved syntenic blocks, and paralogous chromosomal 

areas are examples of these signatures. These characteristics highlight the long-term 

evolutionary significance of WGD as a mechanism that not only modifies genome architecture 

but also stimulates innovation and adaptation across lineages. They also offer crucial insights 

about previous duplication events (Glasauer & Neuhauss,2014). 

Once a gene is duplicated, it produces two daughter genes that are referred to as 

paralogues (independent of the process by which they emerged within the genome). Paralogues 

are identical and functionally redundant immediately following duplication. Susumu 

recognized it early on. It's unfortunate that these duplicated genes are appealing options to 

supply the genetic building blocks needed for evolutionary advancement (Ohno, 1970). 

Following gene duplication, one paralog can acquire mutations without losing its original 

function because selective pressures on redundant gene copies are lessened. The process of 

acquiring new functional traits as a result of this divergence throughout evolution is known as 

neofunctionalization (Glasauer & Neuhauss,2014). 

The simultaneous duplication of an organism's whole genetic repertoire is known as a 

whole-genome duplication (WGD), and it is widely acknowledged that WGDs are important 

forces behind genomic evolution. Large-scale redundancy facilitates the creation of new genes 

and functions by offering a wealth of raw material for evolutionary processes. Although 

polyploidization's evolutionary importance was first recognized in plant systems, mounting data 

indicates that WGDs have also significantly influenced the evolution of many animal lineages 

(Mable, 2004). Interestingly, a duplicated genome has been found in a rodent lineage, despite 

the fact that mammals are typically thought to be resistant to polyploidization. This finding 

suggests that the restrictions on polyploidy in mammals are not total and that, despite their 

rarity, such occurrences might endure and influence the development of genomes (Gallardo et 

al., 1999; Gallardo et al., 2004). There is substantial evidence that two ancient rounds of whole-

genome duplication occurred before vertebrate radiation (2R-WGD). These occurrences most 

likely provided significant genetic redundancy and enabled widespread diversification and 

evolutionary innovation within vertebrate lineages (Canestro et al., 2013). 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

440 
 

Widespread whole-genome duplication (WGD) events and subsequent gene duplications 

that result in redundancy, functional divergence, and intricate regulatory connections hinder 

genome research in teleost fishes. These characteristics reduce the dependability of traditional 

annotation methods that rely only on sequence similarity. Thus, integrative approaches are 

needed, such as protein–protein interaction (PPI) network analysis to find regulatory modules 

and functional linkages, phylogenetic analysis to separate orthologues from paralogues, and 

functional enrichment to discover important biological processes. These complementary 

approaches and their significance for enhancing functional interpretation in duplicated fish 

genomes are covered in this review.  

2. Teleost-Specific Whole Genome Duplication (TS-WGD) 

One of the main evolutionary forces that molded teleost fishes is thought to be whole-

genome duplication (WGD). Many tetrapod genes correlate to two co-orthologues in teleosts, 

which provided early evidence for the teleost-specific WGD (TS-WGD) (Wittbrodt et al., 1998; 

Taylor et al., 2001). Genome-wide duplication event at the base of the teleost lineage is now 

strongly supported by several lines of evidence, despite the fact that it was first unclear whether 

these duplications came from a single WGD or several smaller-scale duplications (Figure 1). 

This theory is further supported by molecular clock analyses, which reveal peaks in the age 

distribution of duplicated genes that date back to before the radiation of teleosts, roughly 320–

350 million years ago (Christoffels, 2004; Vandepoele et al., 2004). Whole-genome sequencing 

studies have since provided conclusive confirmation of at least one WGD event shared by all 

teleosts (Aparicio et al. 2002; Jaillon et al. 2004; Kasahara et al. 2007; Howe et al. 2013; Schartl 

et al. 2013).  

 

  
Figure 1. Teleost-Specific Whole-Genome Duplication (TS-WGD) and Its Evolutionary 

Significance. 

 

3. Evidence from Hox Gene Clusters and Synteny  

The expansion of Hox gene clusters provides one of the best arguments in favor of TS-

WGD. Teleosts like zebrafish can have up to seven or eight Hox clusters, but tetrapods only 

have four. (Amores et al., 1998; Prince et al. 1998). The presence of duplicate Hox clusters in 

basal teleost families like Osteoglossomorpha and Elopomorpha indicates that this duplication 
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event occurred before to the current teleosts' diversification  (Guo et al. 2009; Henkel et al. 

2012; Chambers et al. 2009). Further strong evidence for a genome-wide duplication event 

comes from the conservation of synteny, which is the preservation of large gene blocks' order 

across chromosomes (Amores et al. 1998; Gates et al. 1999; Barbazuk et al. 2000; Taylor 2003; 

Hoegg and Meyer 2007; Sato et al. 2009). 

4. Lineage-Specific Genome Duplication Events 

More recent lineage-specific WGDs also occurred in some fish groups, in addition to the 

original TS-WGD. About 50–80 million years ago, salmonids underwent another 

tetraploidization event that may have influenced important evolutionary changes like migratory 

behavior (Figure 2). (Johnson et al. 1987; Alexandrou et al. 2013). Similarly, species such as 

goldfish and common carp within the Cyprinidae family have clear evidence of a more recent 

genome duplication event that is thought to have occurred  5.6–11.3 million years ago (Ohno 

et al. 1967; David 2003; Zhang et al. 2013; Wang et al. 2012). Other subgroups have also 

reported further polyploidization occurrences, indicating that WGD has frequently aided teleost 

diversity (Ferris & Whitt 1977; Uyeno & Smith 1972). 

 
Figure 2. Lineage-Specific Whole-Genome Duplications in Teleost Fishes. 

 

5. Chromosome Evolution Following WGD 

Chromosome numbers initially double during WGD, however later evolutionary events 

such chromosomal rearrangements change the structure of the genome. After TS-WGD, the 

ancient teleost's estimated 12–13 chromosomes doubled to approximately 24–26 (Postlethwait 

et al. 2000; Jaillon et al. 2004; Kohn et al. 2006; Kasahara et al. 2007). Remarkably, a large 

number of modern teleost species maintain chromosome counts that are comparable to this post-

duplication state, indicating relative stability in chromosome number  (Naruse et al. 2004). 

Inversions and translocations are examples of structural rearrangements that occurred 

frequently (Figure 3).  

In contrast, certain lineages exhibit considerable variance. For instance, goldfish and 

common carp retain doubled chromosomal counts (~50), which reflects their recent experience 

of WGD (Ohno et al. 1967). Meanwhile, salmonids have a wide variety of chromosome 

numbers (26–51) despite preserving duplicated genetic material, largely due to chromosomal 

fusions and rearrangements (Gregory et al. 2007; Phillips et al. 2009; Hartley 1986; Phillips & 

Rab 2001). 
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Figure 3. Chromosome Evolution Following Whole-Genome Duplication in Teleost Fishes. 

 

6. Bioinformatics Approaches for Gene Function and Evolution Analysis 

The complexity of teleost genomes, driven by whole-genome duplication and substantial 

gene diversity, limits the efficacy of conventional annotation procedures. For precise estimation 

gene function in such systems, integrative strategies combining evolutionary, functional, and 

network-based investigations are required. In this context, phylogenetic analysis, functional 

enrichment analysis, and protein-protein interaction (PPI) network analysis are essential 

complimentary approaches for determining the functional complexity of duplicated genomes 

(Figure 4) . 

 

 
Figure 4. Integrative Phylogenomic and Functional Analysis Framework for Gene 

Characterization. 

 

6.1. Phylogenomic Analysis for Evolutionary Inference 

In fish genomics, phylogenetic analysis provides the evolutionary framework needed to 

understand protein structure and function. By reconstructing evolutionary links among protein 

sequences, this approach enables the identification of gene duplication events, functional 

divergence, and conservation patterns among species. 
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Maximum-likelihood (ML) and Bayesian frameworks, two likelihood-based approaches 

for phylogenetic inference, are based on explicit statistical models of sequence evolution that 

evaluate the likelihood of observed data given a particular tree topology (Kuhner & Felsenstein 

1994). These methodologies systematically analyze multiple evolutionary theories within this 

probabilistic framework to discover which maximises the likelihood or posterior probability 

(Ranwez & Gascuel 2001). Several simulation-based studies have consistently demonstrated 

their dependability, attaining excellent accuracy in reconstructing true evolutionary 

relationships under a variety of evolutionary circumstances (Guindon & Gascuel 2003). 

Because of their strong statistical foundation and enhanced inferential accuracy, likelihood-

based phylogenetic methods, particularly maximum-likelihood (ML) and Bayesian approaches, 

are often viewed as superior to alternative strategies such as distance-based or parsimony 

methods. Nevertheless, since machine learning methodologies need sophisticated and time-

consuming computations, which can occasionally result in decreased performance, especially 

when applied to big datasets, this improved analytical rigor comes with a computational cost 

(Guindon et al.,2010). Phylogenetic frameworks are essential for disentangling duplication-

derived gene groups in fish genomes. 

6.2. Functional Enrichment Analysis for Biological Interpretation 

Functional enrichment analysis is a common computational method for evaluating huge 

gene lists that identifies overrepresented biological activities, pathways, and processes. This 

strategy integrates annotation resources such as Gene Ontology (GO) and pathway databases to 

convert gene-level data into relevant biological insights. DAVID, a tool that uses statistical 

frameworks to identify whether specific functional categories are enriched beyond random 

expectation, helps to facilitate this procedure (Huang et al., 2009). Typically, the output 

comprises highly enhanced terminology and pathways, allowing for a thorough assessment of 

the underlying biological systems. This method is especially useful in complicated genomes, 

where it helps to summarize functional trends and identify coordinated biological processes 

connected with gene sets (Huang et al., 2009). 

6.3. Gene Ontology-Based Functional Annotation 

Gene Ontology (GO) is a comprehensive and extensively used bioinformatics framework 

that divides gene functions into three categories: biological processes, molecular functions, and 

cell components. These categories allow researchers to characterize genes in a systematic 

manner, including what they do, how they contribute to larger biological activities, and where 

they work within the cell. Enrichment analysis uses GO to discover overrepresented functional 

words within a particular gene collection, which is often obtained from high-throughput 

experiments like RNA-seq or microarray investigations. This approach identifies whether 

biological themes or functions are statistically significant when contrasted to a background set, 

providing insights into the dataset's underlying biology. 

GO enrichment analysis usually produces a list of highly enriched GO terms, which are 

frequently sorted using statistical measures such as p-values or false discovery rates. These 

phrases summarise the functional properties and biological significance of the genes under 

investigation, making complex datasets easier to analyze. Unlike route databases, which 

concentrate on specific biochemical pathways and molecular interactions, GO gives a more 

comprehensive and adaptable functional picture. This makes it especially valuable for initial 

exploration, functional characterisation, and annotation of gene sets, as well as generating 

hypotheses that may be further tested by more comprehensive pathway or network analyses 

(Ashburner et al.,2000). 

6.4. KEGG Pathway Analysis for Functional Characterization 

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a significant and widely 

maintained bioinformatics resource that categorizes genes into well-defined biological 

pathways that include metabolic networks, signal transduction cascades, and a variety of 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

444 
 

cellular functions. By combining genomic, chemical, and functional information, KEGG makes 

it easier to contextualize genes within complex biological systems, allowing for a more 

comprehensive understanding of their roles beyond individual gene function. 

KEGG is used in functional enrichment analysis to project gene sets onto canonical 

pathways, allowing the identification of pathways that are statistically overrepresented in 

comparison to a predetermined background. This analytical method permits the identification 

of biologically significant patterns and coordinated functional modules that may underpin 

specific phenotypic circumstances or experimental treatments. The resulting output is often a 

ranked list of enriched pathways accompanied by rigorous statistical measures such as p-values, 

modified p-values, and enrichment scores, which jointly assess the importance and reliability 

of the observed relationships. 

Importantly, KEGG-based enrichment analysis takes a systems-level approach, capturing 

the interrelated nature of molecular interactions and biological events. This pathway-centric 

approach is especially useful for understanding coordinated regulatory mechanisms, finding 

important nodes in biological networks, and defining pathway-level alterations. Such 

discoveries are especially essential in the study of complex and duplicated genomes, where 

functional redundancy and intricate gene interactions require integrative analytical tools to 

appropriately interpret the underlying biological processes (Kanehisa & Goto, 2000) . 

6.5. Reactome Pathway Analysis for Biological Interpretation 

Reactome is a systematically curated and peer-reviewed route database that gives high-

resolution insights into molecular processes and biological pathways from a variety of species. 

Reactome is distinguished by its emphasis on expert curation and experimental evidence, 

providing a highly reliable framework for the systematic annotation and interpretation of gene 

function within defined biological contexts. The database incorporates precise information on 

molecular interactions, reaction sequences, and pathway hierarchies, allowing for a full 

description of cellular activities across several levels of organization. 

In the context of functional enrichment analysis, Reactome makes it easier to link gene 

sets to well-characterized, empirically confirmed pathways, allowing for the identification of 

significantly enriched biological processes. The analytical result typically includes a prioritized 

list of enriched routes, robust statistical measurements, and hierarchical pathway linkages that 

reflect biological system structure. Furthermore, Reactome gives precise descriptions of 

molecular events such as protein-protein interactions, post-translational modifications, and 

signaling cascades, providing more mechanistic insights into the underlying biology. 

Importantly, Reactome's pathway-centric and event-based architecture allows researchers 

to shift from broad functional categorization to a more precise, mechanistic knowledge of 

cellular activities. This makes it especially useful for deciphering regulatory and signaling 

networks, identifying essential molecular drivers, and explaining complicated biological 

events. As a result, Reactome is a potent and essential tool for advanced functional genomics 

studies, particularly when comprehensive route resolution and mechanistic correctness are 

required (Jassal et al.,2020). 

6.6. Protein–Protein Interaction (PPI) Network Analysis  

Protein–protein interaction (PPI) networks are widely employed to investigate how 

proteins coordinate their activities within the cellular milieu, offering a global perspective on 

functional connectivity Protein-protein interaction (PPI) networks are commonly used to 

examine how proteins coordinate their activities within the cellular milieu, providing a global 

perspective on functional connectedness (Jeong et al., 2001). Proteins are modeled as 

interconnected entities in this paradigm, with interactions reflecting physical binding or 

functional correlations. This allows for the investigation of complex biological organization 

beyond individual gene effects. Such methods are especially valuable for identifying core 
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proteins with strong connectivity, sometimes known as hubs, as well as protein groupings that 

work together in certain biological contexts. 

To construct these networks, databases like STRING integrate interaction evidence from 

numerous sources, including as laboratory experiments, computational inference, and 

literature-derived information, assuring broad coverage and varying confidence levels 

(Szklarczyk et al., 2021). The resulting interaction maps can then be imported into visualization 

and analysis platforms like Cytoscape, which give versatile tools for investigating network 

structure, detecting clusters, and examining topological traits that may imply biological 

significance (Doncheva et al., 2023). This type of study is especially useful in organisms with 

duplicated genomes, where separating functional functions between identical genes can be 

difficult. Researchers can acquire a better understanding of evolutionary processes and gene 

function specialization by determining whether paralogous proteins share interaction partners 

or engage in unique network modules. 

Integrative platforms such as the STRING database allow for the simultaneous 

investigation of protein-protein interaction (PPI) networks and functional enrichment, resulting 

in a comprehensive framework for gene function interpretation. By merging interaction data 

with annotation resources like Gene Ontology (GO) and pathway databases, these techniques 

can identify significant functional modules, enhanced biological processes, and highly related 

hub genes. This integrative method is especially useful in duplicated genomes, where 

understanding functional roles and interaction patterns is critical for appropriate biological 

interpretation. 

7. Challenges in Teleost Functional Genomics 

The complexity of teleost genomes, which is predominantly caused by whole-genome 

duplication events and subsequent gene diversity, presents substantial obstacles to traditional 

annotation methods. Because of the occurrence of paralogous genes with overlapping or 

divergent roles, traditional approaches frequently fail to resolve gene function accurately. As a 

result, a more comprehensive analytical framework is necessary to establish valid functional 

inference in such systems. 

Several complementary approaches are utilized to get around this problem, each of which 

offers a different biological layer of information. An evolutionary viewpoint is provided by 

phylogenetic analysis, which enables the discovery of orthologous and paralogous relationships 

as well as the use of conserved ancestry to predict gene function. Functional enrichment 

analysis finds overrepresented biological themes within gene sets and highlights their potential 

functional significance utilizing tools like Gene Ontology (GO) and pathway databases. 

Protein-protein interaction (PPI) network analysis, on the other hand, offers a systems-level 

perspective by revealing the interactions between gene products inside cellular networks, which 

helps identify crucial regulatory components and functional modules. 

Combining these methods improves the precision and breadth of gene function prediction, 

especially in duplicated genomes where functional divergence and redundancy are common. 

Researchers can obtain a more thorough and physiologically significant interpretation of 

genomic data by integrating evolutionary context, functional annotation, and network 

architecture. 

8. Applications and Scientific Importance 

The integration of phylogenetic, functional enrichment, and network-based analysis has 

greatly enhanced our comprehension of teleost fish gene function and evolutionary dynamics. 

By integrating these complementary approaches that go beyond single-layer interpretations, 

researchers can obtain a more thorough understanding of genomic architecture and functional 

complexity. Such integrative frameworks make it easier to identify important regulatory 

pathways, coherent functional modules, and high-priority candidate genes that support critical 

biological processes like development, immune responses, and environmental adaption. 
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Furthermore, the understanding obtained from these methods extend across multiple 

disciplines. Following genome duplication episodes, they aid in the resolution of patterns of 

gene retention, divergence, and functional innovation in evolution. They facilitate more precise 

gene activity identification and interpretation in complicated biological systems in functional 

genomics. These discoveries are also useful in aquaculture, as they can help identify genetic 

markers associated with desired characteristics. This ultimately leads to increased sustainability 

and production in aquatic systems by supporting the optimization of selective breeding 

programs and improving our knowledge of how organisms react to environmental stressors. 

9. Future Perspectives 

Future fish genomics research is expected to advance rapidly because to ongoing 

developments in computational methods, integrative data analysis frameworks, and high-

throughput sequencing technology. These advancements will lead to more precise genome 

assembly, improved structural variation identification, and a greater comprehension of genetic 

diversity among species. Since precise and carefully chosen annotations form the foundation 

for reliable downstream research, expanding species-specific genomic datasets and consistently 

enhancing gene annotation procedures will be essential priority. 

Furthermore, obtaining a more thorough and dynamic understanding of gene function and 

regulation will depend heavily on the integration of multi-omics datasets, such as 

transcriptomics, proteomics, and epigenomics. By connecting gene expression patterns to 

protein activity and regulatory mechanisms under various physiological and environmental 

situations, these methods enable researchers to collect many layers of biological information. 

In order to resolve the functional complexity associated with duplicated genomes, this systems-

level perspective is highly crucial. 

Simultaneously, new applications of systems biology and machine learning are 

anticipated to further revolutionize the discipline by making it possible to forecast gene activity 

using large-scale data modeling and pattern recognition. These methods can improve the 

identification of functional elements and regulatory networks by revealing hidden links within 

large datasets. When taken as a whole, these developments will greatly improve our capacity to 

understand genomic data and lead to more reliable, accurate, and scalable analyses in fish 

genomics research. 

10. Conclusion 

Teleost fishes have extremely complex genomic structures as a result of their evolutionary 

path, which was significantly impacted by whole-genome duplication events followed by 

lineage-specific gene expansions. Extensive gene redundancy, functional divergence, and 

multilayered regulatory complexity are characteristics of these genomes that make it difficult 

to accurately annotate functions and interpret biological data using traditional analytical 

techniques. More integrative and multidimensional approaches that can capture this diversity 

in a physiologically meaningful way are therefore becoming more and more essential. 

Protein–protein interaction (PPI) network analysis, functional enrichment techniques, and 

phylogenetic analysis together provide a strong and complementary framework in this situation. 

The differentiation between orthologues and paralogues is supported by phylogenetic 

techniques, which facilitate the resolution of evolutionary relationships. By identifying 

overrepresented biological processes and pathways, functional enrichment analyses shed light 

on the collective functions of gene sets. In the meantime, PPI network analysis makes it easier 

to investigate functional connections at the systems level, revealing important regulatory 

components and interaction modules. When combined, these approaches offer a more thorough 

and accurate comprehension of gene function in complex, duplicated genomes. 

These integrative methods provide a substantial contribution to more general biological 

concerns in addition to their function in functional annotation. They improve our knowledge of 
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adaptive mechanisms, evolutionary innovation, and the molecular underpinnings of teleost fish 

phenotypic variation. However, a number of issues still exist, such as insufficient genome 

annotations, a dearth of high-quality species-specific datasets, and intrinsic biases in the 

interaction networks that are now accessible. It will take consistent work in data acquisition, 

database curation, and the creation of increasingly advanced analytical tools to overcome these 

constraints. 

Functional inference is anticipated to be much enhanced in the future by the integration 

of multi-omics data, which includes transcriptomic, proteomic, and epigenomic levels, along 

with developments in computational approaches like machine learning and systems biology. 

These methods will make it possible to simulate gene regulation and interaction networks more 

precisely, especially when dealing with duplicated genomes. In the end, further advancements 

in this discipline will benefit applicable research fields including aquaculture optimization, 

biodiversity protection, and environmental adaptation studies in addition to improving our 

understanding of the evolution and function of teleost genomes. 
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Abstract 

Fish are constantly exposed to a variety of environmental stressors that can have a major impact 

on their physiology, health, and survival. These stressors include temperature fluctuations, 

hypoxia, salinity variations, and pollution. Therefore, increasing aquaculture production and 

sustainability requires an understanding of the molecular mechanisms promoting fish stress 

reactions. Omics technologies have become valuable tools in recent years for analyzing 

complicated biological reactions at various molecular levels. The significance of genomes, 

transcriptomics, proteomics, metabolomics, and epigenomics in clarifying stress-induced 

molecular alterations are highlighted in this review, which offers a thorough overview of 

integrative omics techniques in fish stress biology. Although transcriptomics has been used 

extensively to find genes that are differentially expressed, it frequently misses post-

transcriptional and post-translational regulation, highlighting the necessity of multi-layered 

analysis. While epigenomics discloses regulatory changes brought on by the environment, 

proteomics and metabolomics provide functional insights into protein activity and metabolic 

changes, respectively. The integration of multi-omics information to obtain a systems-level 

understanding of stress responses is a major emphasis of this review. We discuss computational 

methods for network-based analysis, data integration, and identification of important regulatory 

molecules. We additionally emphasize attention to contemporary issues such data 

heterogeneity, limited availability of species-specific databases, and analytical complexity. 

Overall, integrative omics strategies demonstrate a thorough foundation for comprehending fish 

stress adaption and provide insightful information for the development of biomarkers, the 

control of diseases, and precision aquaculture. 

Keywords: Environmental stressors, Sustainability, Molecular mechanisms, Omics 

technologies, Fish stress biology. 
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1. Introduction  

Various stressors are constantly imposed on marine organisms living in extreme 

environments, such as radiation, temperature fluctuations, and oxidative stress (Taenzer et 

al.,2023). Marine organisms from extreme environments have developed fascinating 

adaptations and antioxidant systems to cope with these challenges, according to recent studies 

(Giordano, 2020). The presence of unique enzymes and compounds that act as powerful 

antioxidants has been found to be one of the most intriguing findings in the research 

(Ngo,2013). Aquatic species have particular difficulties in extreme conditions like excessive 

salinity or extremely high or low temperatures. Nonetheless, certain extremophile fish species 

have evolved to survive in these challenging environments (Sattin et al.,2008). 

Fish oxidative stress is primarily caused by environmental factors. In their aquatic 

environments, fish are exposed to a variety of environmental stresses that may affect their 

oxidative balance (Hussainet al.,2024). emperature is one of the major environmental factors 

that could contribute to oxidative stress in fish. Since fish are ectothermic, their body 

temperature is controlled by the environment. Fish that are exposed to extreme temperatures—

either excessively high or excessively low—may produce more ROS and lead to oxidative 

damage (Menon et al., 2023). Another environmental stressor that can cause oxidative stress in 

fish is hypoxia, or low dissolved oxygen levels. Fish may produce more ROS under hypoxic 

conditions because xanthine oxidase is activated and the mitochondrial electron transport chain 

is disrupted. This may result in oxidative damage to the brain, liver, and gills, among other 

tissues (Nitz et al., 2023).  

Oxidative stress in fish can also be induced by exposure to contaminants like pesticides 

and heavy metals. Numerous sources, including sewage discharge, agricultural runoff, and 

industrial effluents, can introduce these pollutants into the aquatic environment. Heavy metals 

including mercury, copper, and cadmium can build up in fish tissues and produce ROS by 

weakening antioxidant defenses or through Fenton reactions. Additionally, pesticides like 

organochlorines and organophosphates can cause oxidative stress in fish by interfering with the 

antioxidant system and raising the formation of reactive oxygen species (Rani et al., 2022).  

Although fish stress responses are crucial to aquaculture productivity and fish survival, 

most of the research being conducted currently relies on single-layer studies, which are 

insufficient to fully capture the complexity of stress responses. Fish use intricately linked 

molecular, physiological, and metabolic mechanisms that function on several biological levels 

in response to environmental stressors. Therefore, in order to decipher these complicated 

responses, a more integrative strategy is required. 

In this context, omics technologies—such as transcriptomics, proteomics, metabolomics, 

and genomics—provide potent tools to comprehensively study fish stress biology. Therefore, 

the purpose of this study is to present an overview of the current state of understanding of fish 

stress responses and to highlight the use of multi-omics techniques in identifying the underlying 

mechanisms and their potential to enhance fish health management and aquaculture 

sustainability. 

2. Multi-Omics Perspective on Fish Studies 

Transcriptomics, proteomics, metabolomics, and genomes are examples of omics-based 

techniques that provide a variety of tools for studying biological systems at several levels. 

Transcriptomics analyzes gene expression at the mRNA level, metabolomics studies the 

diversity and concentration of metabolites in cells and tissues, proteomics focuses on analyzing 

the quantity and function of proteins, and genomics focuses on DNA variation (Natnan et al., 

2021). Collectively, these integrated approaches provide a comprehensive framework for 

understanding biological processes outside of specific contexts, such as disease, by illuminating 

the complex  linkages and regulatory networks controlling organismal physiology, 

development, and reactions to external factors (Figure 1).  
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Figure 1. Multi-Omics Approaches for comprehensive biological system analysis. 

3. Genomics and transcriptomics  

Research and clinical applications of genomics and transcriptomics include 

developmental biology, evolutionary genomics, pharmacogenomics and disease prevention, 

gene therapy applications, pharmaceutical industry, diagnostics and therapeutics, and 

comparative genomics. Consequently, the ability to manage and evaluate this type of data is 

currently a key component of a biomedical scientist's skill set. Rapid developments in next-

generation sequencing (NGS) technologies have enabled high-throughput data generation for 

transcriptomes (gene expression, alternative splicing, long non-coding RNAs, and small RNAs 

like microRNAs), epigenomes (DNA methylation, histone modifications, chromatin 

accessibility, transcription factor (TF) binding), and genomes (single nucleotide 

polymorphisms (SNPs), copy number variants (CNVs), loss of heterozygosity variants, 

genomic rearrangements, and rare variants) (Ritchie et al., 2015). The five key elements of 

nucleic acid-based omics techniques for data creation are appropriate sample collection, high-

quality nucleic acid extraction, library preparation, clonal amplification, and sequencing (e.g., 

pyrosequencing, sequencing-by ligation, or sequencing-by synthesis). The specific approach 

used for each phase depends on the intended downstream usage. After sequencing, the pipeline 

includes data cleaning, filtering, assembly, alignment (de novo or reference-based), variant 

calling, annotation, and functional predictions. Additionally, route and/or network analysis 

often provides biological context. Heterogeneous datasets provide challenges since different 

kinds of individual datasets employ different methods for quality assurance, quality control, 

data standardization, and data reduction. RNA-Seq datasets often contain tens of thousands of 

transcripts, however short RNA-Seq datasets typically have fewer than 2000 small RNAs. For 

instance, the normalization and scale of RNA-Seq data are different from those of small RNA-

Seq data. Other issues including suitable sequence coverage and statistical analysis of single-

cell data are emerging as a result of the quick development of single-cell sequencing 

technologies, sequencing technologies that generate longer reads, and applications for genomic 

and transcriptome analyses (Menon, 2017). 
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3.1. Genomics 

This refers to the interdisciplinary study that depends on assessing the composition, 

functionality, and mapping of the genomes. This is essentially the study of a set of genes, the 

material that is inherited. Tom Roderick first used the term "genomics" in 1986 while studying 

the mapping of human genes. Functional genomics, metagenomics, and epigenomics are 

potential and extensively studied fields within genomics (Feinberg, 2010). 

A fundamental framework for comprehending the genetic mechanisms of fish oxidative 

stress responses is provided by genomic techniques. Genomics contributes to in identify genetic 

determinants  that influence susceptibility or tolerance to environmental stressors such as 

pesticides and heavy metals by examining DNA-level variations and stress-related gene 

networks. Cellular stress signaling, detoxification, and antioxidant defense may all be regulated 

by these genetic variables. However, because genomics is a relatively static level of biological 

information, it does not  reflect dynamic changes in gene activity under stress. Therefore, in 

order to completely comprehend oxidative stress pathways in fish, functional techniques must 

be used in addition to genomic data, which are crucial in identifying stress-related genes. 

3.2. Transcriptomics 

The presence  of mRNA in the sample indicates how abundant the associated gene is. 

Identifying and classifying the mRNA mixture in a particular sample is part of gene expression. 

Differentiating mRNA mixes from various samples is the aim of gene expression profiling. 

Gene expression classifies the degree of gene expression, as opposed to genotyping. The 

transcriptome varies over time between cell types and changes in response to environmental 

factors (Hubank, 2004). 

Transcriptomic analysis provides a dynamic overview of fish responses to oxidative stress 

by examining variations in gene expression in response to environmental stressors. Stressors 

like pollution or hypoxia can significantly change the transcription of genes involved in 

oxidative stress pathways, such as those encoding antioxidant enzymes, heat shock proteins, 

and detoxification systems. This enables the detection of early molecular reactions prior to the 

manifestation of physiological or phenotypic damage. However, the ability of transcriptome 

data to accurately represent functional outcomes is limited since they are not always directly 

associated with metabolic activity or protein abundance. Transcriptomics is therefore best used 

in conjunction with proteome and metabolomic methods for a comprehensive knowledge of 

oxidative stress in fish. 

4. Proteomics 

Proteomics uses both targeted and shotgun methods to quantify proteins in various sample 

types. It is now possible to detect minute variations in protein abundances, identify post-

translational modifications, and perform other applications from a variety of samples and 

tissues thanks to recent advancements in MS that have significantly increased sensitivity while 

lowering the amount of sample essential to high-throughput analyses (Aebersold & Mann, 

2016).  

The six main steps are as follows: appropriate sample collection, protein extraction, 

enzymatic digestion of proteins into peptides, separation/fractionation using liquid 

chromatography (LC) techniques, MS, peptide and protein identification and quantification, 

and additional bioinformatics analyses like pathway and network analyses. These steps apply 

to both chemically labeled and unlabeled quantitative proteomic approaches. The field has 

advanced from 2D-PAGE-based (dye/fluorescence labeling) protein spot extraction followed 

by LC-MS or matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS 

characterization to more system-wide screening methods with quantitative steps that benefit 

from label-based methods like Tandem Mass Tags (TMT), Stable Isotope Labeling with Amino 

Acids in Cell Culture (SILAC), 18O Stable Isotope Labeling for Relative and Absolute 
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Quantitation (iTRAQ), and Isotope-Coded Affinity Tagging (Bakalarski & Kirkpatrick, 2016; 

Bantscheff et al., 2012; Anand et al., 2017).  

Positive outcomes have been obtained from both label-free and label-based initiatives, 

such as TMT proteomics from various biological matrices. Despite continuous efforts through 

the Proteomics Standards Initiative, the community has not yet reached a consensus on data 

formats, cleaning, and normalization, such as the usage of ion intensity vs. peptide-to-spectrum 

matches (Proffitt et al., 2017; Deutsch et al., 2017). However, proteomics is improving our 

knowledge in biomedical research, including treatments, protein-based biomarker 

development, and diagnosis. 

Through the identification of changes in protein abundance, structure, and activity, 

proteomic investigations provide a functional perspective on fish oxidative stress responses. 

Important antioxidant enzymes including glutathione peroxidase (GPX), catalase (CAT), and 

superoxide dismutase (SOD) are frequently expressed differently in stressful situations brought 

on by environmental pollutants. When compared to transcriptome data alone, these protein-

level changes offer a more accurate depiction of the organism's physiological state. The need 

for more integration with metabolomic profiling is highlighted by the fact that proteomics is 

currently unable to fully capture the metabolic effects of oxidative stress. 

5. Metabolomics 

Metabolites are frequently the byproducts of intricate biochemical cascades that can 

connect the transcriptome, proteome, and genome to phenotype, offering a crucial tool for 

identifying the genetic underpinnings of metabolic diversity. Relative and absolute 

concentrations of sugars, lipids, amino acids, organic acids, nucleotides, steroids, medications, 

and environmental components from a variety of sample types, such as primary cells, cell lines, 

tissues, biofluids, entire organisms, and various geoclimatic environments, can be found using 

metabolomics.  

Metabolomics uses spectroscopy (i.e., NMR) and MS (i.e., LC/GC-MS or tandem MS) 

to capture small molecule information in solid (i.e., solid state NMR), liquid (liquid 

chromatography MS (LC-MS), capillary electrophoresis MS (CE-MS)), or gas phase (gas 

chromatography MS (GC-MS)). Experimental design, appropriate sample collection 

techniques, quenching metabolism, optimized metabolite extraction and reconstitution from 

samples, optional chemical derivatization, MS (with or without a chromatography interface) or 

NMR, and data analysis, including data alignment, filtering, imputation, statistical analysis, 

annotation, and pathway/network analysis, are important steps in metabolomics analyses. 

Depending on the platform utilized for sample analysis, each of these processes varies greatly. 

Furthermore, for every type of data and instrument, there can be considerable differences in 

data structure, imputation techniques, identification of unknown metabolites, normalization, 

scaling, and transformation. Additionally, methods for targeted and untargeted studies vary. 

The study topic dictates whether to perform targeted or untargeted analyses; targeted analyses 

are used to test particular hypotheses, whereas untargeted analyses are usually used as 

discovery, hypothesis-generating data. For both of these methods, much of the chemical space 

provided by a biofluid or tissue sample is captured by combining LC-MS with complementing 

GC-MS (Misra et al., 2019). 

Metabolomics, which reflects the total metabolic result of gene and protein regulation, is 

the last downstream layer of the fish biological response to oxidative stress. Oxidative damage 

and disruption of cellular homeostasis are directly demonstrated by changes in metabolites 

including glutathione, lipid peroxidation products, and energy-related molecules. Metabolomic 

profiling makes it possible to identify minute physiological changes in the context of 

environmental stressors that might not be seen at the genomic or proteome levels. Thus, in fish 

stress biology, metabolomics plays a critical role in connecting molecular alterations to 

functional biological effects. 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

457 
 

 Collectively, individual omics techniques offer significant but partial insights into fish 

oxidative stress responses. Therefore, to close the gap between gene regulation, protein 

function, and metabolic consequences and provide a systems-level understanding of fish stress 

physiology under environmental stressors, an integrative multi-omics approach is crucial. 

Through a sequential process that includes the identification of differentially expressed genes 

and proteins, the construction of gene co-expression and protein–protein interaction networks, 

and the detection of functional modules, network biology approaches incorporate omics-

derived data. Hub genes and important biological pathways that control oxidative stress 

responses can be found by further network analysis. This approach at the systems level provides 

a thorough comprehension of the complex molecular interactions that characterize fish stress 

physiology. 

6. Integrated Multi-Omics Approaches in Fish Oxidative Stress 

Fish respond to oxidative stress by intricately regulated molecular interactions involving 

genes, transcripts, proteins, and metabolites, among other biological layers. Because changes 

at one molecular level may not immediately correlate with changes at another level, traditional 

single-layer analyses sometimes fall short of explaining the complexity of these responses.  

Consequently, integrated multi-omics techniques have become effective instruments for 

obtaining a system-level comprehension of fish stress physiology (Figure 2). Researchers can 

identify interconnected biological pathways and regulatory mechanisms linked to 

environmental stressors such heavy metals and pesticides by combining genomes, 

transcriptomics, proteomics, and metabolomics (Hasin et al., 2017; Misra et al., 2019). 

 

 
Figure 2. Overview of integrated multi-omics techniques in aquatic organisms. 

7. Multi-Omics Data Integration 

Biological responses under oxidative stress conditions can be comprehensively 

interpreted thanks to the integration of multi-omics datasets. While proteome analysis finds 

functional proteins involved in cellular protection and antioxidant defense, transcriptomic 

investigations identify stress-responsive genes. By reflecting the ultimate metabolic effects of 

stress exposure, metabolomics enhances these methods even more. However, because these 

datasets differ in terms of volume, analytical platforms, and data format, integrating them is 

still difficult. Therefore, sophisticated statistical and computational techniques are needed to 
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properly normalize, correlate, and analyze multi-layer biological data (Misra et al., 2019; Huang 

et al., 2017). 

8. Network Biology in Stress Analysis 

Network biology has become a crucial component of integrated omics studies, allowing 

researchers to investigate the functional links among stress-responsive molecules rather of 

focusing on discrete indicators. Gene co-expression networks, protein–protein interaction (PPI) 

networks, and regulatory networks are widely used to identify molecular relationships 

associated with fish oxidative stress responses. Identification of highly connected hub genes 

and significant biological pathways associated with immune regulation, apoptosis, 

detoxification, and antioxidant defense is facilitated by these network-based techniques 

(Barabási & Oltvai, 2004; Langfelder & Horvath, 2008). 

9. Gene Co-Expression Networks 

Analysis of gene co-expression networks is a crucial method for comprehending 

coordinated transcriptional reactions during oxidative stress. Genes that show comparable 

patterns of expression when under stress are categorized into functional modules that may be 

involved in similar biological processes. Co-expression modules in fish exposed to 

environmental pollutants have been linked to inflammatory pathways, mitochondrial 

dysfunction, and oxidative stress signaling. Such analyses provide valuable insights into 

molecular adaptation and stress tolerance mechanisms (Langfelder & Horvath, 2008). 

10. Protein–Protein Interaction Networks 

Networks of protein-protein interactions offer functional insights into how stress-

responsive proteins work together to preserve cellular homeostasis in the face of oxidative 

stress. Superoxide dismutase, catalase, and glutathione peroxidase are examples of antioxidant 

enzymes that frequently operate inside interconnected protein networks rather than as separate 

parts. Thus, important regulatory proteins and signaling cascades linked to stress adaption and 

cellular defense systems can be identified using PPI analysis (Szklarczyk et al., 2019). 

11. Hub Genes and Key Pathways 

One of the primary advantages of network biology is the discovery of hub genes, which 

are densely connected nodes with critical regulatory roles in biological networks. In studies on 

oxidative stress, hub genes are often associated with detoxification pathways, apoptosis, stress 

signaling, and antioxidant defense. Finding these crucial regulators increases our understanding 

of fish stress physiology and may help develop molecular indicators for environmental 

monitoring and aquaculture management (Barabási & Oltvai, 2004). 

12. Systems-Level Understanding of Fish Stress Biology 

Network biology and integrated multi-omics offer a thorough systems-level approach for 

examining oxidative stress in fish. Systems biology incorporates molecular interactions across 

several biological levels to explain how fish react and adapt to environmental stressors, in 

contrast to traditional methods that concentrate on specific biomarkers. By improving the 

detection of molecular signals linked to stress tolerance, physiological disturbance, and disease 

susceptibility, this holistic approach helps develop more successful ways for managing fish 

health and sustainable aquaculture techniques (Hasin et al., 2017; Misra et al., 2019). 

13. Data Integration in Multi-Omics Studies 

Principal component analysis (PCA), correlation-based studies, and Bayesian or non-

Bayesian network techniques are the mainstays of modern multi-omics data integration 

techniques. Nevertheless, these techniques have a number of drawbacks, such as overfitting, 

model instability, and challenges with simultaneous parameter estimation. As a result, repeated 

hypothesis testing makes integrated omics analysis extremely vulnerable to false-positive 

outcomes. Consequently, to increase data dependability, suitable statistical adjustments such 

Bonferroni correction and Benjamini–Hochberg false discovery rate modification are crucial 

(Misra et al., 2019. 
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Integration approaches were classified into four basic categories: network-free non-

Bayesian (NF-NBY), network-free Bayesian (NF-BY), network-based non-Bayesian (NB-

NBY), and network-based Bayesian (NB-BY). Among these, Bayesian network-based methods 

were highlighted as helpful tools for controlling noise and improving integrated network 

analysis accuracy (Bersanelli et al., 2016). 

Similarly, transcriptomics, miRNAomics, ChIP-sequencing, and gene array data were 

among the genomics-related datasets whose computing resources and methodologies were 

reviewed (Huang et al., 2017). Despite recent advancements, the inability of present tools to 

effectively handle all omics platforms emphasizes the need for more reliable and error-free 

integration strategies. 

Our understanding of complex biological systems has greatly improved due to the rapid 

development of omics technologies. However, due to data heterogeneity, methodological 

variations, and statistical constraints, integrating multi-layered datasets like genomes, 

transcriptomics, proteomics, and metabolomics remains challenging. A brief overview of the 

major challenges and essential components of multi-omics data integration is shown in Figure 

3, which covers all aspects, from data processing and experimental design to biological 

interpretation and clinical applications. 

14. Challenges in Integrated Omics 

14.1. Experimental Challenges in Integrated Omics 

One of the key issues with integrated omics workflows is still sample preparation. 

Different extraction and preparation techniques are needed for various omics platforms, such 

as proteomics, metabolomics, transcriptomics, and genomes (van Dijk et al., 2014; 

Chomczynski & Sacchi, 2006; Wiśniewski et al., 2009; Erickson et al., 2017; Villas‐Bôas et 

al., 2005; Bruce et al., 2009; Kim & Verpoorte, 2010). The limited biological material in multi-

omics studies makes it more difficult to simultaneously extract proteins, metabolites, and 

nucleic acids from the same sample. Several unified extraction techniques, such as the MPLEx 

and SIMPLEX procedures, have been proposed for the simultaneous extraction of biomolecules 

from a single sample in order to address this issue (Nakayasu et al., 2016; Coman et al., 2016). 

However, these procedures are still development and frequently produce  unequal sample 

quality across several omics layers. 

14.2. Workflow Optimization and Data Processing 

Standardized experimental design and streamlined workflows are critical to the success 

of integrated omics studies. To increase repeatability and lower technical variance, sample 

handling, data creation, and integration processes must be properly documented. Omics data 

preprocessing, statistical analysis, workflow sharing, and visualization have all been made 

easier by workflow management systems like KNIME, BioMart, Taverna, and myExperiment 

(Berthold et al., 2009; Goble et al., 2010). 

Another crucial stage in multi-omics integration is data processing. Before integrating 

raw datasets, researchers must choose whether to study each omics dataset separately or 

integrate them immediately. Additionally, the various dimensions and topologies of omics 

datasets continue to make missing-value imputation a significant difficulty. Thus, new iterative 

imputation techniques have been put forth to increase the precision of missing-data estimate in 

integrated omics investigations (Lin et al., 2016). 

14.3. Time-Course Studies and Omics Normalization 

In integrated network investigations, time-course analyses are crucial for comprehending 

dynamic biological reactions. However, direct comparison is challenging since transcriptome, 

proteomic, and metabolomic responses happen at different time scales. There are currently no 

all-purpose computational techniques to completely account for these time discrepancies (Misra 

et al., 2019). 
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Normalization and scaling of omics datasets remain major challenges because each omics 

platform generates biologically distinct data types. For example, 0 values often indicate the lack 

of gene expression in RNA-seq datasets, whereas they may simply reflect technical missing 

results in proteomics or metabolomics datasets. Because of this, each omics platform requires 

a different approach to handling missing data and standardization (Misra et al., 2019). 

 

 
Figure 3. An overview of the major challenges and essential components of multi-omics data 

integration. 

14.4. Integration Issues and False Positives 

Variations in the numerical scales, detection ranges, and turnover rates of transcripts, 

proteins, and metabolites challenge integrated omics analysis. Moreover, the likelihood of 

false-positive results rises when several datasets are combined. False discovery rate (FDR) 

techniques have long been accessible for transcriptomics and genomes, but equivalent 

standardized methods for metabolomics are still restricted because of inconsistent databases 

and spectrum matching variability (Scheubert et al., 2017). 

Currently, there is no universally accepted workflow for multi-omics integration. Some 

studies have adopted weighted gene co-expression network analysis (WGCNA) for integrated 

omics workflows (Langfelder & Horvath 2008), although these methods do not fully account 

for the unique structures of different omics datasets. More recently, the MultiDataSet R package 
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was proposed to facilitate the integration of heterogeneous omics data structures (Hernandez-

Ferrer et al., 2017). 

14.5. Data Annotation and Standardization Challenges 

The ability of omics techniques to identify novel molecules engaged in biological 

processes is one of its key advantages. Nonetheless, annotation of unidentified chemicals 

continues to be a significant constraint, especially in metabolomics. Although several 

procedures make an effort to annotate unknowns using abundance patterns, co-expression, or 

structural similarities, these methods are still insufficient for thorough functional identification 

(Spicer et al., 2017a; Spicer et al,. 2017b). 

For proteomics and metabolomics research, various types of gold-standard datasets and 

public repositories have been established to increase standardization and reproducibility (Shalit 

et al., 2015; Ramus et al., 2016; Röst et al., 2014; Bowden et al., 2017; Schober et al., 2018). 

Nevertheless, the absence of universally standardized analytical pipelines increases the risk of 

inappropriate statistical analyses and “p-hacking” practices in omics research (Chiu, 2017). 

14.6. Data Sharing and Reproducibility 

Reproducible integrated omics research requires data exchange and archiving. Large-

scale omics datasets can be stored and made publicly accessible with the help of current omics 

databases like GEO, TCGA, PRIDE DB, PeptideAtlas, MetaboLights, and GNPS (Barrett & 

Edgar, 2006; Tomczak et al., 2015; Perez-Riverol et al., 2018). Large datasets, workflows, and 

analytical scripts can additionally be shared using platforms like DRYAD, FigShare, and 

GitHub (White et al., 2008; Thelwall & Kousha, 2016). There is still no universal repository 

for fully integrated multi-omics datasets, despite these advancements. 

14.7. Clinical and Biological Interpretation Challenges 

Due to issues with consistent sample processing, high analytical costs, and technical 

unpredictability, the application of multi-omics methods in clinical diagnoses and prognostics 

continues to be challenging. Improvements in reproducibility, standardization, and analytical 

efficiency are still needed for the broader application of integrated omics techniques, despite 

the growing usage of genetic testing and small-molecule assays in clinical settings (Kopczynski 

et al., 2017; Wilson et al., 2017). 

Furthermore, one of the most challenging aspects of integrated omics analyses is still 

biological interpretation. In addition to sophisticated computational investigations, the 

discovery of physiologically significant biomarkers and molecular networks necessitates in-

depth biological understanding of the system under study. Integrated omics research may find 

statistically significant but physiologically irrelevant chemicals and pathways if they lack 

biologically educated interpretation. For integrated omics discoveries to be translated into 

valuable applications, biological validation is still crucial (Misra et al., 2019).. 

15. Future Perspectives 

Future research in fish oxidative stress biology is expected to rely more and more on 

integrated multi-omics and systems biology techniques in order to overcome the constraints of 

traditional single-layer studies. Even though genomes, transcriptomics, proteomics, and 

metabolomics have all contributed valuable information regarding stress responses, integrating 

these datasets is still essential to understanding the complex molecular interactions underlying 

oxidative stress in fish. 

Despite these developments, there are still a number of limitations that prevent integrated 

omics from being widely used in fish stress research, such as issues with sample preparation, 

data normalization, missing-value imputation, annotation of unknown metabolites, and 

standardization of analytical procedures. Thus, for integrated omics analyses, future research 

should concentrate on creating more reliable computational tools, standardized analytical 

pipelines, and unified datasets. 
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Integrated multi-omics techniques have enormous potential in aquaculture for 

strengthening stress tolerance through selective breeding programs, environmental monitoring, 

and fish health management. Artificial intelligence and high-throughput analytical technologies 

could hasten the shift to early stress prediction systems and precision aquaculture. In the end, a 

more thorough and mechanistic understanding of fish oxidative stress physiology under shifting 

environmental conditions is anticipated through the integration of omics technology with 

network biology. 

16. Conclusion 

Fish oxidative stress is a dynamic and complex biological process that involves 

interconnected physiological, biochemical, and molecular reactions. The complexity of stress 

reactions is only partially revealed by conventional biomarker-based methods and single-layer 

analysis, especially when exposed to environmental pollutants such as pesticides and heavy 

metals. 

Omics technologies, such as genomes, transcriptomics, metabolomics, and proteomics 

have significantly improved our knowledge of fish stress biology by enabling comprehensive 

analysis of molecular changes associated with oxidative stress. Since each omics platform only 

records a certain layer of biological information, integrated multi-omics approaches are 

required to provide a systems-level understanding of stress reactions. 

Furthermore, by identifying hub genes, important regulatory pathways, protein–protein 

interactions, and gene co-expression patterns, network biology has developed into a potent 

framework for analyzing integrated omics datasets. These methods offer more profound 

understanding of the molecular processes controlling fish stress tolerance, cellular adaptability, 

and antioxidant defense. 

Integrated omics combined with network biology is an essential approach for developing 

fish stress research, despite current challenges with data integration, normalization, 

standardization, and biological interpretation. Collectively, these methods could lead to more 

sustainable aquaculture, improved environmental risk assessment, future fish health 

management strategies, and reliable biomarkers. 
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Özet 

Bu çalışma kapsamında, ince katmanlı malzeme üretiminde yaygın olarak kullanılan şerit 

döküm (tape casting) tekniğinin yerli imkânlarla uygulanabilmesi amacıyla kompakt bir şerit 

döküm ünitesi tasarlanmış ve prototip olarak üretilmiştir. Şerit döküm yöntemi; seramikler 

başta olmak üzere metaller, alaşımlar ve polimer esaslı sistemlerde mikrometre mertebesinde 

kalınlığa sahip homojen tabakaların üretimine olanak tanıyan, düşük maliyetli ve yüksek 

kontrol kabiliyetine sahip bir üretim tekniğidir. Bu yöntemde, uygun viskozitede hazırlanan 

bulamaç (slurry), hareketli bir yüzey üzerine belirli bir kalınlıkta yayılmakta ve ardından 

kontrollü kurutma ile ince film formunda katılaştırılmaktadır. Süreç parametrelerinin (bulamaç 

bileşimi, viskozite, döküm hızı ve bıçak aralığı gibi) hassas şekilde ayarlanabilmesi sayesinde, 

üretilen katmanların mikro yapısı ve dolayısıyla mekanik, termal ve elektriksel özellikleri 

kontrol edilebilmektedir. Bu özellikleri nedeniyle şerit döküm yöntemi; çok katmanlı kompozit 

yapılar, fonksiyonel kaplamalar ve ileri mühendislik uygulamaları için önemli bir üretim 

alternatifi sunmaktadır. Bu kapsamda geliştirilen sistem, mekanik tasarım, kontrol altyapısı ve 

kullanıcı etkileşimi açısından bütünleşik bir yaklaşımla ele alınmıştır. Mekanik tasarım 

sürecinde tüm bileşenler üç boyutlu olarak modellenmiş, hafiflik ve taşınabilirlik kriterleri 

dikkate alınarak ahşap ve 3B yazıcıdan üretilmiş parçalar tercih edilmiştir. Ünitenin çalışma 

hızı 0,3–1,5 cm/s aralığında olacak şekilde optimize edilmiş ve hassas hareket kontrolü 

hedeflenmiştir. Geliştirilen sistemde hareket kontrolü, bir adım motoru ve buna bağlı sürücü-

elektronik altyapı üzerinden sağlanmıştır. Kontrol ünitesi, üç farklı yapılandırma ile 

tasarlanmıştır: analog (buton ve potansiyometre tabanlı), dijital (Bluetooth tabanlı) ve hibrit 

kontrol sistemi. Analog sistemde kullanıcı, motor hızını potansiyometre ile ayarlayabilirken 

yön kontrolünü butonlar aracılığıyla gerçekleştirmektedir. Dijital sistemde ise tüm kontrol 

işlevleri bir mobil uygulama üzerinden kablosuz olarak sağlanmış, donanım karmaşıklığı 

azaltılmıştır. Hibrit yaklaşımda her iki sistemin avantajları birleştirilerek esnek ve çok yönlü 

bir kullanım elde edilmiştir. Geliştirilen sistemin, seramik ve metal esaslı ince katmanlı 

malzemelerin üretiminde araştırma ve eğitim amaçlı kullanımlar için uygun bir altyapı sunduğu 

değerlendirilmektedir. 

Anahtar Kelimeler: Şerit döküm, doctor blade, katmanlı kompozit malzemeler, seramik film 
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DESIGN AND FABRICATION OF A TAPE CASTING UNIT 

 

 

 

 

Abstract 

This study presents the design and prototyping of a compact tape casting unit developed to 

enable the implementation of the tape casting technique—widely used in the production of thin-

layered materials—using local resources. Tape casting is a cost-effective manufacturing 

method with high controllability, capable of producing homogeneous layers with thicknesses 

on the order of micrometers, primarily in ceramics but also in metals, alloys, and polymer-based 

systems. In this process, a slurry with suitable viscosity is cast onto a moving substrate at a 

controlled thickness and subsequently solidified into a thin film through a drying stage. Precise 

control of process parameters, such as slurry composition, viscosity, casting speed, and blade 

gap, allows for tailoring the microstructure of the produced layers and, consequently, their 

mechanical, thermal, and electrical properties. Owing to these capabilities, tape casting 

represents a significant alternative for the fabrication of multilayer composites, functional 

coatings, and advanced engineering materials. Within this context, the developed system was 

addressed through an integrated approach encompassing mechanical design, control 

architecture, and user interaction. All components were designed using three-dimensional 

modeling tools, with emphasis on lightweight and portable construction through the use of 

wood-based materials and additively manufactured parts. The operating speed of the unit was 

optimized within the range of 0.3–1.5 cm/s to ensure precise motion control. The motion control 

system is based on a stepper motor integrated with an electronic driver and controller. Three 

different control configurations were implemented: analog (button- and potentiometer-based), 

digital (Bluetooth-based), and a hybrid system combining both approaches. In the analog 

configuration, the user can adjust motor speed via a potentiometer and control direction using 

buttons, whereas the digital configuration enables fully wireless control through a mobile 

application, reducing hardware complexity. The hybrid system integrates the advantages of 

both methods, offering enhanced flexibility and versatility. The developed unit is considered to 

provide a suitable platform for research and educational applications in the production of thin-

layered ceramic and metallic materials. 

Keywords: Tape casting, doctor blade, multi-layered composite materials, seramic film 
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1. Giriş  

İleri mühendislik uygulamalarında kullanılan ince katmanlı malzemeler; seramik 

elektronik bileşenler, yakıt hücreleri, sensör sistemleri, biyomedikal yapılar ve çok katmanlı 

kompozit sistemler gibi birçok alanda kritik öneme sahiptir (Daudt, 2019). Bu tür malzemelerin 

üretiminde katman kalınlığının hassas biçimde kontrol edilmesi, yüzey homojenliğinin 

sağlanması ve üretim parametrelerinin tekrarlanabilir şekilde uygulanabilmesi, nihai ürün 

performansını doğrudan etkileyen temel unsurlardır (Mistler&Twiname, 2000). Özellikle 

mikrometre mertebesinde kontrollü tabaka üretimi gerektiren uygulamalarda, geleneksel 

kalıplama ve presleme yöntemleri istenen hassasiyet ve esnekliği her zaman 

sağlayamamaktadır.  

Bu gereksinim doğrultusunda geliştirilen şerit döküm (tape casting) yöntemi, düşük 

maliyetli, yüksek kontrol kabiliyetine sahip ve çok yönlü bir ince film üretim tekniği olarak öne 

çıkmaktadır. Şerit döküm yönteminde belirli viskoziteye sahip bulamaç, hareketli bir altlık 

üzerine doctor blade yardımıyla kontrollü kalınlıkta yayılmakta ve kurutma sonrasında serbest 

duran ince tabakalar elde edilmektedir (Hotza, 1995). Yöntem; seramikler başta olmak üzere 

metal, alaşım, polimer ve kompozit esaslı sistemlerde başarıyla uygulanabilmektedir 

(Buekenhoudt, 2010). Özellikle çok katmanlı fonksiyonel yapıların üretiminde, proses 

parametrelerinin hassas kontrol edilebilmesi sayesinde katman kalınlığı, yüzey morfolojisi ve 

mikro yapısal özellikler etkin biçimde düzenlenebilmektedir (Bensebaa, 2013). 

Şerit döküm sistemleri endüstriyel ölçekte yaygın olarak kullanılmakla birlikte, araştırma 

laboratuvarlarında kullanılabilecek kompakt, düşük maliyetli ve modüler sistemlerin 

erişilebilirliği sınırlıdır. Mevcut ticari sistemlerin büyük bölümü ithal olup yüksek maliyetleri 

nedeniyle özellikle üniversite laboratuvarlarında kullanım açısından önemli bir kısıt 

oluşturmaktadır. Bunun yanında eğitim ve araştırma amaçlı kullanılabilecek, parametre 

değişimlerine hızlı yanıt verebilen, kullanıcı dostu ve taşınabilir prototip sistemlere yönelik 

ihtiyaç giderek artmaktadır. Şekil 1’de tipik bir şerit döküm ünitesinin şematik görseli 

verilmiştir. 

 
Şekil 1. Şerit döküm ünitesinin temel bileşenleri (Ivanchenko, 2021) 

Bu çalışma kapsamında, yerli imkânlarla üretilebilen, kompakt yapıda ve araştırma 

amaçlı kullanıma uygun bir şerit döküm cihazı tasarlanmış ve prototip olarak üretilmiştir. 

Geliştirilen sistemde mekanik tasarım, elektronik kontrol altyapısı ve kullanıcı etkileşimi 

bütünleşik biçimde ele alınmıştır. Sistemin hareket kontrolü adım motoru tabanlı doğrusal 

aktarma mekanizması ile sağlanmış; analog, dijital ve hibrit olmak üzere üç farklı kontrol 

mimarisi geliştirilmiştir. Cihazın hafif, taşınabilir ve düşük maliyetli olması amacıyla ahşap 

esaslı taşıyıcı elemanlar ile üç boyutlu yazıcıda üretilmiş polimer parçalar tercih edilmiştir. 
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Çalışmanın temel amacı; laboratuvar ölçeğinde ince katmanlı malzeme üretimine olanak 

sağlayan, kontrol kabiliyeti yüksek, modüler ve ekonomik bir şerit döküm platformu 

geliştirmek ve bu sistemin araştırma altyapısına kazandırılabilirliğini ortaya koymaktır. Bu 

doğrultuda cihazın tasarım süreci, mekanik ve elektronik bileşenleri, kontrol mimarisi ve 

prototip üretim aşamaları ayrıntılı olarak sunulmuştur. 

2. Malzeme ve Metot 

2.1 Tasarım Gereksinimleri 

Geliştirilen şerit döküm cihazının tasarımında laboratuvar ortamında kullanılabilecek 

kompakt, taşınabilir, düşük maliyetli ve modüler bir sistem oluşturulması temel tasarım kriteri 

olarak belirlenmiştir. Sistem tasarımında, ince katmanlı malzeme üretimi için gerekli olan 

hassas doğrusal hareket, ayarlanabilir döküm kalınlığı, kullanıcı kontrollü hız yönetimi ve 

tekrar edilebilir çalışma kabiliyeti ön planda tutulmuştur. 

Bu doğrultuda cihaz için belirlenen temel teknik gereksinimler; 0,3–1,5 cm/s aralığında 

kontrollü doğrusal hareket sağlayabilme, en az 110 mm efektif döküm mesafesi sunabilme, 

taşınabilir laboratuvar tipi kompakt geometrik yapı ve farklı kontrol senaryolarına uygun 

elektronik altyapı geliştirilmesi olarak tanımlanmıştır. Ayrıca sistemin üretim maliyetini 

azaltmak amacıyla yerli tedarik edilebilir bileşenlerin tercih edilmesi hedeflenmiştir. 

Cihazın toplam dış boyutları 450 × 400 × 208 mm olarak belirlenmiş olup, bu ölçüler 

laboratuvar masası üzerinde rahat kullanım ve kolay taşınabilirlik sağlayacak şekilde optimize 

edilmiştir. Gövde tasarımında hafiflik ve yeterli rijitlik birlikte değerlendirilmiştir. 

2.2 Mekanik Tasarım 

 Cihazın mekanik tasarımı üç boyutlu katı modelleme yöntemi kullanılarak SolidWorks 

ortamında gerçekleştirilmiştir. Tasarım sürecinde tüm bileşenler ayrı ayrı modellenmiş, 

ardından montaj ortamında birleştirilerek sistemin genel geometrisi oluşturulmuştur. 

Ana taşıyıcı gövde elemanlarında akçaağaç esaslı ahşap malzeme ve kontrplak tercih 

edilmiştir. Bu seçimde düşük maliyet, işlenebilirlik, hafiflik ve yeterli mekanik dayanım 

kriterleri etkili olmuştur. Karmaşık geometrili bağlantı ve tutucu elemanlar ise üç boyutlu yazıcı 

ile PLA filament kullanılarak üretilmiştir. Şeffaf üst yüzey için pleksi/cam malzeme 

kullanılarak döküm sürecinin gözlemlenebilmesi sağlanmıştır. 

Doğrusal hareket sistemi, 100 mm stroklu bilyalı vida esaslı lineer aktüatör modülü 

üzerine inşa edilmiştir. Hareket tahriki NEMA 17 KS42STH40-1204A adım motoru ile 

sağlanmıştır. Motorun 1,8° adım açısına sahip olması, yüksek çözünürlüklü konum kontrolüne 

olanak tanımaktadır. Motor hareketi, lineer aktüatör üzerinden tabla sistemine iletilerek 

kontrollü doğrusal ilerleme sağlanmaktadır. 

Döküm kalınlığının hassas şekilde ayarlanabilmesi amacıyla doctor blade 

mekanizmasında mikrometre vidalı ayar sistemi kullanılmıştır. Bu yapı sayesinde bıçak ile 

altlık yüzeyi arasındaki açıklık hassas olarak ayarlanabilmekte, böylece farklı kalınlıklarda 

homojen film üretimine olanak sağlanmaktadır. Mikrometrik ayar mekanizması, özellikle ince 

film üretiminde proses tekrarlanabilirliğinin sağlanması açısından kritik öneme sahiptir. 

Sistem titreşim kaynaklı düzensizlikleri minimize etmek amacıyla titreşim sönümleyici 

kauçuk ayaklar ile desteklenmiştir. Bu sayede çalışma sırasında oluşabilecek mekanik 

salınımların döküm kalitesi üzerindeki olumsuz etkilerinin azaltılması hedeflenmiştir. 

Sisteme entegre edilen sıvı enjeksiyon besleme mekanizması sayesinde döküm sırasında 

sürekli ve kontrollü bulamaç beslemesi sağlanmıştır. Bu sayede malzeme seviyesindeki ani 

değişimler azaltılmış, film boyunca kalınlık homojenliği artırılmış ve uzun süreli döküm 

işlemlerinde kararlılık iyileştirilmiştir (Moreno, 1992). 

2.3 Elektronik Kontrol Sistemi 

Cihazın elektronik kontrol altyapısı Arduino Uno mikrodenetleyici kartı temel alınarak 

geliştirilmiştir. Motor sürme işlemleri için A4988 sürücü modülü kullanılmıştır. 

Analog Kontrol Sistemi 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

471 
 

Analog kontrol yapısında motor hızı potansiyometre aracılığıyla ayarlanmakta, hareket 

yönü ise kullanıcı butonları ile belirlenmektedir. Sistemde ayrıca limit anahtarları kullanılarak 

hareket sınırlandırması gerçekleştirilmiştir. Kullanıcı geri bildirimi için I2C haberleşmeli 16×2 

LCD ekran entegre edilmiştir (Şekil 2). Bu yapı, doğrudan fiziksel kullanıcı etkileşimi 

gerektiren laboratuvar uygulamaları için basit ve güvenilir bir kontrol çözümü sunmaktadır. 

Sistemin devre şeması Şekil 3’te verilmiştir. 

 
Şekil 2. Analog kontrol ünitesi 

 

 
Şekil 3. Buton Step Motor Kontrol Sistemi 

 

Dijital (Kablosuz) Kontrol Sistemi 
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Kablosuz kontrol yapısında HC-06 Bluetooth modülü kullanılmıştır. Sistem, Android 

tabanlı mobil uygulama üzerinden uzaktan kontrol edilebilmektedir. Bu yapı sayesinde; hız 

ayarı, yön kontrolü ve çalışma durumunun izlenmesi kablosuz olarak 

gerçekleştirilebilmektedir. Bu yaklaşım donanımsal karmaşıklığı azaltmakta ve kullanıcı 

esnekliğini artırmaktadır. Sistemin devre şeması Şekil 4’te verilmiştir. 

 

 
Şekil 4. Bluetooth (Dijital/kablosuz) kontrol sistemi 

 

HC-06 Bluetooth Modül 

Şerit döküm sisteminin kablosuz kontrol altyapısında HC-06 Bluetooth modülü ve TCM 

Bluetooth Control Android uygulaması kullanılmıştır. Geliştirilen bu yapı sayesinde sistemin 

uzaktan kontrol edilebilmesi sağlanmış ve kullanıcı etkileşimi daha esnek hale getirilmiştir. 

Bluetooth tabanlı kontrol yaklaşımı, özellikle laboratuvar ortamında fiziksel kontrol paneline 

sürekli erişim gereksinimini azaltarak kullanım kolaylığı sunmuştur. Kablosuz haberleşme 

altyapısında kullanılan HC-06 modülü, seri haberleşme (UART) protokolü üzerinden Arduino 

Uno mikrodenetleyicisi ile iletişim kurmaktadır. Modül, düşük enerji tüketimi, kolay 

entegrasyon kabiliyeti ve uygun maliyetli yapısı nedeniyle tercih edilmiştir. Bluetooth 

bağlantısı sayesinde Android işletim sistemine sahip mobil cihaz ile şerit döküm sistemi 

arasında kablosuz veri iletişimi gerçekleştirilmiştir. Sistemin kullanıcı arayüzü olarak TCM 

Bluetooth Control Android uygulaması kullanılmıştır. Bu uygulama aracılığıyla kullanıcı; 

motorun ileri–geri hareketini kontrol edebilmekte, çalışma hızını ayarlayabilmekte ve sistem 

komutlarını uzaktan iletebilmektedir. Uygulama üzerinden gönderilen komutlar HC-06 modülü 

tarafından alınarak Arduino Uno mikrodenetleyicisine aktarılmakta, ardından ilgili motor 

sürme komutları işlenmektedir. 
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Şekil 5. TCM Bluetooth kontrol Android uygulaması 

 

Hibrit Kontrol Sistemi 

Hibrit kontrol mimarisinde analog ve dijital kontrol yöntemleri bütünleşik olarak 

kullanılmıştır. Kullanıcı ister fiziksel kontrol paneli üzerinden, ister mobil uygulama 

aracılığıyla sistemi yönetebilmektedir. Bu yapı laboratuvar kullanımında farklı kullanıcı 

tercihlerine uyum sağlayan esnek bir çözüm sunmaktadır. Sistemin devre şeması Şekil 6’da 

verilmiştir. 

 
Şekil 6. Bluetooth/buton bütünleşik kontrol sistemi 
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2.4 Üretim ve Montaj Süreci 

Mekanik tasarımın tamamlanmasının ardından teknik resimler üzerinden parçaların 

üretimine geçilmiştir. Ahşap esaslı parçalar talaşlı imalat yöntemleri ile hazırlanmış, üç boyutlu 

baskı gerektiren bileşenler FDM tipi yazıcı ile PLA filament kullanılarak üretilmiştir. 

Elektronik devre bileşenlerinin montajı lehimleme yöntemi ile gerçekleştirilmiş, kontrol paneli 

üzerine tüm kullanıcı arayüz elemanları entegre edilmiştir. Ardından mekanik ve elektronik alt 

sistemler birleştirilerek prototip montaj tamamlanmıştır (Şekil 6). Montaj sonrasında Arduino 

tabanlı kontrol yazılımı yüklenmiş ve analog, dijital ile hibrit kontrol senaryoları ayrı ayrı test 

edilmiştir. Limit anahtarlarının güvenlik fonksiyonları doğrulanmış, motor hız aralığı ve yön 

kontrolünün tasarım hedeflerini karşıladığı gözlemlenmiştir. 

 

 
Şekil 6. Şerit döküm ünitesi 

 

3. Bulgular ve Tartışma 

Üretilen laboratuvar tipi şerit döküm cihazı, hedeflenen çalışma aralığında kararlı 

doğrusal hareket sağlayarak temel tasarım gereksinimlerini karşılamıştır. Gerçekleştirilen 

testlerde sistemin 0,3–1,5 cm/s hız aralığında kontrollü biçimde çalıştığı ve lineer ilerleme 

boyunca belirgin bir konum sapması göstermediği gözlemlenmiştir. 

Analog, dijital ve hibrit kontrol mimarilerinin her biri ayrı ayrı değerlendirilmiştir. 

Analog kontrol yapısında kullanıcı doğrudan fiziksel arayüz üzerinden hız ve yön kontrolü 

sağlayabilmiş, özellikle laboratuvar ortamındaki hızlı parametre değişikliklerinde etkin 

kullanım sunmuştur. Dijital kontrol sisteminde ise Bluetooth tabanlı uzaktan erişim sayesinde 

fiziksel temas gereksinimi ortadan kaldırılmış, sistem daha esnek bir kullanım kabiliyeti 

kazanmıştır. Hibrit yapı, her iki yaklaşımın avantajlarını bir araya getirerek operasyonel 

esnekliği artırmıştır. 

Limit anahtarlarının etkin biçimde çalışması, hareket sınırlarının güvenli şekilde 

belirlenmesini sağlamış ve mekanik bileşenlerin aşırı zorlanmasının önüne geçmiştir. LCD geri 

bildirim sistemi, hız ve çalışma durumu bilgilerinin kullanıcı tarafından anlık olarak 

izlenmesine olanak tanımıştır. 
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Geliştirilen sistemin uygulama kabiliyetini doğrulamak amacıyla Ti64 matrisli grafen 

takviyeli kompozit şerit üretimi gerçekleştirilmiştir. Gerçekleştirilen dökümler sonucunda; 

literatürde başarılı döküm örneklerine kıyasla bu döküm işleminde de süreklilik gösteren şerit 

oluşumu sağlanmış, yüzey bütünlüğü korunmuş ve katmanlı yapı başarıyla elde edilmiştir 

(Randall&Lewis, 2001). 

Elde edilen sonuçlar, geliştirilen sistemin yalnızca mekanik ve elektronik olarak işlevsel 

olmadığını; aynı zamanda ileri mühendislik malzemelerinin laboratuvar ölçeğinde üretiminde 

etkin biçimde kullanılabileceğini göstermiştir. 

Geliştirilen cihazın en önemli katkılarından biri, yüksek maliyetli ithal laboratuvar 

sistemlerine alternatif oluşturmasıdır. Sistem düşük maliyetli, modüler, geliştirilebilir ve 

taşınabilir yapısıyla üniversite laboratuvarlarında araştırma ve eğitim amaçlı kullanım için 

uygun bir altyapı sunmaktadır. Ayrıca açık mimarili kontrol altyapısı sayesinde farklı 

sensörlerin, otomatik besleme sistemlerinin ve kapalı çevrim kontrol algoritmalarının 

entegrasyonuna olanak tanımaktadır. 

4. Sonuçlar ve Öneriler 

Bu çalışma kapsamında, ince katmanlı malzeme üretiminde kullanılmak üzere 

laboratuvar tipi kompakt bir şerit döküm cihazı tasarlanmış ve prototip olarak üretilmiştir. 

Geliştirilen sistemde mekanik yapı, doğrusal hareket altyapısı, doctor blade mekanizması ve 

elektronik kontrol sistemi bütünleşik şekilde ele alınmış; düşük maliyetli ve modüler bir üretim 

platformu oluşturulmuştur. 

Sistemin hareket kontrolü adım motoru tabanlı doğrusal aktarma mekanizması ile 

başarıyla sağlanmış, 0,3–1,5 cm/s aralığında kararlı hareket elde edilmiştir. Analog, dijital ve 

hibrit kontrol mimarilerinin uygulanması sayesinde kullanıcıya farklı çalışma senaryolarına 

uygun esnek kullanım imkânı sunulmuştur. Bluetooth tabanlı kablosuz kontrol altyapısı ile 

sistemin uzaktan yönetilebilmesi mümkün hale getirilmiştir. 

İlk prototip uygulamalarında, döküm çamurunun sürekli beslenememesi ve doctor blade 

açıklığının yeterli hassasiyette ayarlanamaması gibi bazı sınırlılıklar belirlenmiştir. Bu 

problemlerin giderilmesi amacıyla sisteme mikrometre kontrollü yükseklik ayar mekanizması 

ve sürekli sıvı enjeksiyon ünitesi entegre edilmiştir. Gerçekleştirilen iyileştirmeler sonucunda 

döküm kalınlığı kontrolü ve film homojenliği önemli ölçüde geliştirilmiştir. 

Geliştirilen sistemin uygulama kabiliyeti, Ti64 matrisli grafen takviyeli kompozit 

şeritlerin üretimi ile doğrulanmıştır. Şerit döküm yöntemi kullanılarak mylar altlık üzerinde 

süreklilik gösteren ve katmanlı yapı sergileyen ince şerit üretimi başarıyla gerçekleştirilmiştir. 

Elde edilen sonuçlar, geliştirilen cihazın yalnızca mekanik ve elektronik açıdan işlevsel 

olmadığını, aynı zamanda ileri mühendislik malzemelerinin laboratuvar ölçeğinde üretiminde 

etkin biçimde kullanılabileceğini göstermiştir. 

Sonuç olarak geliştirilen şerit döküm sistemi; düşük maliyetli yapısı, modüler tasarımı, 

geliştirilebilir kontrol altyapısı ve araştırma amaçlı kullanım uygunluğu ile üniversite 

laboratuvarları için önemli bir alternatif üretim platformu sunmaktadır. İlerleyen çalışmalarda 

sistemin otomatik kapalı çevrim kontrol algoritmaları, hassas sensör entegrasyonları, sıcaklık 

kontrollü kurutma sistemi ve çok eksenli hareket altyapıları ile geliştirilmesi planlanmaktadır. 
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Özet 

Eklemeli imalat teknolojileri, sunduğu tasarım serbestliği ve üretim esnekliği sayesinde son 

yıllarda mühendislik uygulamalarında yaygın olarak kullanılmaktadır. Bu yöntemler arasında 

öne çıkan FDM (Eriterek Biriktirme Modellemesi) tekniği, özellikle polimer esaslı 

malzemelerin işlenmesinde geniş bir kullanım alanına sahiptir. Bu çalışmada, FDM yöntemi ile 

üretilen polilaktik asit (PLA) malzemelerde katman kalınlığının mekanik özellikler üzerindeki 

etkisi araştırılmıştır. Bu amaçla, farklı katman kalınlıklarında numuneler üretilmiş ve ASTM 

638 standardına uygun olarak çekme testleri gerçekleştirilmiştir. Elde edilen bulgular, katman 

kalınlığının çekme dayanımı ve deformasyon davranışı üzerinde belirleyici bir parametre 

olduğunu göstermektedir. Katman kalınlığındaki değişimin, katmanlar arası bağlanma kalitesi 

ve iç yapı bütünlüğü üzerinden mekanik performansı doğrudan etkilediği tespit edilmiştir. 

Ayrıca, katman kalınlığı ile dayanım ve süneklik arasında belirli bir denge ilişkisi olduğu 

görülmüştür. Yapılan çalışmada, FDM yöntemi ile üretilen PLA parçaların mekanik 

özelliklerinin optimize edilmesinde katman kalınlığının kritik bir üretim parametresi olduğu 

belirlenmiştir. Bu çalışma, uygun katman kalınlığının seçilmesinin hem yapısal bütünlük hem 

de performans açısından önemli olduğunu ortaya koymaktadır. 

Anahtar Kelimeler: PLA, FDM, Katman Kalınlığı 
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THE EFFECT OF LAYER THICKNESS VARIATION ON MECHANICAL 

PROPERTIES OF MATERIALS PRODUCED WITH 3D PRINTERS 

 

 

 

Abstract 

Additive manufacturing technologies have been widely utilized in engineering applications in 

recent years due to the design freedom and production flexibility they offer. Among these 

methods, FDM (Fused Deposition Modeling) stands out as a widely used technique, particularly 

for processing polymer-based materials. In this study, the effect of layer thickness on the 

mechanical properties of polylactic acid (PLA) materials produced by the FDM method was 

investigated. For this purpose, specimens with different layer thicknesses were manufactured, 

and tensile tests were conducted in accordance with the ASTM 638 standard. The findings 

indicate that layer thickness is a critical parameter influencing tensile strength and deformation 

behavior. It was determined that variations in layer thickness directly affect mechanical 

performance through interlayer bonding quality and internal structural integrity. In addition, a 

balance relationship between strength and ductility was observed with respect to layer 

thickness. As a result, it was concluded that layer thickness is a key production parameter in 

optimizing the mechanical properties of PLA parts produced by the FDM method. This study 

highlights the importance of selecting an appropriate layer thickness in terms of both structural 

integrity and overall performance. 

Keywords: PLA, FDM, Layer Thickness 
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1. Giriş 

Mühendislik uygulamaları incelendiğinde imalat yöntemleri üretilecek geometrinin 

özelliklerine göre değişiklik göstermektedir. Geleneksel uygulamalarda talaşlı üretim, döküm 

yöntemleri, haddeleme gibi yöntemler kullanılırken günümüzde katmanlı biriktirme esasına 

dayanan eklemeli imalat yöntemleri kullanılmaktadır [1]. Üretimde farklılaşan eklemeli imalat 

yöntemleri üç boyutlu sayısal model verilerini temel alarak malzemelerin katmanlar halinde 

kontrollü bir şekilde birleştirilmesini sağlamaktadır. Bu üretim metodu üretimi zor olan 

geometrilerin üretimine imkan tanımaktadır [2]. 

Eklemeli imalat yöntemleri tasarım serbestliği ve kalıp ihtiyacının ortadan kalkması gibi 

yapısal avantajları içerir. Bu sayede karmaşık geometrilerin kısa sürede üretilebilmesine olanak 

sağlar. Ayrıca süreç/maliyet azaltımı ile birlikte atık malzeme miktarı da azalır [3], [4], [5]. 

Tüm bu avantajlarına rağmen eklemeli imalat teknolojileri boyutsal sınırlamalar, yeterli 

mekanik özelliklerin elde edilememesi gibi kısıtlar taşımaktadır. İlave olarak polimer tabanlı 

eklemeli imalat üretimlerinde doluluk oranı, üretim hızı, katman kalınlığı gibi parametrelerin 

değişimleri çekme dayanımı, sertlik gibi bulgular üzerinde değişikliklere sebep olur [6].  

Eklemeli imalat yöntemleri arasında yaygın olarak kullanılan FDM (Eriterek Biriktirme 

Modellemesi) yöntemi, özellikle polimer esaslı üretimlerde geniş bir uygulama alanına sahiptir 

[7]. Üç boyutlu yazıcılarda üretim malzemesi olarak tercih edilen polilaktik asit (PLA), 

yenilenebilir kaynaklardan elde edilen biyobozunur bir termoplastik polimerdir. Çevre dostu 

yapısı ve yeterli mekanik özellikleri sayesinde PLA, son yıllarda birçok mühendislik 

uygulamasında yaygın olarak kullanılmaktadır [8]. Genellikle mısır nişastası ve benzeri 

biyokütle kaynaklarından üretilen PLA, düşük erime sıcaklığı ve yüksek işlenebilirliği 

nedeniyle öne çıkan bir malzemedir [9]. PLA malzemesi, teknolojide gelişmeler ile hızlı 

prototipleme gibi birçok alanda kullanılmaya başlanmıştır [10]. PLA’nın geri dönüştürülebilir 

olması ve sürdürülebilir üretim süreçlerine katkı sağlaması da bu malzemenin önemini 

artırmakta ve özellikle eklemeli imalat teknolojileri ile çevresel etkilerin azaltılmasına yönelik 

çalışmalarda önemli bir alternatif olarak değerlendirilmektedir [11]. Bu özellikleri sayesinde 

PLA hem sürdürülebilir üretim hem de ileri üretim teknolojilerinde yaygın olarak kullanılan 

temel biyopolimerlerden biri haline gelmiştir [12]. 

Bu çalışmada 3 boyutlu yazıcı PLA malzeme kullanılarak farklı katman kalınlığına sahip 

numuneler üretilmiştir. Üretilen malzemelere çekme testi uygulanarak dayanım ve uzamada 

ortaya çıkan değişimler karşılaştırılmıştır.  

2. Materyal Metot 

Yapılan çalışmada Porima marka PLA filament (Naturel, 1.75 mm) kullanılmıştır. Üretim 

Bambu Lab X1-Carbon FDM yazıcısı kullanılarak gerçekleştirilmiştir. Yazıcı, 0.4 mm çaplı 

sertleştirilmiş çelik nozula, tek filament beslemeli yapıya ve 256×256×256 mm³ baskı hacmine 

sahiptir. Ayrıca yazıcı, kapalı hazneli bir yapıya ve manyetik PEI kaplamalı tabla yüzeyine 

sahiptir. Üretim sürecinde Bambu Lab Studio yazılımı kullanılmıştır. Numuneler ASTM 638 

standardında belirtilen çekme numunesi boyutlarında tasarlanmıştır. 

Numuneler, katman kalınlığı değiştirilerek, doluluk oranı ve benzeri parametreler sabit 

olacak şekilde üretilmiştir. Katman kalınlığı değerleri olarak 0.10 mm, 0.17 mm ve 0.28 mm 

üç seçenek kullanılmıştır. Baskı hızı çalışma boyunca sabit 60 mm/s, doluluk oranı %100 (tam 

dolu) ve dolgu deseni doğrusal olarak ayarlanmıştır. Nozul sıcaklığı PLA için tipik 205 °C, 

baskı tablası 60 °C olarak ayarlanmış. Soğutma fanı %100 çalışma ile etkin olarak 

kullanılmıştır. Şekil 3’te üretim sürecindeki görüntü paylaşılmıştır. 
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Şekil 3. Üretim görüntüsü 

Numuneler üretildikten sonra tabla üzerinden dikkatlice sökülmüş ve mekanik test 

öncesi herhangi bir ek işleve (zımpara veya kimyasal kaplama) tabi tutulmamıştır. Her baskı 

ayarı için 5 adet numune üretilip ölçülmüştür. Üretilen numunelerin genel görünümü Şekil 4’te 

göstermektedir. 

 
Şekil 4. 0.10, 0.17 ve 0.28 mm Katman Kalınlığına Sahip Numune Resimleri. 

Çekme testi SHIMADZU çekme test cihazında (Shimadzu, Tokyo, Japonya / 50 kN 

kapasiteli) kullanılarak 2 mm/dak çekme hızında çekme testleri uygulanmıştır. Her numune için 

5 test yapılmış, testlerin ortalamaları alınarak testlerden sonra gerilim-gerinim diyagramları 

elde edilmiştir. Denklem 1 ve 2’de çekme testi için mühendislik gerilme gerinim değerleri 

hesaplanmıştır [13]. Şekil 5’te çekme cihazının görüntüsü paylaşılmıştır. 

𝜎𝑚üℎ =
𝑃

𝐴0

𝑙

𝑙0
 

(1) 

𝜀𝑚üℎ =
𝑑𝑙

𝑙
 

(2) 
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Şekil 5. Çekme Cihazı. 

Çekme testi uygulama yapısı şekil 7’de paylaşılmıştır.  

 
Şekil 7. Çekme Testi Uygulama Yapısı. 

 

3. Bulgular 

Yapılan çalışmadaki numunelere çekme testi uygulanarak mekanik özellikler 

karşılaştırılmıştır. 0.17 mm katman kalınlığına sahip numuneler diğer numunelere göre çok 

daha iyi dayanım göstermiştir.  0.10 mm katman kalınlığına sahip numune 30.1 MPa akma ve 

52.8 MPa çekme dayanımı ve %4.21 uzama değerine sahip olduğu ölçülmüştür. 0.17 mm 

katman kalınlığına sahip numune 33.2 MPa akma ve 55.7 MPa çekme dayanımı ve %5.26 

uzama değerine sahip olduğu ölçülmüştür. Son olarak 0.28 mm katman kalınlığına sahip 

numune 29.7 MPa akma ve 49.4 MPa çekme dayanımı ve %5.67 uzama değerine sahip olduğu 

ölçülmüştür. Bu durum belirli miktar katman kalınlığındaki artışın dayanım özelliklerini 

iyileştirdiğini ancak belirli bir artıştan sonra olumsuz sonuçlar oluşturduğunu ortaya 

koymaktadır.  
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Tablo 1. Çekme Testi Sonuçları. 

PLA 

Katman Kalınlığı 

Akma Dayanımı, 

(MPa) 

Çekme Dayanımı, 

(MPa) 

Uzama (%) 

0.10 30.1 52.8 4.21 

0.17 33.2 55.7 5.26 

0.28 29.7 49.4 5.67 

 

Şekil 6’da farklı katman kalınlığında üretilmiş numunelerin mühendislik gerilim, 

gerinim diyagramı paylaşılmıştır. 

 
Şekil 6. Farklı katman kalınlıkları mühendislik gerilim, gerinim diyagramı. 

 

 

4. Sonuç 

3 boyutlu üretim teknolojileri, sunduğu tasarım esnekliği ve üretim avantajları nedeniyle 

birçok sektörde yaygın olarak kullanılmaktadır. Bu yöntemler sayesinde istenilen mekanik 

özelliklere sahip numuneler üretilebilmektedir. Bu çalışmada, farklı katman kalınlıklarında 

üretilen PLA malzemenin mekanik davranışı incelenmiştir. Elde edilen sonuçlar, FDM 

yöntemiyle üretilen numunelerde katman kalınlığının mekanik özellikler üzerinde belirleyici 

bir parametre olduğunu göstermektedir. 

Çekme testleri sonucunda, 0.17 mm katman kalınlığına sahip numunelerin 33.2 MPa akma 

dayanımı ve 55.7 MPa çekme dayanımı ile en yüksek mekanik performansı sergilediği 

belirlenmiştir. Buna karşılık, 0.10 mm katman kalınlığına sahip numunelerde akma ve çekme 

dayanımları sırasıyla 30.1 MPa ve 52.8 MPa olarak ölçülmüştür. En düşük dayanım değerleri 

ise 0.28 mm katman kalınlığında elde edilmiş olup, bu numunelerde akma dayanımı 29.7 MPa 

ve çekme dayanımı 49.4 MPa olarak belirlenmiştir. Uzama değerleri incelendiğinde, katman 

kalınlığındaki artışla birlikte süneklikte artış eğilimi gözlemlenmiştir. Uzama değerleri sırasıyla 

0.10 mm için %4.21, 0.17 mm için %5.26 ve 0.28 mm için %5.67 olarak ölçülmüştür. 

Katman kalınlığı 0.10 mm’den 0.17 mm’ye artırıldığında mekanik özelliklerde iyileşme 

gözlenirken, 0.17 mm’den 0.28 mm’ye geçildiğinde dayanım değerlerinde düşüş meydana 
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gelmiştir. Bu durum, katman kalınlığının belirli bir aralığa kadar olumlu, ancak bu aralığın 

ötesinde olumsuz etkiler oluşturduğunu göstermektedir. Buna karşın, katman kalınlığındaki 

artışın süneklik üzerinde olumlu etkiler sağladığı görülmüştür. 

Testlerde diğer baskı parametrelerinin sabit tutulması, katman kalınlığının etkisinin daha 

net değerlendirilmesine olanak sağlamıştır. Bu kapsamda 0.17 mm katman kalınlığı, dayanım 

ve süneklik açısından optimum değer olarak öne çıkmaktadır. %100 doluluk oranı ve doğrusal 

dolgu desenine rağmen katman kalınlığı, mekanik davranışı belirleyen başlıca parametrelerden 

biri olmuştur. 

Sonuçlar, katmanlar arası bağlanmanın FDM ile üretilen parçaların mekanik 

performansında kritik bir rol oynadığını göstermektedir. İnce katmanlarda (0.10 mm) hızlı 

soğuma ve yetersiz bağlanma, dayanımın sınırlanmasına neden olmuş olabilir. Öte yandan, 

daha kalın katmanlarda (0.28 mm) iç yapı süreksizlikleri ve bağlanma zayıflıkları dayanım 

kaybına yol açmıştır. Bu çalışma, FDM yöntemiyle üretilen PLA parçaların tasarım sürecinde 

katman kalınlığının yalnızca yüzey kalitesi açısından değil, aynı zamanda yapısal bütünlük 

açısından da kritik bir parametre olarak değerlendirilmesi gerektiğini ortaya koymaktadır. 

Finansman 

Bu çalışma, TÜBİTAK 2209 Projesi kapsamında desteklenmiştir. 
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Özet 

Moleküler dinamik analiz, malzemelerin atomik ölçekteki mekanik davranışlarının 

incelenmesinde yaygın olarak kullanılan hesaplamalı bir simülasyon yöntemidir. Özellikle 

çekme testleri kapsamında, malzemelerin gerilme–şekil değiştirme davranışlarının elde 

edilmesi, deformasyon mekanizmalarının belirlenmesi ve atomik düzeyde gerçekleşen yapısal 

değişimlerin femtosaniye hassasiyetinde incelenmesi açısından önemli avantajlar sunmaktadır. 

Bu çalışmada, moleküler dinamik analiz ile çekme verilerinin elde edilmesine yönelik 

literatürün bibliyometrik analiz ile incelenmesi amaçlanmıştır. Bu kapsamda Web of Science 

Core Collection veri tabanında moleküler dinamik analiz ve çekme dayanımı ile ilişkili anahtar 

kelimeler kullanılarak tarama yapılmış, elde edilen veriler Vos Viewer programı aracılığıyla 

analiz edilmiştir. Yapılan inceleme sonucunda konu ile ilişkili toplam 3339 çalışmaya 

bulunduğu, ilk çalışmanın 1991 yılında yayımlandığı, özellikle 2014 yılından itibaren yayın 

sayısında belirgin bir artış meydana geldiği ve en yüksek yayın sayısına 2025 yılında ulaşıldığı 

belirlenmiştir. Ülke bazlı dağılımda Çin, Amerika Birleşik Devletleri ve Hindistan’ın öne 

çıktığı, anahtar kelime yoğunluk analizinde ise mekanik özellikler, moleküler dinamik 

simülasyon, mikro yapı, dayanım, tokluk ve nano kompozit kavramlarının literatürde yoğun 

biçimde kullanıldığı tespit edilmiştir. Sonuçlar, moleküler dinamik analize dayalı çekme 

testinin malzeme bilimi, polimerler, kimya, fizik ve mühendislik alanlarında giderek daha 

önemli bir çalışma alanı haline geldiğini göstermektedir. 

Anahtar Kelimeler: Moleküler Dinamik Analiz, Çekme Testi, Bibliyometrik Analiz, Vos 

Viewer, Web of Science 
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OBTAINING STRETCH DATA USING MOLECULAR DYNAMICS ANALYSIS 

APPLICATIONS, LITERATURE OVERVIEW 

 

 

 

 

Abstract 

Molecular dynamics analysis is a widely used computational simulation method for 

investigating the mechanical behaviour of materials at the atomic scale. It offers significant 

advantages, particularly in tensile testing, for obtaining the stress-strain behaviour of materials, 

determining deformation mechanisms, and examining structural changes occurring at the 

atomic level with femtosecond precision. This study aims to examine the literature on obtaining 

tensile data using molecular dynamics analysis through bibliometric analysis. In this context, a 

search was conducted in the Web of Science Core Collection database using keywords related 

to molecular dynamics analysis and tensile strength, and the obtained data were analysed using 

the VOSviewer program. The analysis revealed a total of 3339 studies related to the subject, 

with the first study published in 1991. A significant increase in the number of publications has 

been observed since 2014, with the highest number of publications expected to be reached in 

2025. In terms of country-based distribution, China, the United States, and India stand out. 

Keyword density analysis reveals that mechanical properties, molecular dynamics simulation, 

microstructure, strength, toughness, and nanocomposites are frequently used concepts in the 

literature. The results demonstrate that tensile testing based on molecular dynamics analysis is 

becoming an increasingly important area of study in materials science, polymers, chemistry, 

physics, and engineering. 

Keywords: Molecular dynamics analysis, Tensile testing, Bibliometric analysis, Vosviewer, 

Web of Science  
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1. Giriş 

Moleküler dinamik (MD) analiz, klasik mekanik kavramlarını kullanarak zamana bağlı 

atomik hareketliliği hesaplayan bir modelleme yöntemidir. MD'de, atomlar arası kuvvetler 

belirli potansiyel fonksiyonlardan elde edilir ve atom konumları, Newton'un hareket 

denklemleri çözülerek zaman adımları boyunca güncellenir. Böylece, doğrudan deneysel olarak 

görülmesi zor olan atom ölçekli deformasyon, difüzyon, faz geçişi, dislokasyon oluşumu, tane 

sınırı hareketi ve arayüz davranışlarını incelenebilmektedir [1]. Bu sebeple Moleküler dinamik 

(MD) simülasyonları, nano ölçekte yapı-özellik bağlantılarını anlamamıza yardımcı oldukları 

için malzeme biliminde önemli bir çözüm yöntemi olarak görülmektedir [2].  

Özellikle çekme analizlerinde MD yöntemi, deneysel çekme testlerine benzer şekilde 

numunenin belirli bir eksende uzatılması ve bu süreçte oluşan gerilme–şekil değiştirme(strain-

stress) verilerinin elde edilmesi için kullanılabilmektedir. Literatürde MD analiz yöntemi ile 

yapılan çekme testleri; metal, grafen, karbon nanotüp, seramik, kompozit ve çok katmanlı nano 

yapılar gibi birçok farklı malzeme sistemi için uygulanmıştır [3], [4], [5]. Bu çalışmalar, çekme 

sırasında oluşan dislokasyon hareketi, atomik yer değiştirme, boşluk oluşumu, çatlak ilerlemesi, 

kafes bozulması ve kopma davranışının atomik ölçekte gözlemlenmesi gibi analizlere imkân 

sağlamaktadır [6].  

Bu kapsamda literatürde MD yöntemiyle yapılan birçok çekme testi bulunmaktadır. Bir 

çalışmada grafen levhaların çekme davranışı üzerine yapılan çalışmada, grafen yapılar için alan 

boyutu, kafes yönelimi ve çatlak uzunluğunun mekanik özellikler üzerindeki etkisi MD tabanlı 

tek eksenli çekme simülasyonlarıyla incelenmiştir. Grafen levhalarda alan boyutu, kafes 

yönelimi ve çatlak uzunluğunun akma dayanımı ve kopma şekil değiştirmesi üzerinde belirgin 

etkisi olduğu gösterilmiştir. Çatlak uzunluğu arttıkça mekanik dayanımın düştüğü ve yönelime 

bağlı olarak çekme davranışının değiştiği belirtilmiştir [7]. Al-Zn-Mg alaşımı üzerine yapılan 

bir çalışmada, farklı sıcaklık ve şekil değiştirme hızlarının çekme davranışı üzerindeki etkisi 

MD analiz yöntemiyle incelenmiş ve gerilme–şekil değiştirme eğrileri üzerinden alaşımın 

deformasyon mekanizması değerlendirilmiştir. Çalışma sonucunda, sıcaklık artışının alaşımın 

çekme dayanımını düşürdüğü, buna karşılık şekil değiştirme hızındaki artışın gerilme 

değerlerini yükseltebildiği belirlenmiştir [8]. 

Karbon nanotüplerin çekme özellikleri üzerine yapılan baka bir çalışmada, boşluk 

kusurlarının tek ve çok duvarlı karbon nanotüplerin çekme dayanımı üzerindeki etkisi MD 

simülasyonla araştırılmıştır. Çalışma sonucu boşluk kusurlarının karbon nanotüplerin eksenel 

mekanik özelliklerini zayıflattığı; özellikle kusur yoğunluğu arttıkça efektif dayanımın azaldığı 

sonucuna ulaşılmıştır [9]. Grafen/alüminyum kompozitlerin mekanik davranışı üzerine yapılan 

çalışmada, grafen takviyeli Al kompozitlerin tek eksenli çekme ve basma altındaki mekanik 

özellikleri MD yöntemiyle araştırılmıştır. Grafen takviyesinin Al matrisli kompozitlerde rijitlik 

ve dayanımı artırabildiği tespit edilmiştir [10]. 

Yayınlanmış çalışmalarda çeşitli malzeme sistemlerinin, potansiyel modellerin, 

simülasyon ayarlarının ve analitik parametrelerin kullanılması, bu konudaki araştırma 

eğilimlerinin kapsamlı olarak değerlendirmesini gerektirmektedir. Bireysel çalışmalar belirli 

bir malzeme veya mekanik davranış hakkında ayrıntılı bilgi sağlar; ancak, alanın genel gelişim 

yönünü, en çok incelenen malzeme gruplarını, sık kullanılan anahtar kelimeleri, önde gelen 

araştırmacıları, ülkeleri, dergileri ve atıf ağlarını ortaya çıkarmak için bibliyometrik analiz 

yöntemlerine ihtiyaç duyulmaktadır. 

Bibliyometrik analiz, literatürde sunulan veriler arasındaki bağlantıları etkili bir şekilde 

inceleyen bir değerlendirme yöntemidir. Bu analitik teknik, özellikle dergilerin yayın tarihi, 

yazarların veya bağlı kuruluşların faaliyetleri ve çevresel değişiklikler gibi unsurları dikkate 

alarak, çeşitli zaman dilimlerine dayalı araştırmalardaki ilgili verilerin gelişimine bakılmasını 

sağlamaktadır. Bu yaklaşım birçok araştırmada kullanılmıştır. Bir araştırmada, 2013 ile 2022 

yılları arasında yayınlanan yayınların Vos Viewer programı kullanılarak bibliyometrik 
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incelemesiyle tıp eğitiminde yapay zekâ teknolojisinin kullanımı araştırılmıştır. [11]. Bir diğer 

çalışmada ise kamu binalarındaki enerji yönetimi durumunun değerlendirilmesi ve daha fazla 

araştırma gerektiren alanların önerilmesi amaçlamıştır. [12]. 

Bu çalışmada moleküler dinamik analiz araştırmalarına ilişkin bibliyometrik bir analiz 

sunulmuştur. Web of Science Core Collection veritabanı incelenerek alanda en sık kullanılan 

anahtar kelimeler, literatürdeki eğilimler ve bunların etkileşimleri değerlendirilmiştir. 

2. Yöntem 

Yapılan çalışmada öncelikle bibliyometrik inceleme için moleküler dinamik analiz ve 

çekme dayanımı anahtar kelimeleri belirlenmiştir. Veri tabanında “Moleküler Dinamik Analiz” 

ve “Çekme Dayanımı” anahtar kelimeleri aratılmış ve sonuçlar kaydedilmiştir. Analiz 

sonucunda alanda yapılmış araştırmalar, toplam yayın sayıları ve araştırma alanları tespit 

edilmiştir. Böylece moleküler dinamik analiz ile ilgili çalışmalar incelenerek alanın yönelimi 

belirlenmiştir [13]. Vos Viewer programı verilerin analiz edilmesi, haritalama ve iş birliği 

ağlarının görselleştirilmesi amacıyla kullanılmıştır [14]. Bu çalışmada da elde edilen veriler 

Vos Viewer uygulamasında analiz edilerek haritalandırma yapılmıştır. Literatürden veri 

toplanırken Google Scholar ve Web of Science Core Collection gibi kaynaklar güvenilir ve 

güncel literatür veri tabanları olarak kullanılmaktadır. [15]. 

3. Bulgular 

Yapılan inceleme sonucunda Web of Science Core Collection’da toplam 3339 yayın 

tespit edilmiştir. 1991 yılında ilk çalışma yayınlanmıştır. Çalışmalar 2014 yılından sonra artış 

göstermiş ve en yüksek çalışma sayısı 2025 yılında 460 olmuştur. Çin, Amerika Birleşik 

Devletleri ve Hindistan’ın sırasıyla en çok çalışma yapılan üç ülke olduğu belirlenmiştir. Şekil 

1’de verilen grafikle yıllara göre yapılan çalışmaların sayısını içeren paylaşılmıştır.  

 
Şekil 1. Yıllara göre yapılan çalışmaların sayısı 

Şekil 2’de literatürde kullanılan anahtar kelimelerin yoğunluk haritası verilmiştir. 

Özellikle mekanik özellikler, moleküler dinamik simülasyon, mikro yapı, dayanım, tokluk, 

nano kompozit anahtar kelimelerinin yoğunluk oluşturduğu görülmektedir. 
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Şekil 2. Yapılan çalışmaların anahtar kelime bazlı yoğunluk haritası 

Şekil 3’te araştırma alanlarına göre yapılan çalışmaların sayıları paylaşılmıştır. 

Özellikle malzeme bilimi, polimer, kimya, fizik ve mühendislik alanlarında çalışmaların 

yoğunlaştığı görülmektedir.  

5  

Şekil 3. Araştırma alanlarına göre yapılan çalışmaların sayıları 

 

4. Sonuç 

Bu çalışmada, moleküler dinamik analiz yöntemiyle çekme verilerinin elde edilmesine 

yönelik literatür bibliyometrik açıdan değerlendirilmiştir. Web of Science Core Collection veri 

tabanı ile elde edilen bulgulara göre, konu ile ilişkili toplam 3339 çalışmanın bulunduğu 

belirlenmiştir. İlk yayının 1991 yılında yapılmış olması, moleküler dinamik temelli çekme ve 

mekanik davranış çalışmalarının uzun bir geçmişe sahip olduğunu göstermektedir. Bununla 

birlikte yayın sayılarının özellikle 2014 yılından itibaren belirgin biçimde artması, bu alana 

yönelik akademik ilginin son yıllarda hızla arttığını ortaya koymaktadır. En yüksek yayın 
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sayısına ise 2025 yılında 460 çalışma ile ulaşılması, moleküler dinamik analiz ve çekme 

davranışı konularının güncelliğini koruduğunu ve araştırmacılar tarafından yoğun biçimde 

çalışıldığını göstermektedir. 

Ülke bazlı değerlendirmede Çin, Amerika Birleşik Devletleri ve Hindistan’ın en fazla 

çalışma üreten ülkeler arasında yer aldığı görülmüştür. Bu durum, söz konusu ülkelerin 

malzeme bilimi, nanoteknoloji, hesaplamalı modelleme ve mühendislik alanlarında güçlü 

araştırma altyapısına sahip olmalarıyla ilişkilendirilebilir. Ayrıca bu ülkelerde yürütülen 

çalışmaların sayıca fazla olması, moleküler dinamik analiz yönteminin yalnızca teorik bir 

yaklaşım olarak değil, gelişmiş malzeme tasarımı ve performans değerlendirmesi açısından da 

stratejik bir araştırma alanı olarak değerlendirildiğini göstermektedir. 

Anahtar kelime yoğunluk haritasında “mekanik özellikler”, “moleküler dinamik 

simülasyon”, “mikro yapı”, “dayanım”, “tokluk” ve “nano kompozit” kavramlarının öne çıktığı 

belirlenmiştir. Bu bulgu, MD tabanlı çekme analizlerinin yalnızca çekme dayanımı değerlerinin 

elde edilmesiyle sınırlı olmadığını; aynı zamanda malzemenin mikro yapısı, deformasyon 

davranışı, kırılma mekanizması ve kompozit yapıların mekanik performansı ile yakından ilişkili 

olduğunu ortaya koymaktadır. Araştırma alanlarına göre yapılan değerlendirmede ise 

çalışmaların özellikle malzeme bilimi, polimer, kimya, fizik ve mühendislik alanlarında 

yoğunlaştığı görülmüştür. Bu sonuç, moleküler dinamik analiz yönteminin disiplinler arası bir 

araştırma aracı olduğunu göstermektedir. 

Sonuç olarak, moleküler dinamik analiz uygulamaları ile çekme verilerinin elde 

edilmesi, malzemelerin atomik ölçekteki mekanik davranışlarının anlaşılması açısından önemli 

ve giderek gelişen bir araştırma alanıdır. Bibliyometrik analiz sonuçları, bu alandaki 

çalışmaların yıllar içinde artış gösterdiğini, belirli ülkeler ve araştırma alanlarında 

yoğunlaştığını ve özellikle mekanik özellikler, mikro yapı ve nano kompozit kavramları 

etrafında şekillendiğini ortaya koymuştur. Bu çalışma, MD tabanlı çekme analizleriyle ilgili 

literatürün genel eğilimini ortaya koyarak gelecekte yapılacak araştırmalar için yol gösterici 

nitelik taşımaktadır. Gelecek çalışmalarda farklı veri tabanlarının karşılaştırmalı olarak 

kullanılması, atıf ağlarının daha ayrıntılı incelenmesi ve belirli malzeme gruplarına yönelik alt 

bibliyometrik analizlerin yapılması, alanın gelişim yönünün daha kapsamlı biçimde 

değerlendirilmesine katkı sağlayacaktır. 
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Abstract 

Nanomaterials exhibit superior advantages over bulk materials in terms of optical, electrical, 

magnetic, mechanical and thermal properties, owing to their high surface-to-volume ratio and 

quantum effects. In this context, magnetite phase iron oxide (Fe3O4) nanoparticles with sizes 

below 25 nm exhibit superparamagnetic behaviour, which is critical for technological 

applications. These nanoparticles have an inverse spinel structure with a Fe²⁺/Fe³⁺ ratio of 1:2 

and are typically synthesised using two different salts containing Fe²⁺ and Fe³⁺ ions via co-

precipitation or similar methods. However, to address issues such as surface oxidation and 

agglomeration, the surfaces of these nanoparticles must be functionalised. This study presents 

a novel approach for the synthesis of nano-Fe₃O₄ (magnetite) with a PEG-400 functionalised 

surface, overcoming these challenges. A single-step hydrothermal approach was used to carry 

out the synthesis process, which took 16 hours. Instead of the conventional double salt 

approach, anhydrous FeCl₃ salt which only Fe³⁺ contains ions was used as the precursor 

compound. The ethylene glycol compound is significant in this method because it acts as both 

a coating agent and a reducing agent. This makes it important in the controlled synthesis of 

nanoparticles. The structural, morphological and magnetic properties of the synthesised 

nanoparticles were investigated using a range of analytical techniques, including SEM, XRD, 
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FTIR, XPS and VSM. XRD data confirmed the crystalline phase to be pure magnetite. XPS 

C1s, O1s and Fe2p analyses yielded the expected Fe2+/Fe3+ ratio, confirming the targeted 

stoichiometric ratio. The superparamagnetic nature of the nanoparticles was indicated by the 

observation of coercivity (Hc) and permanent magnetisation (Mr) values close to zero at room 

temperature in magnetic measurements (VSM). Furthermore, the agreement of the 

experimental data with Langevin fitting equations and high-field saturation magnetisation 

approaches has theoretically confirmed the observed superparamagnetic behaviour. This study 

simplifies complex synthesis procedures and provides a sustainable roadmap for producing 

stable, high-magnetic-sensitivity functional nanoparticles. 

Keywords: Nano-material synthesis, hydrothermal method, magnetite, superparamagnetism 
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1. Introduction  

 

Magnetite (Fe3O4) nanoparticles are highly attractive due to their unique properties, 

including superparamagnetic characteristics and biocompatibility, making them suitable for 

diverse applications in biomedicine, electronics, and environmental science. Their specific 

magnetic properties are related to size, shape, and internal structure. The controlling of these 

morphological properties during synthesis is crucial for tailoring the nanoparticles for specific 

applications.  

The classical methods generally use two different Fe+2 and Fe+3 salt for synthesizing 

magnetite iron oxide nanoparticles (Bonyasi et al., 2017; Karami et al., 2024; Rajput et al., 

2016; Yao et al., 2012), and show superparamagnetic property when the particle size is less 

than 25 nm (Eivari, 2023; Pucci et al., 2022). Coprecipitation (Anbarasu et al., 2015), polyol 

(Oh et al., 2020), sol-gel (Hu et al., 2019) and thermal decomposition (Patsula et al., 2016) 

methods are widely used synthesizing methods of iron oxide nanoparticles. Moreover, 

hydrothermal synthesis of magnetite nanoparticles offers precise control over the crystallite size 

and morphology by systematically adjusting thermodynamics and kinetics (Ni et al., 2010; 

Thanh et al., 2014; Torres-Gómez et al., 2019). For tuning the crystallite size, the balance 

between the nucleation rate and the subsequent growth rate should be provided. The process of 

crystallisation is significantly impacted by several factors, including the reaction temperature, 

the precursor concentration, the pH of the solution (Furcas et al., 2024), and the duration of the 

reaction. 

Iron oxides are typically found in various forms, including magnetite (Fe₃O₄), hematite 

(α-Fe₂O₃), maghemite (γ-Fe₂O₃), and wüstite (FeO). However, moisture adsorbed on the 

magnetite nanoparticle surface accelerates the oxidation of Fe+2 ions into Fe+3 which transforms 

the magnetite phase into maghemite. To overcome this oxidation process, coating with ethylene 

glycol compounds is highly effective method and polyol process (Hachani et al., 2016; 

Storozhuk et al., 2021) can provide high-quality and oxidation-resistant nanoparticles.  

In our study, one salt hydrothermal synthesis of magnetite nanoparticles was performed 

at 180°C for 16 hours. PEG-400 was used as a solvent, reducing agent and capping agent.  The 

magnetite phase of nanoparticles was confirmed by XRD and XPS results. Their 

superparamagnetic-like nature was verified by the successful fitting of experimental M-H 

curves with Langevin functions and low Mr/Ms value.  

 

2. Materials and Methods 

 

One-salt synthesis of PEG-400 coated magnetite iron oxide nanoparticles were performed 

by using hydrothermal method. The TEKKIM Group of Companies in Türkiye supplied 

anhydrous iron (III) chloride (FeCl3, exceptionally pure), urea, and PEG-400. All the acquired 

compounds were utilized straight for research without being purified because of their 

exceptional purity. Due to the one-salt approximation, Fe+3 salt was reduced by polyol method 

using PEG 400 as described in detail in our previous study (Aylikci et al., 2026). Ethylene 

glycol compounds are widely used as solvents, surfactants, reducing agents and capping agents. 

In this study PEG-400 was used as capping and reducing agent. After the reduction process was 

completed 50 ml of PEG-400+Fe+2 (yellow colour) was added to 20 ml of urea added MEG 

solution. The final solution was magnetically stirred supplying homogeneity and then pour into 

hydrothermal reactor, and then nano Fe₃O₄ was synthesised in a muffle furnace at 180 °C for 

16 hours. After the reaction was completed, the nanoparticles were washed with deionized 

water and ethanol following the drying process in the vacuum oven at 65°C for 24 hours.  
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The morphological analysis of magnetite iron oxide nanoparticles was examined using 

scanning electron microscope (SEM, Thermo Fisher Scientific / Apreo S) enabling the imaging 

of a sample’s surface at high magnification and resolution and analysing its chemical 

composition. Iron oxide nanoparticles have a variety of different phases as -Fe2O3, -Fe2O3, 

Fe3O4 and FeO. The detection of crystalline phase was performed by using a third-generation 

Malvern Panalytical EMPYREAN X-ray diffractometer. The diffraction patterns were saved at 

a tube voltage of 40 V using CuKα radiation in the 2θ range from 20° to 80°. However, 

maghemite and magnetite share virtually the same face-centred cubic (FCC) inverse spinel 

crystal structure. Their X-ray diffraction (XRD) peak positions and crystalline planes are very 

similar because their unit cells and lattice constants are almost the same. To separate these two 

phases, XPS analysis is required for determining the Fe+2/Fe+3 ratio which should be equal to 

1/2 for the magnetite phase. The tetrahedral and octahedral orientations, as well as the detailed 

oxidation states, were analysed using X-ray photoelectron spectroscopy (XPS, SPECS 

FlexMod). To analyse the coating with PEG400, Fourier transform infrared (FTIR) spectra was 

recorded with Thermo Scientific NICOLET iS10 in the range of 400-4000 cm-1. Finally, 

magnetic property of synthesized nanoparticles was determined with vibrating sample 

magnetometer (VSM, Dexing Magnet VSM 550) at room temperature.  

 

3. Findings and Discussion 

 

The crystalline phase structure and size of PEG-400 functionalized Fe3O4 nanoparticles 

are analysed with X-ray diffraction (XRD) and the powder XRD patterns are shown as Fig. 1 

with Miller indices. The X-ray diffraction patterns of magnetite iron oxide nanoparticles 

exhibited peaks at 2=18.15°, 30.00°, 35.34°, 43.01°, 53.43°, 56.98°, 62.61°, 74.28° indexed to 

diffraction from the (111), (220), (311), (400), (422), (511), (440), and (533) planes of the 

magnetite phase defined with JCPDS no. 19-0629 (Bakr et al., 2021; J. Chen et al., 2009; 

Namikuchi et al., 2021; Saadati-Moshtaghin & Zonoz, 2018). As shown in Figure 1, there are 

no peaks form any additional phases of iron oxide nanoparticles. Additionally, wide peaks 

indicate the nanoscale nature of the synthesized iron oxide nanoparticles. It is therefore 

important to calculate the crystallite sizes of particles. Average crystallite size of the Fe3O4 

magnetite can easily be determined by the well-known Modified Debye Scherrer method.  

 

 
  

Figure 3. XRD patterns of PEG-400 functionalized magnetite nanoparticles  

(JCPDS no. 19-0629) 
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In general, the average crystallite size is calculated using only for the peaks with highest 

intensity. However, modified Debye-Scherrer formula give more accurate value by reducing 

the sum of absolute error (Manh et al., 2023). According to equation written below; 

𝑙𝑛𝛽 = ln (
𝐾𝜆

𝐷
) + ln (

1

𝑐𝑜𝑠𝜃
)                                                              (1) 

ln  is drawn in terms of ln (1/cos), and y-intercept from the linear fitting results will give the 

value of K/D. Figure 2 displays the linear fitting of Modified Debye Scherrer calculations and 

the average crystallite size was calculated as 13.03 nm for PEG-400 coated Fe3O4 nanoparticles. 

  

 
   

Figure 4.  Modified Debye Scherrer plots of PEG-400 functionalized magnetite 

nanoparticles 

 

The chemical oxidation states of Fe in PEG-400 coated Fe3O4 nanoparticles were determined 

by X-ray photoelectron spectroscopy. A Shirley-type background was used to fit the data with 

an open-source software KherveFitting-v1.8 (KherveFitting, 2026).   

 
Figure 5. High resolution XPS spectra of Fe 2p, O 1s, and C 1s in PEG-400 coated Fe3O4 

nanoparticles. 

In this study, XPS spectra was discussed with the support of literature studies (Lesiak et al., 

2018; Rajan et al., 2020; Tudisco et al., 2013; Wilson & Langell, 2014). According to the 

magnetite phase iron oxide, iron exist in two oxidation states as Fe²⁺ and Fe³⁺. Figure 3 shows 
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the plotted XPS spectrum of Fe 2p, O 1s and C 1s and according to these spectrums, it is evident 

that iron oxide nanoparticles have magnetite phase. In magnetite phase of iron oxide, the 

stoichiometric ratios of Fe2+/Fe3+ = 1/2 and FeOh
2+/FeOh

3+/FeTh
3+ = 1:1:1 should be confirmed 

from XPS analysis and the results of XPS was summarized as Table 1.  

 

Table 1. The binding energies of Fe chemical states and the ratios of FeOh
2+/FeOh

3++FeTh
3+ 

and FeOh
2+/FeOh

3+/FeTh
3+ according to XPS results 

Samples 

Fe chemical state 

Fe 2p3/2 Fe 2p1/2 

FeOh
2+ FeOh

3+ FeTh
3+ 

FeOh
2+/ 

FeOh
3++FeTh

3+ 

FeOh
2+/ 

FeOh
3+/ 

FeTh
3+ 

FeOh
2+ FeOh

3+ FeTh
3+ 

FeOh
2+/ 

FeOh
3++FeTh

3+ 

FeOh
2+/ 

FeOh
3+/ 

FeTh
3+ 

BE 

(eV) 
BE 

(eV) 
BE 

(eV) 
BE 

(eV) 

BE 

(eV) 
BE 

(eV) 

 

PEG-400 

functionalized 

Fe3O4 

 

710.41 712.66 716.42 1:2 1:1:1 723.61 725.86 729.22 1:2 1:1:1 

 

Due to the confirmation of Fe2+/Fe3+ = 1/2 and FeOh
2+/FeOh

3+/FeTh
3+ = 1:1:1 from XPS results, 

it is evident that PEG-400 coated iron oxide nano particles have a magnetite phase. According 

to Figure 3, both of the emerged satellite peaks are generally attributed to complex multiple d-

d splitting (Wilson & Langell, 2014), successful coating with ethylene glycol compounds (Ai 

et al., 2019) and very small crystallite size of iron oxide nanoparticle (Iacovita et al., 2015). 

Another evidence of PEG-400 coating is the emerging peak or peaks around 723-724 eV for 

octahedral sites of Fe2+. This type of peaks is generally attributed to the carboxylate-iron bond 

(Rajan et al., 2020) and this bond will results in a chemical shift compared to the metallic Fe 

(Grosvenor et al., 2004). Moreover, the XPS results confirm the inverse spinel structure of 

magnetite nanoparticles in which bivalent states are octahedrally coordinated, while trivalent 

states occupy both tetrahedral and octahedral sites.  

A clear explanation of functionalization will probably be by analyzing the O 1s and C 1s 

XPS spectrum.  The deconvolution of O 1s and C 1s spectrum will contribute to getting 

information about the PEG-400 functionalization. Main peak around 529.81 eV corresponds to 

the oxygen bonding with Fe (yellow peak of O 1s spectrum in Figure 3) and a peak around 

531.04 eV (green peak) is related to the O 1s spectrum emerging from the PEG-400 coating. 

And finally, the peaks in C 1s spectrum have appeared at 284.65, 286.06 and 288.32 eV 

respectively. It has been noted that the peak with the highest intensity at 284.65 eV corresponds 

to the typical graphitic carbon peak. However, the peak around 286.06 eV is associated with a 

combination of C-O or C=O bonds. And finally, the peak around 288.32 eV has been attributed 

to C-C=O bonds, confirming the presence of carboxyl groups (Akia et al., 2019). These results 

are a confirmation of PEG-400 functionalized Fe3O4 nanoparticles successfully. 

Apart from the crystallite size and crystallite phase analysis, morphological and magnetic 

characteristics should be analysed for magnetite (Fe3O4) iron oxide nanoparticles. Figure 4 

shows the SEM-EDS result of PEG-400 functionalized Fe3O4 nanoparticles. The grey-scale 

image on the left shows the surface morphology of nanoparticles. The morphology of 

nanoparticles appeared with very small, clustered particles and indicated that the surface has a 

rough texture.  
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Figure 6. SEM micrograph and EDS results of PEG-400 functionalized Fe3O4 

nanoparticles 

 

The red (Oxygen – O) and green (Iron – Fe) maps show that these two elements are distributed 

quite homogeneously across the sample. This is a strong indication that iron and oxygen are 

present together not only at specific points but across the entire surface under analysis; this is 

consistent with the overall composition of the Fe3O4 structure. According to atomic ratio 

obtained from EDS, oxygen is 52.91% and iron is 47.09% which is close to the theoretical value 

expressed as 57.1% O and 42.9% Fe.  

Superparamagnetic nature of nanoparticles was investigated with vibration sample 

magnetometer (VSM) measurements at room temperature. Figure 5 shows the M-H curves 

obtained from M-H curves and Langevin Fitting results. For determining the superparamagnetic 

nature of nanoparticles, remnant magnetization, coercivity and squareness ratio (Mr/Ms) should 

be determined as written on Figure 5. In superparamagnetic conditions, crystallite size should 

be less than 25 nm (Oh et al., 2020) and nanoparticles have zero or low coercivity, zero or low 

remnant magnetization (Ahmad et al., 2025), lower magnetic squareness values below 0.1 (John 

& Mathew M, 2021), and Langevin Fitting of M-H plots at room temperature. In this study, 

saturation magnetization value was obtained as 55.06 emu/g and remnant magnetisation is 6.04 

emu/g. Therefore, PEG-400 coated Fe3O4 nanoparticles shows a superparamagnetic like nature 

due to the Mr/Ms=0.1 and successful Langevin Fitting of S shape M-H curve. This means that 

more than 90% of the magnetization is lost when the applied magnetic field is removed as 

explained by (Aftabi et.al., 2025; Cardoso et.al., 2020).  
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Figure 7. Magnetization hysteresis loops for PEG-400 functionalized Fe3O4 nanoparticles 

and Langevin fitting results.  

 

The Langevin Equation is expressed by the following equation;  

 

𝑦 = 𝑦0 + 𝐶 ⋅ 𝐿(𝑧)                 (2) 

𝐿(𝑧) = coth(𝑧) −
1

𝑧
;      𝑧 = 𝑥𝑐 𝑠⁄ ;       𝑥𝐶 ≈ 𝜇𝐻 ∕ 𝑘𝐵𝑇   (3) 

 

In equation 2, y designates measured magnetic moment, y0 is shift parameter of Langevin 

alignment and is negligible in the superparamagnetic or superparamagnetic-like state, and it is 

negligible in our study. C is the saturation magnetization and L(z) is Langevin function. The 

fitting results show that PEG-400 coated magnetite iron oxide nanoparticles fit well with the 

Langevin function due to the higher R2 value close to 1. The absence or low area of the 

hysteresis loop are confirmed by the y0 parameter which is very close to zero. Therefore, it 

should be noted that PEG-400 coated Fe3O4 nanoparticles approach the superparamagnetic 

regime due to the well-fitting of M-H curves with Langevin function and lower Mr/Ms value. 

This fitting approach successfully characterizes the superparamagnetic nature of the PEG-400 

coated magnetite iron oxide nanoparticles, as evidenced by the small difference between 

experimental and Langevin fitting saturation magnetization values. This result demonstrates 

that the magnetic response exhibits ideal superparamagnetic-like behavior, which is primarily 

consistent with Langevin theory, and that the particle size distribution is narrow. 

The coating of  iron oxide nanoparticles with ethylene glycol  prevents the transformation 

of magnetite phase to hematite (Iacovita et al., 2015). To obtain a more detailed examination of 

surface functionalization, FTIR analysis was also carried out for nanoparticles which were 

presented in Figure 6. The region highlighted by the yellow fill color in FTIR spectrum can be 

explained by the stretching vibrations of the Fe–O bond (Abbas et al., 2013; Antarnusa & 

Suharyadi, 2020; Yahya et al., 2025). The characteristic FTIR peaks shown by the two red lines 

in this region can be attributed to the tetrahedral and octahedral configurations of the iron in the 

magnetite phase. In addition, the O–H stresses in the region highlighted in green region arise 

from the material’s moisture absorption in the air (Y.-J. Chen et al., 2014) and urea-induced N–

H stresses in the solution. 
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Figure 8. FTIR spectra of the PEG-400 coated Fe₃O₄, synthesised by hydrothermal 

approach 

 

In addition to the literature, the “InstaNano” website (“FTIR Functional Group Database Table 

with Search,” 2026)was used to interpret the characteristic FTIR spectra of PEG-400 coated 

Fe3O4 nanoparticles. The presence of C–H and O–H bending peaks detected in the FTIR spectra 

is a result of the coating of iron oxide nanoparticle surfaces with ethylene glycol (Abbas et al., 

2013). 

4. Conclusion and Recommendations 

In this study, PEG-400-functionalised magnetite (Fe₃O₄) nanoparticles were successfully 

synthesised using hydrothermal synthesis method as an alternative to the traditional two-salt 

method. In this synthesizing procedure, PEG-400 acts as both a coating and a reducing agent, 

which helps to minimise issues such as surface oxidation and agglomeration. The magnetite 

phase and inverse spinel structure of nanoparticles were confirmed with XRD, XPS results with 

the average crystallite size as 13.03 nm.  SEM-EDS analyses, meanwhile, supported the 

homogeneous distribution of elements and the targeted chemical composition. VSM 

measurements have revealed the superparamagnetic nature of the nanoparticles with the low 

coercivity (Hc) and permanent magnetisation (Mr) values observed at room temperature. The 

successful fitting of the obtained M-H curves with the Langevin function and the Mr/Ms ratio 

being at the 0.1 level have theoretically confirmed that the nanoparticles possess high magnetic 

susceptibility and ideal superparamagnetic-like behaviour. Moreover, FTIR and XPS spectra 

have confirmed the success of the PEG-400 coating through the presence of characteristic bonds 

on the surface. This study presents a sustainable roadmap to produce stable, high-magnetic-

sensitivity functional nanoparticles by simplifying complex synthesis procedures. The results 

obtained demonstrate that these synthesised nanoparticles can be safely used in advanced 

technological fields such as biomedical, electronic and environmental applications. Future 

studies could focus on extending this synthesis method to different surfactants or investigating 

its performance in different application areas (such as drug delivery systems). 
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Abstract 

The use of electric vehicles is increasing day by day. The growing demand for vehicles is 

leading to an increase in research in this field. Controlling the temperature in battery modules 

used in electric vehicles is a fundamental aspect for both cell safety and battery life. When the 

heat generated during operation in lithium-ion cells cannot be adequately dissipated within the 

module, temperature differences occur between the cells, leading to problems such as capacity 

loss, performance degradation, and uneven aging. In this study, the design of a liquid-cooled 

serpentine channel for a battery module consisting of cylindrical lithium-ion cells was 

numerically investigated. The main purpose of choosing a serpentine channel structure is to 

ensure more balanced heat removal from the bottom surfaces of the cells by extending the flow 

path of the coolant within the plate. The battery cells were placed on an aluminum cooling plate, 

and water was used as the coolant along the serpentine channel created within the plate. 

Numerical analyses were performed using the ANSYS Fluent program. The SIMPLE algorithm 

was chosen for the numerical study. In this study, the effect of the fluid velocity within the 

channel on heat transfer was investigated using 3 different flow velocities in the numerical 

modeling. The effects of turbulence models on flow and heat transfer in a serpentine channel 

were investigated using k-w SST as the turbulence model. Key evaluation parameters such as 

maximum cell temperature, average temperature, inter-cell temperature difference, and intra-

channel velocity distribution were considered using the results obtained from numerical 

modeling. 

Keywords: Lithium-ion batteries, liquid cooling systems, computational fluid dynamics. 
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1. Introduction  

Today, the transportation sector has gained significant momentum due to both 

environmental cleanup and sustainable energy policies. In this mobility transformation, lithium-

ion (Li-ion) cells, which stand out with their high specific energy capacities and low discharge 

losses, have become the standard as basic power storage units. However, the electrochemical 

efficiency of these batteries is directly related to the ambient temperature in which they operate. 

In heavy load scenarios such as acceleration or fast charging, a significant amount of thermal 

energy is released within the cell. If this waste heat cannot be safely transferred out of the 

module, temperature values quickly rise above safe operating limits (20°C–40°C), depleting 

battery life. In more critical stages, a chain of chemical reactions, referred to in the literature as 

"thermal runaway," is triggered, which can result in the cell catching fire. Battery Thermal 

Management Systems (BTMS) are being developed to maintain the thermal stability of cells 

and to equalize the temperature distribution within the battery module. Since traditional air 

circulation cooling methods are insufficient to handle the instantaneous heat fluxes produced 

by modern high-capacity batteries, researchers have turned to liquid-based cooling systems 

with much higher thermal capacity. Serpentine cooling plates, which can be integrated into the 

confined spaces of vehicles and maximize the contact area between the coolant and the battery 

surface, are considered among the most successful geometries in current thermal management 

designs. A review of the relevant literature reveals that researchers are focusing on numerically 

optimizing battery liquid cooling systems and channel geometries.  

Qianqian et al. systematically investigated cooling methods developed to address thermal 

losses and inefficiencies caused by thermal imbalance in batteries. The study revealed that air-

source cooling systems are suitable for use in small-scale systems, while PCM (Phase Change 

Material) based cooling systems have limited application areas due to their high interface 

resistance and low thermal conductivity. (Qianqian et al., 2026)  

Suhaib et al. applied two different cooling methods to a cylindrical lithium-ion battery 

cell and tested them at different discharge rates, and found that the submersible cooling system 

provided much better thermal management compared to the bottom plate cooling system. 

(Suhaib et al., 2025)  

Li et al. analyzed a cooling plate with fin-type channels to improve the thermal 

performance of lithium-ion batteries. They numerically investigated the effect of this design on 

performance using a 3D model. As a result, the designed cooling plate was found to have better 

cooling effect compared to a conventional I-type channel (Li et al., 2023) 

Zhao et al. aimed to investigate the interaction between the aging degree and thermal 

characteristics of large capacity batteries using experimental and numerical modeling methods. 

Their findings show that as the battery ages, the temperature variation between the maximum 

temperature inside the cell and the temperature itself increases significantly, and the thermal 

management system designed for new batteries proves inadequate. To maintain system 

efficiency, it was determined that increasing the fluid flow rate in the liquid cooling system and 

lowering the inlet temperature are necessary in aging batteries. (Zhao et al., 2025)  

Based on the temperature distribution and heat generation properties of electric vehicle 

batteries, Qi et al. studied a multi-U microchannel design within a liquid-cooled plate. The 

multi-U microchannel design demonstrated superior cooling performance in comparison to 

conventional serpentine designs, according to analyses assessing various placement techniques. 

(Qi et al., 2024) 

Mubashir et al. designed a chilled plate with double serpentine channels and numerically 

compared it with a conventional single-serpentine cooling channel chilled plate, observing that 

the double-serpentine channel chilled plate provided better cooling performance. (Mubashir et 

al., 2024)  
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Murphy and Akrami investigated the performance of three different liquid cooling 

channels using computational fluid dynamics. (Murphy and Akrami, 2024)  

Mousavi et al. proposed a hybrid cooling system using liquid cooling and phase change 

material (PCM). The developed system was subjected to numerical simulations. (Mousavi et 

al., 2023)  

 Li et al. presented a novel liquid cooling system design incorporating flow diffusers and 

coiled channel cooling plates for the thermal management of batteries. Analysis showed that 

the presented coiled channel cooling plates exhibited better cooling performance compared to 

traditional serpentine channel cooling plates. ( Li et al., 2023)  

Guo and Li investigated the structure of a serpentine channel using optimization methods. 

They performed numerical analyses using STAR-CCM+ software to determine flow velocities 

and discharge rates. (Guo and Li, 2022)  

Liu et al. aimed to reduce pressure drop in the system without altering thermal 

performance by adding V-shaped intersecting lateral paths to conventional serpentine channels 

on liquid-cooled plates used in the thermal management of lithium-ion batteries. Results 

obtained from computational fluid dynamics simulations showed that this new channel design 

significantly reduced fluid flow resistance and the associated power consumption. (Liu et al., 

2022)  

Sanker and Baby have extensively investigated various thermal conductivity 

enhancement methods, such as metal fins and carbon-based structures, applied to solve the 

problem of low thermal conductivity in phase change materials (PCMs). They evaluated data 

from the last five years in the literature together with machine learning and multi-scale 

modeling approaches. (Sanker and Baby, 2022)  

Wang et al. investigated a liquid-cooled battery thermal management system with 

serpentine channels, aiming to achieve the optimum serpentine plate arrangement by testing 

liquid cooling plates in various configurations. (Wang et al., 2021)  

Monika et al. proposed placing rectangular mini-channel liquid cooling plates between 

lithium iron phosphate (LiFePO4) batteries and performed the necessary numerical analyses. 

(Monika et al., 2021)  

Sheng et al. developed a serpentine channel with double inlet and double outlet and 

numerically investigated the thermal hydraulic performance of the system. (Sheng et al., 2019)  

Rao et al. aimed to design a liquid cooling system using aluminum blocks with variable 

contact surfaces between batteries and coolant to make the temperature distribution in 

cylindrical lithium-ion battery modules more homogeneous. (Rao et al., 2017)  

According to mini-channel chilled plates, Qian et al. created a three-dimensional 

numerical model of a liquid cooling system and numerically examined how several design 

parameters. (Qian et al., 2016)  

This study numerically investigated the effect of fluid velocity in a serpentine channel on 

the temperature distribution in battery cells. 

 

2. Materials and Methods 

In this study, an 18650 Li-ion battery was chosen. This battery has a diameter of 18 mm 

and a length of 65 mm, and was designed in 3D using Solidworks software according to its 

actual dimensions (Figure 1). A battery with a 4x2 cell configuration was designed using this 

cell. To cool the battery, a coiled liquid cooling channel was designed and placed at the bottom 

of the battery (Figure 2). In this study, four mesh sizes were created to perform mesh 

independence analysis. These models consisted of elements ranging from 93,000 to 426,823. 

Since the results were similar when the models were tested, the analysis continued with the 

model containing 426,823 elements (Figure 3). In this study, three-dimensional, steady-state, 

and pressure-based Navier-Stokes equations were used for the solution in numerical modeling. 
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The k-omega SST model was preferred as the turbulence model, especially for its ability to 

accurately solve boundary layer separations and near-wall heat transfer in tortuous channels. 

Numerical stability was ensured using the SIMPLE algorithm. The error margin was minimized 

by using a Second-Order Upwind scheme for momentum and energy equations. 

 

 
Figure 1. Model of the battery designed in Solidworks program. 

 

 
 

Figure 2. Model of the serpentine channel designed to cool the battery. 

 

 
Figure 3. Mesh structure with 426,823 elements used in numerical modeling. 
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3. Findings and Discussion 

In this study, the temperature distribution on the batteries was investigated for 3 

different refrigerant velocities (V=0.1 m/s, V=0.2 m/s, and V=0.4 m/s). The velocity 

distributions obtained according to different free flow velocities in the serpentine channel are 

presented between Figures 4 and 6. When the velocity distributions in the serpentine channel 

created in the study are examined, it is seen that the flow accelerates in the corner regions of 

the channel. 

 

 
Figure 4. Velocity distribution within the serpentine channel at V = 0.1 m/s 

 

 
Figure 5. Velocity distribution within the serpentine channel at V = 0.2 m/s 

 

 
Figure 6. Velocity distribution within the serpentine channel at V = 0.4 m/s 
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The temperature distributions of the battery cells obtained from the numerical simulations 

conducted at different inlet velocities are presented in Figures 7–9. For the minimum inlet 

velocity, V = 0.1 m/s, the maximum temperature observed in the battery cells was 304.51 K, 

whereas in the simulation with the highest fluid velocity (V = 0.4 m/s), the maximum battery 

cell temperature decreased to 300.37 K. 

 
Figure 7. Temperature distribution of the battery cells at V=0.1 m/s 

 

 
Figure 8. Temperature distribution of the battery cells at V=0.2 m/s 

 

 
Figure 9. Temperature distribution of the battery cells at V=0.4 m/s 
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To evaluate the temperatures obtained from numerical modeling at different flow rates for 

battery cells, the temperature values in the cells according to the flow rates were tabulated. The 

results obtained are shown in Table 1. A detailed examination of the results in Table 1 reveals 

a significant and stable decrease in the overall temperature levels across the cells when the flow 

rate is increased from 0.1 m/s to 0.4 m/s. While the maximum cell temperature reached in the 

low-speed scenario (0.1 m/s) was 304.51 K (approximately 31.3 °C), this value decreased to 

300.37 K (approximately 27.2 °C) when the speed was increased to 0.4 m/s. Increasing the 

cooling flow rate not only reduced the maximum temperatures but also improved the thermal 

stability of the battery pack. At all flow rates, the temperature difference between the hottest 

and coldest cells was measured to be less than 1 Kelvin. Analysis of the data in Table 1 reveals 

that, regardless of flow rate, cells 2 and 7 form relatively warmer regions, while cell 5 is the 

best-cooling cell in the system. These local differences are due to hydraulic effects in the 

geometric curves of the serpentine channel. 

 

Table 1. Thermal performance table of cells according to inlet velocity. 

Cells V=0.1 m/s V=0.2 m/s V=0.4 m/s 

cell_1  303.7489 K 301.3716 K  300.0031 K 

cell_2  304.5045 K 301.8833 K  300.3612 K 

cell_3  304.0013 K 301.577 K  300.1743 K 

cell_4   303.9954 K 301.5500 K  300.1467 K 

cell_5  303.6617 K 301.2348 K  299.8727 K 

cell_6  304.2321 K 301.6332 K  300.1311 K 

cell_7  304.5146 K  301.8956 K  300.3695 K 

cell_8  304.2142 K  301.6205 K  300.1373 K 

 

 

4. Conclusion and Recommendations 

This study aims to investigate the effect of a liquid-cooled serpentine channel on the 

cooling performance of a battery. The 18650 Li-ion battery was chosen and designed in 

Solidworks to match real-world dimensions. A 4x2 array battery was created using the designed 

battery. A suitable serpentine channel was designed and placed at the bottom of the battery. 

After the design was completed, the design files were transferred to ANSYS and temperature 

analysis was performed on the battery cells at three different speeds. Three-dimensional, steady-

state, and pressure-based Navier-Stokes equations were used for the analysis. The k-omega SST 

model was chosen for the turbulence model. Numerical stability was ensured using the SIMPLE 

algorithm. The Second-Order Upwind scheme was used for momentum and energy equations 

to minimize error margin. When the analyses performed at three different speeds were 

examined, it was observed that cell 7 was the hottest cell and cell 5 was the least hot. Analyses 

revealed that the temperature was 304.51 K at a velocity of V=0.1 m/s, 301.89 K at a velocity 

of V=0.2 m/s, and 300.36 K at a velocity of V=0.4 m/s. Examination of the results showed that 

increasing the fluid velocity improved the thermal performance of the battery, and that the 

liquid-cooled serpentine channel prevented the battery from exceeding the desired safe zone 

(20°C–40°C). Furthermore, the results indicated that the temperature difference between cells 

was less than 1K. 
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Özet 

Yenilebilir filmler ve kaplamalar, sentetik filmlere kıyasla yenilebilir ambalaj malzemesi olarak 

kullanılabilmeleri gibi avantajları nedeniyle son yıllarda büyük ilgi görmektedir. Bu çalışmada 

mısır, buğday ve tapyoka nişastalarından yenilebilir film üretilmiştir. Film çözeltilerinde pH, 

iletkenlik, bulanıklık, viskozite; filmlerde ise kurumadde, kalınlık, yoğunluk, saydamlık ve 

suda çözünürlük analizleri gerçekleştirilmiştir. Elde edilen sonuçlar nişasta kaynağının film 

özellikleri üzerine önemli farklılıklar oluşturduğunu göstermiştir. Mısır nişastası daha yüksek 

viskoziteye sahip çözeltiler oluştururken, bu durum daha kalın ve yoğun film yapıları ile 

sonuçlanmıştır. Mısır nişastası film çözeltisinin bulanıklık değeri diğer iki film çözeltisine göre 

daha yüksek bulunmuştur. Buğday nişastası en düşük viskozite ve saydamlık değerlerine sahip 

olmuştur. Buğday ve tapyoka nişasta filmlerinin iletkenlik değeri mısır nişastasına göre oldukça 

yüksek bulunmuştur. Tapyoka nişastasından elde edilen filmler en yüksek saydamlık ve suda 

çözünürlük değerlerine sahip olmuştur. Mısır nişastası film çözeltisinin pH değeri 6.68 

bulunmuş ve bu değerin diğer nişasta filmlerinden daha yüksek olduğu belirlenmiştir. Tapyoka 

nişastası filminin kurumadde oranı %83.50, buğday nişastası filminin %80.91, mısır nişastası 

filminin ise %71.41 olarak tespit edilmiştir. Tapyoka nişastası en yüksek suda çözünürlük 

değerine (%72.67) sahip olmuştur. Buğday nişastası filminin suda çözünürlük değeri %65.83, 

mısır nişastasının ise %56.09 olarak tespit edilmiştir. Sonuç olarak, nişasta kaynağı yenilebilir 

film üretiminde belirleyici bir faktör olup, farklı uygulama alanlarına yönelik film özelliklerinin 

optimize edilmesinde önemli rol oynamaktadır. 

Anahtar Kelimeler: Mısır nişastası, Buğday nişastası, Tapyoka nişastası, Yenilebilir film. 
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OBTAINED FROM DIFFERENT STARCH SOURCES 

 

 

 

Abstract 

Edible films and coatings have attracted significant attention in recent years due to their 

advantages, such as their suitability for use as edible packaging materials compared to synthetic 

films. In this study, edible films were produced from corn, wheat, and tapioca starches. 

Analyses of pH, conductivity, turbidity, and viscosity were conducted on the film solutions, 

while analyses of dry matter, thickness, density, transparency, and water solubility were 

performed on the films. The results indicate that the starch source significantly influences film 

properties. Corn starch produced solutions with higher viscosity, resulting in thicker and denser 

film structures. The turbidity value of the corn starch film solution was found to be higher than 

that of the other two film solutions. Wheat starch exhibited the lowest viscosity and 

transparency values. The conductivity values of wheat and tapioca starch films were found to 

be significantly higher than those of corn starch. Films derived from tapioca starch exhibited 

the highest transparency and water solubility values. The pH value of the corn starch film 

solution was determined to be 6.68, which was higher than that of the other starch films. The 

dry matter content of the tapioca starch film was determined to be 83.50%, that of the wheat 

starch film 80.91%, and that of the corn starch film 71.41%. Tapioca starch exhibited the 

highest water solubility value (72.67%). The water solubility value of the wheat starch film was 

determined to be 65.83%, while that of the corn starch film was 56.09%. In conclusion, the 

starch source is a decisive factor in the production of edible films and plays a significant role 

in optimizing film properties for different application areas. 

Keywords: Corn starch, wheat starch, tapioca starch, edible film. 
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1. Giriş  

Yenilebilir film, tüketilebilen, gıdaya kaplanabilen veya gıda ile çevresi arasında bariyer 

görevi görebilen ince bir tabaka olarak tanımlanır. Son yıllarda, tüketicilerin daha uzun raf 

ömrüne ve daha iyi kalitede taze gıdalara, ayrıca çevre dostu ambalajlara olan yüksek talebi 

nedeniyle, gıdalarda yenilebilir filmler ve kaplamalar üzerine araştırmalar yürütülmektedir 

(Skurtys vd., 2014). Yenilebilir filmler ve kaplamalar, çeşitli gıda ürünlerinin gaz ve nem 

bariyerlerini, mekanik özelliklerini, duyusal algılarını, kullanım kolaylığını, mikrobiyal 

korumasını iyileştirmek ve raf ömrünü uzatmak için kullanılmıştır (Debeaufort vd., 1998; 

Krochta, 2002). Yenilebilir kaplamalar sıvı halde uygulanırken, yenilebilir filmler katı 

tabakalar halinde elde edilir ve daha sonra gıda ürünlerine uygulanır (Galus & Kadzinska, 

2015). Biyolojik olarak parçalanabilen yenilebilir filmler ve kaplamalar, elde edildikleri 

malzeme türüne göre sınıflandırılabilir. Her kimyasal sınıfın film yapımında kullanıldığında 

kendine özgü avantajları ve sınırlamaları vardır. Bu amaçla kullanılan üç ana malzeme 

polisakkaritler, proteinler ve lipitlerdir. Polisakkaritler yaygın olarak bulunur ve genellikle 

uygun fiyatlıdır (Dehghani vd., 2018). Biyopolimer bazlı yenilebilir kaplamaların üretimi için 

en uygun, bol, yenilenebilir ve düşük maliyetli malzeme nişastadır. Bu nedenle, yenilebilir film 

yapımında kullanılan film yapısı, su molekülleri ve diğer bileşenler arasındaki etkileşimleri 

anlamaya yönelik artan bir ihtiyaç vardır. Nişasta çok iyi bilinen bir karbonhidrat polimeridir 

ve elde edildiği bitkiler neredeyse tüm ılıman bölgelerde yetişir (Basiak vd., 2017). Nişasta 

bazlı yenilebilir ambalaj malzemelerinin ortaya çıkışı, gıda ambalaj malzemelerinin güvenli ve 

hızlı bozunması sorununu çözmekle kalmayıp, gıda güvenliğini korumak için de bir bariyer 

oluşturmaktadır. Farklı bitkilerden elde edilen nişastaların partikül boyutu, şekli, 

amilopektin/amiloz oranı, kristalliği vb. farklılıklarından dolayı, bu nişastaların matris olarak 

kullanıldığı filmlerin özellikleri oldukça farklıdır (Dai vd., 2019). Mısır, buğday, patates ve 

pirinç sırasıyla %84, %7, %4 ve %1 ile dünyada lider konumdadır. Tapyoka, yam, yulaf, tatlı 

patates, arpa, çavdar, taro, darı, amarant, kinoa, bakla, mercimek, maş fasulyesi, bezelye, nohut, 

palmiye, kestane, meşe palamudu, ok kökü, arracacha, muz, ekmek ağacı meyvesi, karabuğday, 

kanna, kolakasia, katakuri, kudzu, malanga, oca, Polinezya ok kökü, sago, sorgum ve su 

kestanesi, bu tür uygulamalar için düşünülebilecek diğer nişasta kaynaklarıdır (Basiak vd., 

2017). Mısır nişastası, bol miktarda bulunan doğal bir polimerdir. Yenilenebilirliği, biyolojik 

olarak parçalanabilirliği, yenilebilirliği, düşük maliyeti, yüksek mekanik direnci ve su tutma 

özelliği nedeniyle, gıda ambalajlama ve muhafaza endüstrisinde potansiyel bir malzeme olarak 

değerlendirilebilir (Luo vd., 2022). Buğday, yüksek oranda nişasta ve gluten içeriği sayesinde 

iyi film oluşturma özelliklerine sahip bir tahıldır. Bu yapısı, buğday nişastasının yenilebilir film 

ve biyobozunur ambalaj materyallerinde kullanılmasını mümkün kılmakta ve özellikle film 

formunda mekanik dayanım ile esneklik kazandırmaktadır (Wang vd., 2022). Tapyoka, Güney 

Amerika'da önemli bir tarım ürünü olup ekonomik bir nişasta kaynağıdır. Tapyoka nişastası 

bazlı yenilebilir filmler, kokusuz, tatsız, renksiz ve oksijene geçirgen olmadıkları için uygun 

fiziksel özellikler sergilerler (Chillo vd., 2008). 

Bu çalışmanın amacı farklı nişasta türlerinin film özellikleri üzerindeki etkisini 

incelemektir. Çalışmada mısır, buğday ve tapyoka nişastalarından yenilebilir film üretilip bazı 

özellikleri karşılaştırılmıştır. Bu amaçla film çözeltilerinde pH ve iletkenlik, viskozite, 

bulanıklık; filmlerde ise kalınlık, yoğunluk, saydamlık, kurumadde ve suda çözünürlük 

analizleri gerçekleştirilmiştir. 

2. Materyal ve Yöntem 

Materyal 

Bu çalışmada, polimer olarak mısır nişastası (Yazgan, Türkiye), buğday nişastası (Piyale, 

Türkiye) ve tapyoka nişastası (Talya Foods, Türkiye) kullanılmıştır. Plastikleştirici olarak ise 

gliserol (Sigma Aldrich) kullanılmıştır. Nişastaların %5’lik konsantrasyonu, plastikleştiricinin 
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ise nişasta oranına göre %30’luk konsantrasyonu hazırlanmıştır. Çalışmada kullanılan bütün 

kimyasallar analitik saflıktadır. 

Yenilebilir Film Üretimi 

 Her bir nişasta örneği ayrı ayrı saf suda çözündürülerek %5’lik (w/v) film çözeltileri elde 

edilmiştir. Çözündürme işlemi ısıtıcılı manyetik karıştırıcı kullanılarak 500 rpm, 85°C’de 

sürekli karıştırma uygulanarak gerçekleştirilmiştir. Çözündürme işlemi devam ederken nişasta 

çözeltisine nişasta oranının %30’u kadar gliserol ilave edilmiştir.  Film çözeltileri elde 

edildikten sonra film çözeltilerinde pH, iletkenlik, viskozite ve bulanıklık analizleri 

gerçekleştirilmiştir. Daha sonra 60 mL film çözeltisi plastik kaplara (21 cm çaplı düz zeminli 

dairesel plastik tabak) dökülmüş ve etüvde 50°C’de 17 saat boyunca kurutulmuştur. Elde edilen 

filmler desikatörde (%33 bağıl nem, 22±2°C sıcaklık) muhafaza edilmiş ve plastik kalıptan 

ayrılarak analizlerde kullanılmıştır. Yenilebilir film üretimi Şekil 1’de verilmiştir. 

 

 
Şekil 1. Yenilebilir film üretimi. 

 

pH ve İletkenlik 

Film çözeltilerinin pH ve iletkenlik değerleri, ortam sıcaklığında bir multimetre (SG7, 

Mettler Toledo, OH, ABD) kullanılarak tespit edilmiştir. Multimetre pH tamponları ve 

iletkenlik standartları ile kalibrasyon edilmiş ardından 20 mL film çözeltisinin pH ve iletkenlik 

ölçümleri gerçekleştirilmiştir. 

Viskozite 

Nişasta film çözeltilerinin viskozite ölçümü oda sıcaklığında gerçekleştirilmiştir. Bu 

amaçla, rotasyonel reometre (DVIII Ultra, Brookfield, Toronto, Kanada) ve küçük örnek 

adaptörü (small sample adaptor) kullanılmıştır (Okutan vd., 2025). 

Bulanıklık 

Film çözeltilerinin bulanıklığı, bir spektrofotometre (UV1800, BIOBASE, Shandong, 

Çin) kullanılarak 600 nm dalga boyunda test edilmiştir (Wang vd., 2007). 

Kalınlık 

Filmlerin kalınlık değerleri dijital mikrometre kullanılarak tespit edilmiştir (Atares vd., 

2010). 

Yoğunluk 

Filmlerin yoğunluğunun belirlenmesi için 2x2 cm2’lik filmler kesilmiş ve tartılmıştır. 

Ardından kütle/hacim hesabı ile yoğunlukları tespit edilmiştir (Pelissari vd., 2013). 
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Kurumadde 

Filmlerin kuru madde analizi, Sapper ve arkadaşlarının (2018) uyguladığı yöntem 

modifiye edilerek yapılmıştır. Filmlerin kurumadde içeriğini ölçmek için, 3×3 cm boyutlarında 

kesilen film örnekleri tartılmış ve 105°C'de 24 saat kurutulmuştur. Film örneklerinin 

kurumadde içeriği, kurutma sonrası ağırlık farkı kullanılarak hesaplanmıştır. 

Suda Çözünürlük 

Filmlerin suda çözünürlük analizi, Sapper ve arkadaşlarının (2018) uyguladığı yöntem 

modifiye edilerek gerçekleştirilmiştir. Suda çözünürlüğü belirlemek için, aynı şekilde 

hazırlanan film örnekleri, 10 mL damıtılmış su içeren bir behere yerleştirilmiş ve oda 

sıcaklığında 24 saat bekletilmiştir. Daha sonra beherdeki sıvı, kaba filtre kağıdından süzülmüş 

ve elde edilen süzüntü, suda çözünen çözünebilir madde miktarını belirlemek için 105°C'de 24 

saat kurutulmuştur. Film örneklerinin suda çözünürlüğü, suda çözünen çözünebilir madde 

miktarının, kullanılan filmin başlangıç miktarına oranı olarak hesaplanmıştır. 

Saydamlık 

Nişasta filmlerinde saydamlık ölçümü, Uranga ve arkadaşları (2019) tarafından bildirilen 

yönteme göre belirlenmiştir. Bu amaçla, film örneklerinin transmitans (T) değerleri, bir UV-

VIS spektrofotometresi (UV1800, BIOBASE, Shandong, Çin) kullanılarak 600 nm dalga 

boyunda ölçülmüş ve saydamlık değerleri, aşağıdaki formüle göre film kalınlığına normalize 

edilerek hesaplanmıştır. 

Saydamlık = T600 ∕Film kalınlığı (mm) 

İstatistiksel Analizler 

Elde edilen veriler JMP 8.0 (SAS Institute, NC, Amerika Birleşik Devletleri) istatistik 

programı kullanılarak değerlendirilmiştir. Bilgisayar ortamına aktarılan veriler istatistik 

programına göre düzenlenmiş ve her parametre için ortalamalar arasındaki farkın istatistiksel 

olarak önemli olup olmadığı ve hangi örnekler arasındaki farkın önemli olduğu sırasıyla 

ANOVA ve Tukey-Kramer testleri ile değerlendirilmiştir. Söz konusu analizler %95 güven 

aralığında gerçekleştirilmiştir. 

3. Bulgular ve Tartışma 

pH ve İletkenlik 

pH ve iletkenlik değerleri, film oluşumu sırasında moleküller arası etkileşimleri etkileyen 

önemli parametrelerdir. Özellikle iyonik bileşenlerin artışı, film matrisinin homojenliğini 

değiştirebilmektedir (Krochta & De Mulder-Johnston, 1997).  

Film çözeltilerinin pH değerleri Tablo 1’de verilmiştir. Film örneklerinin pH değerleri 

5.13-6.68 arasında bulunmuştur. Mısır nişastasından elde edilen filmin diğer iki film örneğine 

göre daha yüksek pH değerine sahip olduğu tespit edilmiştir. Nişasta kaynağının filmlerin pH 

değerleri üzerine önemli bir farklılık oluşturduğu belirlenmiştir ve bu fark istatistiksel olarak 

anlamlı bulunmuştur (p<0.05). Mısır nişastasından elde edilen film çözeltisinin daha nötr bir 

pH değerine sahip olması daha düşük iyonik bileşen ve fosfat içermesinden kaynaklanabilir.  

Filmlerin iletkenlik değerleri 23.33-104.67 mV arasında bulunmuştur (Tablo 1). Buğday 

nişastasından elde edilen film çözeltisinin iletkenlik değeri en yüksek bulunmuştur. Bu sonuç 

buğday nişastasının daha fazla mineral madde ve iyonik bileşen içermesinden kaynaklanmış 

olabilir. Nişastanın botanik kaynağına bağlı olarak mineral içeriğinin değiştiği ve bunun çözelti 

iletkenliğini doğrudan etkilediği literatürde belirtilmiştir (Singh vd., 2003). 

Viskozite 

Nişasta film çözeltilerinin viskozite değerleri Tablo 1’de verilmiştir. Mısır nişastasından 

elde edilen film çözeltisinin viskozite değeri diğer iki film çözeltisine göre oldukça yüksek 

bulunmuştur. Mısır nişastasının yüksek oranda amiloz içeriğine sahip olmasından dolayı 

viskozite yüksek bulunmuştur. Amiloz zincirleri çözeltide daha fazla moleküller arası etkileşim 

oluşturarak viskozitenin artmasına neden olmaktadır (Singh vd., 2003; Funami vd., 2005). 

Yüksek viskozite film oluşumu aşamasında daha yoğun ve kompakt film yapısının oluşumuna 
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sebep olmaktadır (Jiménez vd., 2012). Buğday nişastası daha zayıf zincir etkileşimleri 

sergilediğinden daha düşük viskozite değerine sahip olmuştur (Singh vd., 2003).  

 

Tablo 1. Film örneklerinin pH, iletkenlik ve viskozite sonuçları 

Örnek pH İletkenlik (mV) Viskozite (cP) 

Mısır 6.68±0.01a 23.33±0.58c 783.00±6.61a 

Buğday 5.13±0.01c 116.33±0.58a 313.50±2.50c 

Tapyoka 5.27±0.01b 104.67±0.58b 440.17±3.61b 

 

Kalınlık ve Yoğunluk 

Filmlerin kalınlık ve yoğunluk değerleri Tablo 2’de verilmiştir. Sonuçlara göre mısır 

nişastasının kalınlığı ve yoğunluğu daha yüksek bulunmuştur. Mısır nişastasının kalınlık ve 

yoğunluk değerinin daha yüksek bulunması yüksek viskozite değeri ile ilişkilendirebilir. 

Yüksek viskoziteye sahip çözeltiler yüzeyde daha fazla katı madde bırakır ve daha kompakt 

yapı oluştururlar (Jiménez vd., 2012). Tapyoka nişastası filmlerinin düşük yoğunluk göstermesi 

ise daha gözenekli yapı oluşumunu göstermektedir. Kök nişastalarının daha gevşek paketlenme 

davranışı gösterebildiği belirtilmiştir (Singh vd., 2003). 

Kurumadde ve Suda Çözünürlük 

Filmlerin kurumadde ve suda çözünürlük sonuçları Tablo 2’de verilmiştir. Filmlerin 

kurumadde değerleri %71.41-83.50 arasında bulunmuştur. Tapyoka nişastasından elde edilen 

filmin en yüksek kurumadde içeriğine sahip olduğu tespit edilmiştir. Bununla beraber tapyoka 

nişastası filminin en yüksek suda çözünürlük değeri sergilediği tespit edilmiştir (%72.67). Film 

çözünürlüğünün yalnızca katı madde miktarına değil, aynı zamanda polimer zincirleri 

arasındaki bağlanma kuvvetine bağlı olduğu bildirilmektedir (Sothornvit & Krochta, 2005). 

Mısır nişastası filmlerinin daha düşük çözünürlük göstermesi ise daha güçlü hidrojen bağları ve 

daha kompakt yapı ile ilişkilendirilebilir (Funami vd., 2005). 

Yenilebilir filmlerde kurumadde içeriği, film yapısındaki toplam katı madde miktarını 

göstermesi açısından önemli bir parametredir. Kurumadde miktarı; filmin mekanik dayanımı, 

yapısal bütünlüğü, su ile etkileşimi ve bariyer özellikleri üzerinde doğrudan etkili olmaktadır. 

Yüksek kurumadde içeriğine sahip filmlerde genellikle polimer zincirleri arasındaki 

etkileşimlerin daha yoğun olduğu ve bunun film yapısının daha stabil hale gelmesine katkı 

sağladığı bildirilmektedir (Sothornvit & Krochta, 2005). Bununla birlikte, yüksek kurumadde 

değeri her zaman daha iyi film performansı anlamına gelmemektedir. Film matrisi içerisindeki 

moleküler organizasyon ve hidrojen bağlarının gücü de film özelliklerini belirleyen önemli 

faktörlerdir. Özellikle nişasta bazlı filmlerde, polimer zincirleri arasındaki bağlanma kuvvetleri 

zayıf olduğunda yüksek kurumaddeye rağmen daha gözenekli ve suda çözünürlüğü yüksek 

yapılar oluşabilmektedir (Jiménez vd., 2012). 

 

Tablo 2. Filmlerin kalınlık, yoğunluk, kurumadde ve suda çözünürlük değerleri 

Örnek Kalınlık (mm) Yoğunluk 

(g/cm3) 

Kurumadde 

(%) 

Suda Çözünürlük 

(%) 

Mısır 0.16±0.03a 0.18±0.04a 71.41±1.16b 56.09±3.17b 

Buğday 0.11±0.01a 0.15±0.05a 80.91±1.29a 65.83±1.18a 

Tapyoka 0.14±0.02a 0.02±0.00b 83.50±2.38a 72.67±1.76a 
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Bulanıklık ve Saydamlık 

Optik özellikler film matrisinin homojenliği hakkında önemli bilgiler vermektedir. Film 

çözeltilerinin bulanıklık değeri Tablo 3’te verilmiştir. Mısır nişastasından elde edilen film 

çözeltisinde bulanıklık değeri daha yüksek bulunmuştur. Mısır nişastası filminin daha yüksek 

bulanıklık değerine sahip olması yüksek amiloz içeriğinin daha düzenli yapı oluşturarak ışık 

geçirgenliğini azaltabilmesinden kaynaklanmaktadır (Singh vd., 2003). 

Bu çalışmada tapyoka nişastası filmlerinin en yüksek saydamlık ve en düşük bulanıklık 

değerine sahip olduğu belirlenmiştir (Tablo 3). Bu durum, daha homojen ve daha amorf yapı 

ile açıklanabilir (Jiménez vd., 2012). 

 

Tablo 3. Film çözeltilerinin bulanıklık ve filmlerin saydamlık değerleri 

Örnek Bulanıklık Saydamlık 

Mısır 2.08±0.01a 364.67±35.73b 

Buğday 1.52±0.00b 224.09±22.55c 

Tapyoka 0.29±0.00c 767.72±36.79a 

 

4. Sonuç 

Bu çalışmada farklı nişasta kaynaklarından yenilebilir filmler üretilerek 

karşılaştırılmıştır. Elde edilen sonuçlar nişasta kaynağının önemli farklılıklar oluşturduğunu 

göstermiştir. Mısır nişastası, yüksek viskozite ve güçlü moleküler etkileşimler sayesinde daha 

kalın, yoğun ve daha düşük çözünürlükte filmler oluşturmuştur. Buna karşılık, tapyoka nişastası 

yüksek saydamlık ve çözünürlük özellikleri ile öne çıkmış, ancak düşük yoğunluk değerine 

sahip olmuştur. Buğday nişastası ise genel olarak orta düzeyde özellikler sergileyerek iki sistem 

arasında dengeli bir davranış ortaya koymuştur. 

Sonuç olarak, yenilebilir film üretiminde kullanılacak nişasta türü, hedeflenen uygulama 

alanına göre seçilmeli ve film performansı yalnızca kompozisyon değil, aynı zamanda nişasta 

kaynağının yapısal özellikleri dikkate alınarak optimize edilmelidir. 
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Abstract 

Thanks to the peculiar optical traits and crystalline structure, spinel structures, which are often 

represented by the formula of AB2O4, have attracted a lot of attention. Cobalt aluminates 

(CoAl2O4) have distinctive characteristics among these spinel structures owing to their 

exceptional qualities, which include flawless colour performance, high resistance to abrasion, 

and chemical and thermal resilience. Cobalt aluminate nanospinel synthesized by sonochemical 

route was evaluated as photocatalysts in Congo Red (CR) dye removal. When turning out cobalt 

aluminate compounds, the implementation of ultrasonic operation shortened reaction time 

while maximising raw material interaction. The fabricated photocatalyst was characterized by 

subjecting it to ultraviolet-visible spectroscopy (UV-VIS) and X-Ray Diffraction (XRD) 

analyses. The produced samples' crystal structure was determined to be a single phase Co-spinel 

structure. The measured absorbance values in the UV-VIS spectrum were in line with the 

appropriate cobalt aluminate phase formation. Eliminating colours from wastewater that 

endanger aquatic life is a significant issue. Among these, CR stands out as one of the dyes 

whose physico-chemical structure makes it difficult to remove. Photodegradation has become 

more popular by virtue of its affordability, adaptability, and adequacy. An effective result with 

80% removal rate was achieved using cobalt aluminate nanopowders in the depollution of CR 

dye. 

Keywords: Cobalt aluminate, spinel, photodegradation 
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1. Introduction  

Spinel formations are characterized by their remarkable crystalline configuration and 

distinctive attributes, and their familiar formula is AB2O4 (Baseri et al., 2020; Gurugubelli et 

al., 2021). The aforementioned spinels can be used for a variety of purposes, such as colouring 

a wide range of materials, supercapacitors, electromagnetic sensing devices, humidity detection 

systems, combustion reaction catalytic materials, and photodegradation performance research 

(El Jabbar et al., 2020; Finocchio et al., 1995; Gingasu et al., 2021; Gomes et al., 2015; Huang 

et al., 2019; Maitra et al., 2021; Tokura, 2007; Ummartyotin et al. 2010). Within these types of 

materials, Co-spinel is notable for its exceptional chromatic effectiveness, superior thermal and 

chemical resilience, and endurance against ambient conditions (Kim et al., 2012; Lilova et al., 

2010; Tan et al., 2021). Cobalt aluminate compounds are able to be fabricated through a variety 

of procedures, comprising sol-gel, solid-state, combustion, hydrothermal, and co-precipitation 

(El-Said Bakeer, 2020; Ferraz et al., 2021; Gurugubelli et al., 2021; Rajabi et al., 2019; Yoneda 

et al., 2019). Additionally, a process called ultrasonic treatment has been developed for the 

formation of homogenous and smaller particles, which shortens the time of reaction and size of 

particles. Boosting the interaction between the raw material's particles is the foremost advantage 

of this process (Dumanli & Derun, 2022; Kaplan et al., 2015). One of the biggest environmental 

problems facing the world today is the improper obliteration of pollutants into aquatic media, 

including diverse organic molecules, colourants, pesticides, heavy metallic ions, 

pharmaceutical discarded materials, as well as pesticides. Colourants are needed chemical 

constituents commonly used in a variety of manufacturing industries, which involves rubber, 

leather, food, textiles, paper, pharmaceuticals, plastic, and cosmetics. Even in tiny amounts, 

these densely coloured materials cause serious problems for treating wastewater. Accordingly, 

it is crucial to tackle the decontamination of dirty water compromised with dyes incorporating 

approaches that are cost-effective ecologically sustainable, and efficient as possible (Nghiem 

et al., 2005; Simonescu et al., 2021; Zhou et al., 2019). Considering its benefits in terms of 

conformance, versatility, and affordability, the activity of photocatalytic molecules has lately 

become more popular compared to the many methods for remediating dye-coloured effluent 

(Konicki et al., 2017; Kumar et al., 2016; Mindru et al., 2010). 

In this research, sonochemically produced CoAl2O4 nanoparticles were assessed as a 

photocatalyst for degradation of Congo Red (CR) dye. Ultraviolet-visible spectroscopy (UV-

VIS) and X-ray diffraction (XRD) were employed to analyse the fabricated specimen. 

2. Materials and Methods 

Sigma-Aldrich Chemicals provided the aluminum and cobalt supplies of aluminum 

chloride hexahydrate (AlCl3
.6H2O) and cobalt (II) chloride hexahydrate (CoCl2

.6H2O). The 

solution's pH was modified through the addition of sodium hydroxide (NaOH), which was 

purchased from Merck Chemicals. 

Cobalt and aluminum sources were dissolved in 50 mL of water in predetermined 

proportions to attain a Co:Al ratio of 0.5 during the co-precipitation synthesis procedure of 

CoAl2O4 powders. The mixture was then ultrasonically treated for 30 min. During this 

ultrasonic treatment, a 3 M NaOH solution was provided to bring the pH of the mixture to 13. 

Following sonication, the pink-purple solution underwent filtering and dried. The material was 

crushed into a powder after being calcined for three hours at 1200°C. 

The specimen's spectral properties were analyzed by means of the Inesa 722N type of 

spectrophotometer. Through the use of a Malvern PANalytical X'Pert PRO X-Ray 

Diffractometer, the crystalline arrangement of the resulting Co-spinel powder was determined. 

In the photodegradation stage, 0.06 g of photocatalyst and 5 mL of 50 ppm CR solution 

were combined and processed in a UV photoreactor. UV examination of the CR dye solution 

was done at 498 nm.  
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3. Findings and Discussion 

Figure 1 displayed the produced material's UV-VIS spectrum 1100 to 400 cm-1. The 

reported values for absorbance at wavelengths of 554, 600, and 648 cm-1 were in line with 

cobalt aluminate spinel's proper phase development. 

 
Figure 1. UV-VIS spectrum of the fabricated CoAl2O4 photocatalyst 

 

The produced photocatalyst had a cubic shape and was recognised as CoAl2O4 spinel 

(PDF number of 00-010-0458). The peaks of diffraction and their related (h k l) lattice 

parameters were found at about the following 2θ values (Figure 2): 31.2° (2 2 0), 36.7° (3 1 1), 

44.7° (4 0 0), 55.5° (4 2 2), 59.2° (5 1 1), and 65.1° (4 4 0). 

 
Figure 2. XRD pattern of the fabricated CoAl2O4 photocatalyst 

 

The change in removal percentage over time after a 3-hour photodegradation process was 

depicted in Figure 3. 
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Figure 3. Removal percentage of the dye along with CoAl2O4 photocatalyst 

 

The removal rate of CR dye showed a comparatively linear rise with extended exposure 

to light, reaching a point of equilibrium at 150 minutes, according to an analysis of the Co-

spinel powder photodegradation effectiveness with time. 

4. Conclusion and Recommendations 

Spinel structures can potentially be made using a variety of techniques, and their utility 

makes them important for industry. In this study, the photodegradation performance of 

sonochemically synthesised cobalt aluminate photocatalyst on the elimination of CR dye was 

investigated. The suitable Co-spinel morphological formation complied with the resulting 

measurements of absorbance in the UV-VIS spectra. The developed photocatalyst's crystalline 

framework was found to have a single-phase CoAl2O4 structure based on the XRD analysis. 

The prospective usage of CoAl2O4 powders in photocatalytic applications was supported by an 

effective result over its photodegradation performance. 
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Özet 

Bu çalışma, küresel bir sorun olan su kirliliği ile mücadelede, tarımsal bir atık olan kanyaş 

otunun (Sorghum halepense) düşük maliyetli ve yüksek verimli bir nanokompozit adsorbanına 

dönüştürülmesini ele almaktadır. Endüstriyel faaliyetler sonucu su kaynaklarına karışan Pb2+ 

ve Cr6+ gibi toksik ağır metallerin giderilmesi amacıyla gerçekleştirilen araştırmada, ham 

biyokütle önce karbonize edilerek aktif karbona dönüştürülmüş, ardından eş çöktürme 

yöntemiyle ZnO nanopartikülleri ile modifiye edilmiştir. Sentezlenen AK-ZnO 

nanokompozitinin yapısal karakterizasyonu XRD, SEM ve FT-IR analizleri ile doğrulanmış; 

sonuçlar malzemenin heterojen, gözenekli ve metal bağlanmasına uygun fonksiyonel gruplarla 

donatılmış bir morfolojiye sahip olduğunu göstermiştir. Adsorpsiyon deneylerinden elde edilen 

veriler, sürecin kinetik ve izotermik açıdan oldukça kararlı bir seyir izlediğini kanıtlamaktadır. 

Her iki metal iyonu için de adsorpsiyon mekanizmasının Sözde İkinci Derece kinetik modele 

(R2 > 0.999) mükemmel uyum sağlaması, giderim sürecinin temel olarak kemisorpsiyon 

(kimyasal etkileşim) yoluyla gerçekleştiğini ortaya koymuştur. Sırasıyla 26,0 mg g⁻¹ ve 22,5 

mg g⁻¹ adsorpsiyon kapasiteleriyle Pb²⁺ ve Cr⁶⁺ gideriminde başarılı bir performans 

sergilemiştir. İzoterm çalışmalarında ise Langmuir modelinin baskınlığı, adsorpsiyonun 

homojen aktif bölgelerde tek tabaka halinde oluştuğunu doğrulamıştır. Özellikle ZnO 

katkısının, saf aktif karbona kıyasla adsorpsiyon kapasitesini ve hızını yaklaşık üç kat artırdığı 

gözlemlenmiştir. Sonuç olarak bu çalışma, tarımsal atıkların döngüsel ekonomi prensipleri 

çerçevesinde ileri teknoloji arıtma materyallerine dönüştürülebileceğini ve çevresel 

sürdürülebilirliğe katkı sunan, düşük maliyetli etkin bir çözüm sunduğunu göstermektedir. 

Anahtar Kelimeler: Sürdürülebilirlik, Ağır metal adsorpsiyonu, Kanyaş otu, ZnO 

nanokompozit, Karakterizasyon. 
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TRANSFORMATION OF AGRICULTURAL WASTE INTO VALUE-ADDED 

NANOADSORBENTS: WASTEWATER TREATMENT WİTH 

MULTIFUNCTIONAL ZNO-AK NANOCOMPOSİTE 

 

 

 

 

Abstract 

This study addresses the conversion of Sorghum halepense, an agricultural waste product, into 

a low-cost and highly efficient nanocomposite adsorbent to combat water pollution, a global 

problem. In this research, aimed at removing toxic heavy metals such as Pb2+ and Cr6+ that enter 

water sources as a result of industrial activities, raw biomass was first carbonized to convert it 

into activated carbon, and then modified with ZnO nanoparticles using the co-precipitation 

method. The structural characterization of the synthesized AK-ZnO nanocomposite was 

confirmed by XRD, SEM, and FT-IR analyses; the results showed that the material has a 

heterogeneous, porous morphology equipped with functional groups suitable for metal bonding. 

Data obtained from adsorption experiments demonstrate that the process follows a highly stable 

course in terms of kinetics and isotherm. The excellent fit of the adsorption mechanism to the 

so-called second-order kinetic model (R2 > 0.999) for both metal ions revealed that the removal 

process primarily occurs via chemisorption (chemical interaction). It demonstrated successful 

performance in the removal of Pb²⁺ and Cr⁶⁺ with adsorption capacities of 26.0 mg g⁻¹ and 22.5 

mg g⁻¹, respectively. In isotherm studies, the dominance of the Langmuir model confirmed that 

adsorption occurs in a single layer in homogeneous active regions. It was observed that the 

addition of ZnO increased the adsorption capacity and rate by approximately three times 

compared to pure activated carbon. In conclusion, this study shows that agricultural wastes can 

be transformed into advanced treatment materials within the framework of circular economy 

principles, offering a cost-effective and efficient solution that contributes to environmental 

sustainability. 

Keywords: Sustainability, Heavy metal adsorption, Sorghum halepense, ZnO nanocomposite, 

Characterization. 
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1. Giriş  

Su kirliliği, insan sağlığı açısından sonuçları olan hayati bir sorun haline gelmiştir. 

Kirleticiler su kaynaklarını bozduğunda ortaya çıkar. Örneğin Cr⁶⁺ ve Pb²⁺ gibi ağır metaller 

ciddi bir metaldir ve su kaynaklarından uzaklaştırılması zor, toksik ve kalıcıdır (Shah ve ark., 

2023). Islak tekstil işleme, baskı, boyama ve apreleme işlemleri çok miktarda su ve kimyasal 

girdi gerektirir ve önemli kirlilik potansiyeline sahip sıvı atık üretir (Pandiyarajan ve ark., 

2025). Bu atık su öncelikle boyalar, metaller ve bozunması zor olan bir dizi toksik bileşik ile 

yüklüdür. Atık su yoluyla salındıktan sonra, çok çeşitli su yaşamı etkilenebilir ve çok sayıda 

ekosistem işlevi tehlikeye girebilir (Maura ve ark., 2023). Anaerobik atık su arıtımının sermaye 

maliyetleri düşüktür, ancak düşük tesis uygulamaları, azot ve fosfor giderme verimlilikleri, 

aerobik arıtma ile sık sık kombinasyon gerektirir. Hibrit biyo-aerojellerde kullanılan doğal 

polimerler, sürdürülebilirliği artırır ve mimari istikrar sağlar, bu da onları geleneksel atık su 

arıtımına çok fonksiyonlu alternatifler olarak hizmet etmelerini sağlar (Jadaa, W. 2024). Ek 

olarak, nanoteknoloji alanı, malzemelerin küçük ölçeklerde manipülasyonuna ve su arıtımı için 

yeni yüzey özelliklerine, ayarlanabilir fonksiyonlara ve gelişmiş reaktiviteye sahip 

malzemelerin geliştirilmesine olanak tanır. Metallerin ve kaynakların geri dönüşümü için daha 

sürdürülebilir sistemlere sahip olma yönündeki artan çevresel baskı nedeniyle, kritik metaller 

için geri dönüşüm oranları oldukça düşüktür (Sodhi ve ark., 2022). Tarımsal atıklarının 

değerlendirilmesi, bu atıkların önlenemediği veya azaltılamadığı durumlarda sürdürülebilirliğe 

dayalı bir alternatif sunar (Putra ve ark., 2021). Bitkisel ürünler, protein, lipit, karbonhidrat ve 

takviyeler içerdiğinden sürdürülebilir bir kaynaktır. Biyoyakıtlar, biyobazlı enzimler, biyolojik 

olarak parçalanabilir malzemeler ve diğer yüksek değerli ürünler sağlamak için nihai 

hammaddedir. Bu, atıkları uygun çevresel kriterlerle değerli kaynaklara dönüştürerek teknoloji, 

ekonomi ve çevre açısından sürdürülebilirlikle tutarlıdır. 

Son çalışmalar, Pb²⁺ ve Cr⁶⁺ adsorpsiyonu ve ortaya çıkan mikrobiyal kirleticilerin 

giderilmesine odaklanarak, sürdürülebilir atık su arıtımında biyokütle kaynaklı 

nanomalzemelerin artan potansiyelini göstermiştir (Nargotra ve ark., 2025). Karbonlu 

matrislerle metal oksitlerden oluşan nanokompozitler, yüksek gözeneklilik, yüzey işlevselliği 

ve bileşenler arasındaki sinerjik etkileşimler nedeniyle umut verici adsorpsiyon ve 

antimikrobiyal performans göstermiştir (Mudassar ve ark., 2025). Bu yenilikler, tarımsal 

atıkları yüksek değerli adsorbanlara dönüştüren döngüsel ekonomi tabanlı su arıtma 

çözümlerine yönelik küresel eğilimle uyumludur. Son çalışmalar, tarımsal gıda atığı bazlı 

nanoadsorbanların ağır metal arıtımı ve çok fonksiyonlu iyileştirme uygulamaları için 

potansiyelini daha da vurgulamıştır (Topare & Wadgaonkar, 2023). Çeşitli biyokütle kaynaklı 

sorbentler rapor edilmiş olmasına rağmen, aktif karbon, manyetit ve tarımsal atıklardan elde 

edilen ZnO'yu bir araya getiren ve eş zamanlı ağır metal adsorpsiyonu, yeniden kullanılabilirlik 

değerlendirmesi ve gerçek numune uygulanabilirliği gibi işlevleri bir arada barındıran çok 

fonksiyonlu bir nanokompozit geliştiren hiçbir çalışma bulunmamaktadır. Bu nedenle, mevcut 

çalışma bu önemli boşluğu ele almaktadır.  

2. Materyal ve Metot 

Yerel tarım alanlarından temin edilen kanyaş otu (Sorghum halepense), nanokompozit 

sentezi için birincil karbon öncüsü olarak kullanılmıştır. Numuneler, safsızlıkları gidermek için 

deiyonize sıvı ile yıkanmıştır, ardından bir fırında 80 °C'de yaklaşık 24 saat kurutulmuştur. Ağır 

metal giderme deneylerinde, Cr⁶⁺ kaynağı olarak analitik saflıkta potasyum dikromat (K₂Cr₂O₇, 

≥%99, Merck) ve Pb²⁺ için Pb(NO₃)₂ (≥%99, Sigma-Aldrich) kullanılarak ve tüm çözeltiler 

deiyonize suda hazırlanmıştır. Deneyler sırasında kül fırını, bilyalı değirmen, manyetik 

karıştırıcı, ultrasonik banyo ve pH metre gibi laboratuvar ekipmanları kullanılmıştır. Deneysel 

çalışmalar yapılırken doğruluğu garanti etmek için her deneme üç kez tekrarlanmıştır.  
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2.1. Nanokompozitin Sentezlenmesi 

Kurutulmuş kanyaş otu ince toz haline getirildikten sonra ve azot ortamında 300 °C'de 3 

saat süreyle karbonize edilerek aktif karbon elde edilmiştir. ZnO nanopartikülleri, pH 10'a 

ulaşana kadar karıştırılarak çinko nitrat çözeltisine yavaşça NaOH eklenerek eş çöktürme 

yöntemiyle sentezlendi. Daha sonra elde edilen aktif karbon, ZnO nanopartikül süspansiyonuna 

eklenerek düzgün bir kaplama sağlamak için 30 dakika ultrasonikasyon uygulandı. Elde edilen 

nanokompozitler temizlendi, saf su ile iyice durulandı ve kurutmak için 12 saat 70 °C'de etüvde 

bekletilmiştir. ZnO oluşum reaksiyonu Denklem (1)'de verilmiştir:  

Zn2+2OH-→Zn(OH)2→ZnO+H2O                                                                                                           (1) 

Deneysel çalışmalarda mukayese edilmek için; hem aktif karbon formunda (AK) hem de 

nanokompozit sentezlenmiş haliyle (ZnO) adsorpsiyon çalışmaları gerçekleştirilmiştir. 

2.2. Karakterizasyon 

Elde edilen aktif karbon ve hazırlanan ZnO nanokompozitlerinin yapısal ve fonksiyonel 

özellikleri, kristalliği doğrulamak için XRD, yüzey morfolojisi ve elementel bileşimi için SEM 

ve fonksiyonel grup tanımlaması için FT-IR analizleri kullanılarak incelenmiştir. 

2.3. Ağır metal giderim deneyleri 

Adsorpsiyon çalışmaları, adsorbentlerin sulu çözeltideki Cr⁶⁺ ve Pb²⁺'yi uzaklaştırma 

kapasitesini ölçmek için gerçekleştirilmiştir. Her denemede, 0.5 g adsorban 50 mL hacminde 

metal içeren çözelti ile karıştırılmıştır. Kalan metal seviyeleri Atomik Absorpsiyon 

Spektroskopisi (AAS) kullanılarak analiz edilmiştir. Adsorpsiyon kapasitesi (qe) ve giderim 

verimi (R%) aşağıdaki 2 ve 3 numaralı eşitlikler kullanılarak hesaplanmıştır: 

𝑞𝑒  =  
𝐶0− 𝐶𝑒

𝑊
 × 𝑉                                                                                                                                   (2) 

𝑅(%)  =  
𝐶0− 𝐶𝑒

𝐶0
 × 100                                                                                                                                   (3) 

Eşitliklerde C0: Başlangıç metal konsantrasyonu (mg/L), Ce: Dengedeki metal 

konsantrasyonu (mg/L), V: Çözelti hacmi (L) ve W: Kullanılan adsorban miktarı (g) olarak 

ifade edilmektedir (Ho & McKay, 1999). 

2.4. Kinetik çalışmalar 

AK-ZnO nanokompozit yüzeyine Cr⁶⁺ ve Pb²⁺ adsorpsiyonunun kinetik çalışmaları, hız 

kontrol mekanizmasını sınıflandırmak için gerçekleştirilmektedir. Sözde birinci ve ikinci 

mertebe model olmak üzere iki model incelenmiştir. Bu iki model, Denklem (4) ve (5)'da 

sunulduğu gibi adsorpsiyon davranışını tanımlamak için uygulanmıştır.  

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛(𝑞𝑒) − 𝑘1 𝑡                                                                                                                      (4) 

t/q𝑡 =  1/(k2q𝑒
2 )  +  t/qe                                                                                                                              

(5) 

Burada, qt, t zamanındaki adsorpsiyon hacmini, qe simetri hacmini ve ilgili hız sabitlerini 

(k1, k₂) ifade etmektedir (Ho & McKay, 1999). 

2.5. İzoterm modelleri kullanılarak adsorpsiyon davranışının değerlendirilmesi 

Malzemenin adsorpsiyon yeteneği ile denge halindeki iyonize metal konsantrasyonları 

arasındaki bağlantı, adsorpsiyon modelleri için izotermler kullanılarak araştırılmıştır. Deneysel 

sonuçlara uyum sağlamak için Langmuir, Freundlich ve Temkin teorileri kullanılmıştır. 

Langmuir modeli, homojen alt tabaka çok katmanlı adsorpsiyonunu varsaymaktadır (Langmuir, 

1918). Freundlich modeli, çok katmanlı oluşumla heterojen yüzeylerdeki adsorpsiyonu 

tanımlamaktadır. Temkin modeli, adsorban-adsorbat etkileşimlerinin etkisini dikkate 

almaktadır. Adsorpsiyon süreci için en uygun izotermi belirlemek amacıyla model 

parametreleri ve korelasyon katsayıları (R²) hesaplanmıştır.  

3. Bulgular ve Tartışma 

3.1. X-ışını kırınımı (XRD) analizi 

Nano-kompozitlerin XRD deseni, ZnO fazlarının varlığını yansıtarak başarılı bir şekilde 

entegre edildiğini ve manyetik aktivasyonun gerçekleştiğini doğrulamaktadır. Genel olarak, 
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34,5°, 36,6°, 47,5° ve 56,6°'deki pikler, ZnO nun (002), (101), (102) ve (110) düzlemlerini 

temsil etmektedir (Sharma ve ark., 2023). 29° civarında görünen geniş bir sinyal, kanyaş otunun 

karbonizasyonu ile meydana gelen amorf karbona karşılık gelmekte olup, kısmen grafitlenmiş 

ve yüksek yüzey alanına sahip bir matrisi yansıtmaktadır. Tüm bunlar, karbon iskeletine 

tutturulmuş ZnO kristallerinin birlikte varlığını doğrulamakta ve malzemenin ağır metal 

uzaklaştırma ve manyetik ayırma gibi çok fonksiyonlu özelliklerini desteklemektedir. Şekil 1, 

kanyaş otundan elde edilen aktif karbon (AK) ve ZnO kullanılarak sentezlenen nanokompozitin 

kristal düzenini göstermektedir. 

 

 
Şekil 1. Elde edilen aktif karbon (AK) ve ZnO katkılı nanokompozit adsorbanın XRD 

analizi. 

3.2. Taramalı elektron mikroskopu (SEM) analizi 

Bu çalışma kapsamında, tarımsal bir atık olan kanyaş otundan elde edilen aktif karbonun 

yüzey karakterizasyonu SEM (Taramalı Elektron Mikroskobu) analizi ile detaylı bir şekilde 

incelenmiştir (Şekil 2). Elde edilen mikrograflar, uygulanan aktivasyon işleminin biyokütle 

üzerinde oldukça heterojen, pürüzlü ve gelişmiş bir gözenek yapısı oluşturduğunu 

kanıtlamaktadır. Görüntülerde gözlemlenen belirgin makro-boşluklar ve parçalı yüzey 

morfolojisi, adsorpsiyon süreçlerinde kritik öneme sahip olan yüksek yüzey alanı ve erişilebilir 

kanal yapısının başarıyla oluşturulduğunu göstermektedir. Sonuç olarak, kanyaş otundan 

sentezlenen bu aktif karbonun, yapısal özellikleri itibarıyla sulu çözeltilerden kirleticilerin 

giderilmesinde veya gaz depolama uygulamalarında düşük maliyetli ve yüksek verimli bir 

adsorban adayı olduğu tespit edilmiştir. 

 

 
Şekil 2. SEM kullanılarak aktif karbonun yüzey morfolojisi analizi 
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3.3. FT-IR spektral analizi 

Mısır kabuğundan elde edilen aktif karbonun FT-IR spektrumu incelendiğinde, 

fonksiyonel grupların oldukça sınırlı olduğu ve yapının stabilize bir karbon formuna dönüştüğü 

gözlemlenmiştir. Spektrumdaki en karakteristik pik 1012 cm-1 dalga sayısında ortaya çıkan 

güçlü C-O gerilme titreşimidir, metal iyonları ile şelat oluşturma veya iyon değişimi yoluyla 

etkileşime girme kapasitesine sahip olduğu değerlendirilmektedir. 3200-3600 cm-1 aralığında 

belirgin bir -OH bandının bulunmaması, malzemenin yüksek derecede karbonize olduğunu ve 

hidrofobik bir karakter sergilediğini göstermektedir. Bu kimyasal yapı, malzemenin özellikle 

polar olmayan organik moleküllerin adsorpsiyonunda seçici bir avantaj sağlayabileceğine işaret 

etmektedir.  

 
Şekil 3. FT-IR spektral analizi 

3.4. Adsorpsiyon kinetiği 

Adsorpsiyon hızını ve mekanizmasını (fiziksel mi yoksa kimyasal mı) belirlemek 

amacıyla kinetik model çalışması gerçekleştirilmiştir. Uygunluğun değerlendirilmesi için 

model sabitleri, denge kapasiteleri ve korelasyon katsayıları türetilmiştir. Hesaplanan kinetik 

parametreler Tablo 1'de özetlenmiştir.  

Tablo 1. Kinetik modeller ve parametreleri 

Kinetik Model Metal İyonu Parametre AK ZnO 

Sözde Birinci 

Derece 

Pb2+ 
k1 (min-1) 0.027 0.052 

  qe hesap.(mg/g) 6.09 5.19 

  qe deney.(mg/g) 17.09 25.99 

  R2 0.84 0.91 

Sözde İkinci 

Derece 
Pb2+ k2 (g mg-1min-1) 0.009 0.028 

  qe hesap.(mg/g) 17.79 26.19 

  qe deney.(mg/g) 17.09 25.99 

  R2 0.9995 0.9999 

Sözde Birinci 

Derece 
Cr⁶⁺ k1 (min-1) 0.044 0.054 

  qe hesap.(mg/g) 11.99 4.99 

  qe deney.(mg/g) 15.79 22.49 

  R2 0.79 0.87 

Sözde İkinci 

Derece 

Cr⁶⁺ 
k2 (g mg-1min-1) 0.008 0.024 

  qe hesap.(mg/g) 16.49 22.79 

  qe deney.(mg/g) 15.79 22.49 

  R2 0.9996 0.9998 
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ZnO nanokompozit Pb²⁺ adsorpsiyonu için k₂ = 0,028 g mg⁻¹ min⁻¹ değerinde bir sözde 

ikinci mertebe hız sabiti elde edilmiştir; bu değer, aktif karbon (k₂ = 0,009 g mg⁻¹ min⁻¹) hız 

sabitinden yaklaşık üç kat daha yüksektir. Öte yandan, ZnO ve AK üzerinde Cr⁶⁺ için sırasıyla 

k₂ = 0,024 g mg⁻¹ min⁻¹ ve k₂ = 0,008 g mg⁻¹ min⁻¹ gibi benzer bir eğilim elde edilmiştir. Yüksek 

korelasyon katsayıları (R² ≈0,998–0,999) ile birlikte önemli ölçüde daha yüksek k₂ değerleri, 

bu adsorbent üzerindeki kirleticilerin adsorpsiyon sürecinin büyük ölçüde kimyasal 

adsorpsiyon tarafından yönetildiğini ortaya koymuştur (Ho & McKay, 1999). Buna karşılık, 

sözde birinci dereceden uyum, 0,79–0,91 aralığında daha düşük R² değerleri vermiş ve qₑ'yi 

daha düşük tahmin etmiştir; bu da bu modelin sistemi tanımlamak için uygun olmadığını ortaya 

koymaktadır. Bu sonuçlar, ZnO nanokompozitin, geliştirilmiş yüzey işlevselliğinden 

kaynaklanan daha hızlı dengeye ulaşma özelliği ve sinerjik ZnO-AK etkileşimleri ile üstün 

adsorpsiyon kinetiğine sahip olduğunu ortaya koymaktadır. Parçacık içi difüzyon adsorpsiyon 

sürecine katkıda bulunsa da, R² >0,98 ile sözde ikinci derece model tarafından sağlanan en iyi 

uyum, genel hız kontrolünde kimyasal adsorpsiyonun baskın olduğunu doğrulamaktadır ve bu 

nedenle ek difüzyon modelleri uygulanmamıştır. 

3.4.1. Sözde birinci dereceden kinetik 

Adsorpsiyon hızının, genellikle fiziksel adsorpsiyonla ilişkilendirilen sözde birinci 

dereceden modelde mevcut alan sayısına bağlı olduğuna inanılmaktadır (Şekil 4). Pb²⁺ için k₁ 

değerleri 0,027 min⁻¹ (Aktif karbon) ve 0,054 min⁻¹ (ZnO) olup, ZnO ile modifiye edilmiş 

kompozitte daha hızlı bir transfer görülmektedir. Cr⁶⁺ için k₁ değerleri (AK) ve (ZnO) için 

sırasıyla 0,044 min⁻¹ ve 0,054 min⁻¹ olarak belirlenmiştir. Tahmini denge adsorpsiyon 

kapasiteleri (qₑ, hesaplanan) genellikle deneysel gözlemlerin altında olup, R² değerleri 0,889 ile 

0,994 arasındadır. Bu, fiziksel adsorpsiyonun rol oynadığını, ancak modelin tek başına her iki 

metal iyonunun adsorpsiyon davranışını tam olarak yakalayamadığını göstermektedir. 

 

 
Şekil 4. (a) Pb²⁺ ve (b) Cr⁶⁺ için sözde birinci derece model. 

3.4.2. Sözde ikinci dereceden kinetik 

Adsorpsiyonun sözde ikinci dereceden mertebe modeli ile uyumunu gösteren görsel Şekil 

5 ile gösterilmektedir. Pb²⁺ için k₂, aktif karbon yüzeyinde 0,009 g mg⁻¹ min⁻¹ ve ZnO 

yüzeyinde 0,028 g mg⁻¹ min⁻¹ iken, Cr⁶⁺ için değerler 0,008 ve 0,024 g mg⁻¹ min⁻¹ olarak elde 

edilmiştir. Hesaplanan ve deneysel kapasiteler, yüksek R² değerleriyle (0,9995–0,9998) güçlü 

bir uyum göstererek, kemisorpsiyonu ana mekanizma olarak belirlemiş ve bu modelin daha iyi 

uyumunu gözler önüne sermektedir. 

Sözde ikinci dereceden kinetik modeliyle mükemmel uyum, metal gideriminde kimyasal 

adsorpsiyonun baskın olduğunu, burada metal iyonları ve yüzey fonksiyonel grupları arasında 

elektron paylaşımı ve yüzey kompleksleşmesinin meydana geldiğini göstermektedir. Pb²⁺ 

durumunda, Aktif karbondaki oksijenli gruplarla birlikte π-elektronca zengin alanlar güçlü 

koordinasyon etkileşimlerini kolaylaştırırken, Cr⁶⁺'nın uzaklaştırılması esas olarak ZnO ile 

ilişkili hidroksil bölgeleri aracılığıyla elektrostatik çekim ve kısmi indirgeme yoluyla Cr³⁺'ya 
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dönüşümü gerçekleşmektedir. Bu nedenle, kinetik eğilim, nanokompozitteki AK ve ZnO 

alanlarının katkısını net bir şekilde yansıtmaktadır. 

 

 
Şekil 5. (a) Pb²⁺ ve (b) Cr⁶⁺ için sözde ikinci derece model. 

 

3.5. Adsorpsiyon izoterm modelleri 

Adsorpsiyon izoterm modelleri, sabit sıcaklıkta çözeltiden uzaklaştırılan adsorbat miktarı 

ile çözeltideki denge konsantrasyonu arasındaki ilişkiyi gösterir. Bu modeller, adsorpsiyon 

kapasitesinin nicelleştirilmesini, yüzey özelliklerinin yorumlanmasını ve adsorpsiyon 

mekanizmasının ortaya çıkarılmasını sağlar. Yaygın modeller arasında Langmuir, Freundlich, 

Temkin modelleri bulunmaktadır. 

Langmuir modeli, sonlu sayıda özdeş bağlanma bölgesine sahip düzgün yüzeylerde tek 

katmanlı adsorpsiyonu modeller. ZnO için, qmax değerleri (Tablo 2), Pb²⁺ ve Cr⁶⁺'yi adsorbe 

etme konusunda yüksek bir kapasiteyi yansıtmaktadır; bu da ZnO ile işlevselleştirilmiş 

gözenekli karbon tarafından bu türlerin verimli bir şekilde alındığını göstermektedir. 

Langmuir modelinin baskınlığını göstermesi, adsorpsiyonun homojen ve enerjik olarak 

eşdeğer aktif bölgelerde tek tabaka kaplama yoluyla gerçekleştiğini göstermektedir (Langmuir, 

1918). Bu, ZnO'nun Cr⁶⁺ için homojen yüksek afiniteli bölgeler sağlayacağı ve mezogözenekli 

AK çerçevesinin Pb²⁺ için iyon etkileşim bölgelerini stabilize edeceği ZnO'nun mekanistik 

tasarımıyla uyumludur. İzoterm ve kinetik analizler arasındaki uyum, yüzey bölgesi 

özgüllüğünün ve fonksiyonel grup kimyasının ağır metal alımını kontrol ettiği tutarlı bir 

mekanizmayı güçlendirmektedir. 

Freundlich sabitleri ve 1/n değerleri, bol miktarda adsorpsiyon potansiyeli ve yüzey 

heterojenliğini göstermiştir. Freundlich'in çok katmanlı adsorpsiyonları tanımlayabilmesine 

rağmen, Langmuir'e kıyasla Freundlich için elde edilen daha düşük R² değeri, tek katmanlı 

adsorpsiyonun baskın olduğu gözlemi desteklemekte ve ZnO adsorbanının sulu çözeltilerden 

Pb²⁺ ve Cr⁶⁺'yi uzaklaştırma yeteneğini doğrulamaktadır. 

ZnO sonuçlarına göre, Temkin sabitleri (bT ve AT, Tablo 2) her ikisi de 20 kJ mol⁻¹'in 

altında olup, Pb²⁺ ve Cr⁶⁺'nin uzaklaştırılmasının fizyosorpsiyon tarafından domine edildiğini 

göstermektedir. Temkin izotermi ayrıca, adsorpsiyonun, mezogözenekli ZnO ile 

işlevselleştirilmiş karbon yüzeyinde elektrostatik ve zayıf van der Waals etkileşimleri 

tarafından yönlendirilen, enerjik olarak kararlı olduğunu göstermektedir. Bu sonuçlar, 

adsorbanın endüstride atık su arıtımındaki verimliliğini ve kararlılığını doğrulamaktadır. 

Sözde ikinci derece kinetik modelinin uyumu, hem Pb²⁺ hem de Cr⁶⁺ için ana hız kontrol 

mekanizması olarak kemisorpsiyonu doğrular; ancak Temkin izotermine kısmi uyum, heterojen 

yüzeylerde ikincil, daha zayıf etkileşimleri gösterir. Bu etkiler, aktif karbon ve ZnO alanlarının 

bir arada bulunmasından kaynaklanan yüzey enerjisi değişimlerine karşılık gelir. Bu nedenle, 

genel adsorpsiyon süreci, yüksek afiniteli fonksiyonel gruplardaki spesifik kemisorpsiyon 

etkileşimleri tarafından domine edilebilir; ancak iyonların bir kısmı, özellikle daha yüksek 
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metal konsantrasyonlarında, daha düşük enerjili bölgelerde daha zayıf fizikosorpsiyon 

etkileşimlerine girebilir. 

 

Tablo 2. İzoterm modeller ve parametreleri 

İzoterm Model Metal İyonu Parametre AK ZnO 

Langmuir Pb2+ KL (L mg-1) 0.044 0.339 

  qmax (mg g-1) 41.9 97.9 

  R2 0.992 0.997 

  RL 0.311 0.006 

Langmuir Cr⁶⁺ KL (L mg-1) 0.040 0.324 

  qmax (mg g-1) 37.9 93.9 

  R2 0.994 0.996 

  RL 0.334 0.008 

Freundlich Pb2+ KF (mg g-1) 12.4 29.9 

  1/n 0.199 0.174 

  R2 0.965 0.986 

Freundlich Cr⁶⁺ KF (mg g-1) 2.9 11.9 

  1/n 0.469 0.359 

  R2 0.953 0.939 

Temkin Pb2+ bT (kJ mol-1) 0.389 0.259 

  AT 1.19 5.99 

  R2 0.938 0.984 

Temkin Cr⁶⁺ bT (kJ mol-1) 0.409 0.319 

  AT 0.84 6.99 

  R2 0.977 0.983 

 

4. Sonuç 

Sulu sistemlerden Pb²⁺ ve Cr⁶⁺ iyonlarını uzaklaştırmak için kararlı, masrafsız ve verimli 

bir nanokompozit tasarlanmıştır; bu sayede geleneksel ve nanomalzeme bazlı adsorbanlara yeni 

bir örnek geliştirilmiştir. Metal bazlı nanozimler ve kompozit yapılar, kirleticilerin giderimine 

yönelik çok hedefli etki mekanizmaları sunmakla birlikte, büyük ölçekli üretim süreçleri ve 

çevresel güvenlik açısından çeşitli sınırlılıklar ve tutarsızlıklar barındırmaktadır. Bu durum, söz 

konusu malzemelerin endüstriyel uygulamalara entegrasyonunda ölçeklenebilirlik, maliyet 

etkinliği ve ekotoksikolojik etkiler gibi kritik parametrelerin dikkatle değerlendirilmesini 

gerektirmektedir. 

Çevre dostu uygulamaların sağlanabilmesi amacıyla, güvenlik önlemleri ve atık bertaraf 

süreçleri titizlikle yürütülmüştür. Bu kapsamda, son derece toksik bir kirletici olan altı 

değerlikli krom (Cr⁶⁺)’un yönetimi özel bir önem arz etmektedir. Cr⁶⁺, bertaraf öncesinde çevre 

dostu bir indirgeme ajanı olan askorbik asit veya benzeri indirgen maddeler kullanılarak daha 

az toksik olan Cr³⁺ formuna dönüştürülmüş; ardından uygun koşullarda depolanmış ve 

filtrasyon işlemlerinden geçirilmiştir. 

Bu yaklaşım, laboratuvar güvenliğinin sağlanmasının yanı sıra iyileştirme (remediasyon) 

verimliliğinin artırılmasına da katkıda bulunarak genel çevresel güvenliğin güçlendirilmesine 

olanak tanımaktadır. Nitekim söz konusu sistemin güçlü adsorpsiyon kapasitesi, farklı su 

örneklerinde %90’ın üzerinde giderim verimi ile ortaya konulmuş ve bu performansın beşten 

fazla yeniden kullanım döngüsü boyunca sürdürülebildiği belirlenmiştir. 

Gerçekleştirilen yapısal karakterizasyon analizleri, ZnO nanopartiküllerinin aktif karbon 

(AC) desteği üzerinde homojen bir şekilde dağıldığını doğrulamıştır. Bu yapı, malzemenin 

kimyasal kararlılığını artırmakta; yüksek özgül yüzey alanı ve gelişmiş adsorpsiyon kinetiği 
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gibi üstün özellikler kazandırarak sistemin genel performansını iyileştirmektedir. Elde edilen 

bulgular, uygulanan adsorbanın ağır metal giderimi açısından etkili ve uygulanabilir bir seçenek 

sunduğunu ortaya koymaktadır. Bu durum, söz konusu malzemenin pratik uygulamalarda 

kullanılabilirliğini ve çevresel iyileştirme süreçlerinde potansiyelini desteklemektedir. 

 Teşekkür ve Bilgi Notu  
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Abstract 

Edible vegetable oils such as sunflower, corn, and olive oil are rich in phytosterols, tocopherols, 

and polyphenols. The ability of these bioactive compounds to neutralize free radicals has been 

extensively studied in recent years, and they have been found to exhibit antioxidant properties. 

This study was conducted to determine the free radical scavenging activities and total phenolic 

and flavonoid content in methanolic extracts obtained from sunflower, corn, and olive oils. For 

this purpose, DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)), and total flavonoid and phenolic content were measured 

using spectrophotometric methods. Total phenolic content was calculated in 100 ml oil samples 

according to the gallic acid calibration curve. Total phenolic content was found to be 1.48±0.03 

g GAE/ 100 ml in sunflower oil and 0.67±0.03 g GAE/ 100 ml in olive oil. The highest total 

phenolic content was determined to be 2.61±0.22 g GAE/100 ml in corn oil. Total flavonoid 

content was calculated in 100 ml oil samples according to the catechin calibration curve. It was 

found to be 0.58±0.07 g CE/100 ml in corn oil and 0.41±0.03 g CE/100 ml in olive oil. The 

highest total flavonoid content was determined to be 1.18 ± 0.03 g CE/100 ml in sunflower oil. 

From the oil samples extracts obtained by dissolution in methanol, 50 µL, 100 µL, 200 µL, 400 

µL, 800 µL, and 1000 µL were taken. Then, DPPH and ABTS free radical scavenging activities 

were calculated as percentages. The highest DPPH radical scavenging percentages were 66.40 

± 4.26% in a 400 µL sample of sunflower oil (p < 0.001), 58.99 ± 3.12% in a 1000 µL sample 

of corn oil (p < 0.001), and 51.87 ± 3.39% in an 800 µL sample of olive oil (p < 0.05). The 

highest ABTS radical scavenging percentages were 31.31 ± 2.67% in a 800 µL sample of 

sunflower oil (p < 0.001), 39.62 ± 1.19% in a 400 µL sample of corn oil (p < 0.01), and 79.47 

± 5.78% in a 1000 µL sample of olive oil (p < 0.001). The findings indicate that the oils 

examined possess antioxidant properties and are of plant origin. In particular, the fact that corn 

oil has the highest total phenolic content demonstrates its free radical scavenging capacity. The 

high total flavonoid content and DPPH radical scavenging activity of sunflower oil indicate that 

its antioxidant capacity is higher than that of other oils. When examining the ABTS free radical 

scavenging potential of olive oil, it has been determined that it possesses significant antioxidant 

activity. These findings support that these commonly consumed vegetable oils may contribute 

to reducing oxidative stress through their bioactive components. 

Keywords: Sunflower oil, corn oil, olive oil, antioxidant activity, total phenolic, total 

flavonoid, DPPH, ABTS 
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1. Introduction 

Vegetable oils, in addition to being a valuable energy source in human nutrition, exhibit 

important biological properties for health thanks to the phenolic compounds, tocopherols, 

flavonoids, and phytosterols they contain (Akoh and Min, 2008). The antioxidant effects of 

frequently consumed oils, such as sunflower, corn, and olive oil, have been extensively 

researched in recent years (Boskou, 2006). It has been reported that the bioactive components 

in these oils contribute to reducing oxidative stress by eliminating free radicals (Shahidi & 

Zhong, 2010). The excessive formation of free radicals in the organism has been observed to 

cause lipid peroxidation, protein damage, and DNA degradation, thus contributing to the 

development of various chronic diseases (Halliwell and Gutteridge, 2015). Antioxidant 

compounds play an active role in protecting cellular structure by neutralizing these radicals. 

Therefore, identifying natural antioxidant sources and evaluating their antioxidant activities is 

of great importance (Lobo et al., 2010). 

DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)) free radical scavenging methods are commonly used to 

determine the antioxidant capacity of vegetable oils. Furthermore, determining the total 

phenolic and total flavonoid content is among the important parameters in evaluating the 

antioxidant potential of the bioactive compounds contained in oils (Re et al., 1999). This study 

aimed to determine the antioxidant activities and some biochemical properties of methanolic 

extracts obtained from sunflower, corn, and olive oil. In this context, the total phenolic and total 

flavonoid contents of the oil samples, as well as their DPPH and ABTS free radical scavenging 

activities, were evaluated using spectrophotometric methods. 

2. Materials and Methods 

2.1. Preparation of Methanolic Oil Extracts: 1 g each of sunflower, corn, and olive 

oil were taken and placed in separate test tubes. 20 mL of methanol was added to them and 

vortexed. The obtained methanolic extracts were used to determine the amounts of DPPH, 

ABTS, Total Phenolic, and Flavonoid. 100 µL each of the methanolic oil extracts were used for 

Total Phenolic and Flavonoid. For DPPH and ABTS, 50 µL, 100 µL, 200 µL, 400 µL, 800 µL, 

and 1000 µL of the methanolic oil extracts were used. All measurements were made in a 

spectrophotometer according to the specified methods. 

2.2. DPPH (Free Radical Scavenging Activity) 

Free radical scavenging activity (DPPH) was determined according to the method 

described by Brand-Williams et al. (1995). 25 mg/L α,α-Diphenyl-β-picrylhydrazyl (DPPH) 

was prepared by dissolving it in methanol. 4 ml of the methanolic extracts DPPH solution was 

taken into test tubes. Then, 50 µL, 100 µL, 200 µL, 400 µL, 800 µL, and 1000 µL of methanolic 

extracts oil extracts were added to the test tubes in 3 replicates each and vortexed. Incubation 

was carried out at room temperature in a dark environment for 30 minutes. At the end of the 

period, absorbances against the methanol blank without the sample were recorded at 517 nm in 

a spectrophotometer. The following formula was used to determine the antioxidant capacity of 

methanolic extracts oil extracts. Based on decreasing absorbance values, the extent to which 

the sample inhibited DPPH free radicals was calculated. 

 

%Inhibition = [(ControlABS - SampleABS) / ControlABS] × 100 

 

2.3. ABTS (ABTS• Radical Scavenging Activity) 

ABTS• radical scavenging activity was performed using methanol oil samples according to the 

method described by Re et al. (1999) and Pellegrini et al. (2003). 2,2-azinobis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) was mixed with 2.45 mM potassium persulfate 

(K₂S₂O₈) to achieve a final concentration of 7 mM. The solution was left in the dark at room 

temperature for 12-16 hours. The ABTS• radical cation solution formed as a result of the 
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oxidation of potassium persulfate with ABTS was diluted with phosphate buffer to achieve an 

absorbance intensity of 0.890 at a wavelength of 734 nm. Next, 4 ml of ABTS• radical cation 

was mixed with 50, 100, 200, 400, 800, and 1000 μL of methanol-containing oil extracts and 

incubated in the dark for 30 minutes. Absorbances were then measured at a wavelength of 734 

nm. The number of ABTS• radicals eliminated by the samples was calculated using the 

following formula.  

%Inhibition = [(ControlABS - SampleABS) / ControlABS] × 100 

2.4. Total Phenolic Compound Content 

The total phenolic compound content in oil samples was determined according to the 

method described in the literature (Singleton et al., 1999). The gallic acid calibration curve was 

used as a standard. 100 μL of methanolic oil extracts were taken into test tubes in 5 replicates 

each. Then 0.5 mL of Folin-Ciocalteu reagent was added. After 3 minutes, 3 mL of 2% Na2CO3 

solution was added to the samples. After vortexing, they were kept in a dark environment for 2 

hours. At the end of this period, the absorbance values of the samples at a wavelength of 760 

nm were measured by spectrophotometer. The results were calculated as gallic acid g equivalent 

(g GAE/100 ml oil sample). 

2.5. Total Flavonoid Compound Amount 

The total amount of flavonoid compounds was determined according to the method 

described (Kim et al., 2003). 100 μL of methanolic oil extracts were taken into test tubes in 5 

replicates each. Then, 0.3 mL of 5% sodium nitrite (NaNO2) was added and left for 5 minutes. 

Afterwards, 0.3 mL of 10% aluminum chloride (AlCl3) was added. Then, 2 mL of 1 M sodium 

hydroxide (NaOH) was added and 2.4 mL of pure water was added and vortexed. The 

absorbance values of the samples at a wavelength of 510 nm were measured in a 

spectrophotometer and the results were calculated as catechin g equivalent/100 ml (g CE/g). 

2.6. Statistical Analysis 

Statistical analysis of the obtained data was performed using the SPSS 26 software 

package. ANOVA and LSD tests were used to determine the differences between groups. 

Statistical significance was set at p<0.05. Data are presented as mean ± standard error. 

3. Findings and Discussion 

3.1. Total Phenolic Content of Methanolic Sunflower, Corn Oil and Olive Oil 

Extracts 

Table 1. Total phenolic content of oil samples (g GAE/ 100 ml oil sample) 

 

Oil samples Total Phenolic  

Sunflower oil 1,48±0,03 

Corn oil 2,61±0,22 

Olive oil 0,69±0,06 

Total phenolic content was calculated in 1g oil samples according to the gallic acid 

calibration curve. Total phenolic content was found to be 1,48±0,05 (g GAE/100 ml) in 

sunflower oil and 0,69±0,06 (g GAE/100 ml) in olive oil. The highest total phenolic content 

was determined in corn oil as 2,61±0,22 (g GAE/100 ml). In the study by Laulloo et al. (2015), 

the total phenolic content in crude sunflower oil was found to be 95,14 ± 1,20 μg/ml. It is 

thought that the high total phenolic content determined especially in corn oil may increase free 

radical scavenging activity. In olive oil, it has been reported that phenolic compounds such as 

hydroxytyrosol and oleuropein significantly contribute to the antioxidant capacity of olive oil 

(Visioli and Galli, 2002). Furthermore, phenolic compounds are reported to be one of the key 

bioactive components determining the antioxidant capacity of vegetable oils. Similarly, 

Yoshida and Niki (2003) reported that phenolic compounds found in vegetable oils have a 

protective effect on oxidative stability and are directly related to antioxidant activity. 
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Figure 1. Total phenolic content of methanolic sunflower oil, corn oil and 

olive oil extracts (%)  

 

 

3.2. Total Flavonoid Content of Methanolic Sunflower Oil, Corn Oil and Olive Oil 

Extracts 

 

Table 2. Total Flavonoid content of oil samples (g CE/100 ml oil sample) 

 

Oil Samples Total Flavonoid  

Sunflower oil 1,18±0,03 

Corn oil 0,58±0,02 

Olive oil 0,41±0,02 

 

Total flavonoid content was calculated in 1g oil samples according to the Catechin 

calibration curve. It was found to be 1.18±4.93 (g KE/100 ml) in sunflower oil, 0.58±6.80 (g 

KE/100 ml) in corn oil, and 0.41±2.66 (g KE/100 ml) in olive oil. 

In a study by Laulloo et al. (2015), the total flavonoid content in crude sunflower oil was found 

to be 37.42 ± 2.18 μg/ml. Furthermore, it was observed that flavonoid compounds play an active 

role in the antioxidant capacity of vegetable oils and contribute to reducing oxidative damage 

by neutralizing free radicals. The high flavonoid content determined in sunflower oil, in 
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particular, is thought to support the radical scavenging activity of the oil. Similarly, Ramadan 

and Moersel (2006) stated that flavonoids found in vegetable oils play an important role in 

antioxidant activity and increase the oxidative stability of oils. 

 
Figure 2. Total flavonoid content of methanolic sunflower oil, corn oil and olive 

oil extracts (%)  

3.3 DPPH Radical Scavenging Activity (%) of Methanolic Extracts of Sunflower, 

Corn, and Olive Oils 

 

Table 3. Scavenging activity of DPPH radicals in oil samples (%) 

Metanol 

extract (µL) 

Sunflower oil   Corn oil   Olive oil   

50 19,57±0,21 19,18±3,07 19,96±0,65 

100 28,02±3,01 25,78±1,59b 13,19±0,96 

200 37,51±3,70c 30,27±0,52c 51,55±5,06 

400 66,40±4,26d 47,39±1,19d 50,72±2,69 

800 38,42±4,91c 52,60±0,48d 51,87±3,39b 

1000 56,66±5,12d 58,99±3,12d 47,43±1,82 

d: p<0.001, c: p<0.01, b: p<0.05 

 

DPPH free radical scavenging activities were calculated as a percentage from 

methanol extracts obtained from oil samples in 50 µL, 100 µL, 200 µL, 400 µL, 800 µL, 

and 1000 µL quantities. The highest DPPH percentage value in sunflower oil was found 

in the 400 µL sample at 66.40±4.26 (p<0.001). The highest DPPH percentage value in 

corn oil was found in the 1000 µL sample at 58.99±3.12 (p<0.001). The highest DPPH 

percentage value in olive oil was found in the 800 µL sample at 51.87±3.39. 
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In Baydir's (2020) study, which aimed to determine the total antioxidant content 

and oxidation stability of edible oils, the DPPH method was used. According to the 

results, extra virgin olive oil had the highest antioxidant content and oxidation stability, 

while refined sunflower oil had the lowest. It was observed that antioxidant content had 

a positive effect on the oxidation stability of the oils. In Çelik's (2024) study, which aimed 

to determine the antioxidant activities of some edible oils consumed in Türkiye, corn oil 

was found to have the highest free radical scavenging activity at different concentrations. 

Along with other oils, corn oil was determined to exhibit good antioxidant activity due to 

its ability to scavenge approximately 90% or more of the DPPH radical. The activities of 

other oils, including sunflower oil, were found to be between 70-80%. In a study 

examining the free radical scavenging activity of sunflower oil, the DPPH scavenging 

activity percentage varied between 55.64% and 35.87% in 50 mg/ml crude sunflower oil 

(Laulloo et al., 2015). Regarding DPPH radical scavenging activity, it was determined 

that the oils we studied showed different levels of antioxidant effect at different 

concentrations. In a study by Xuan et al. (2018) on the chemical profiles of edible oils, 

sunflower oil showed significantly higher activity in the DPPH radical scavenging test. 

In our study, sunflower oil at a concentration of 400 µL was found to have the highest 

DPPH radical scavenging activity. 

 
Figure 3. DPPH radical activity of methanolic extracts of sunflower oil, 

corn oil and olive oil (%) 

 

3.4. ABTS Radical Scavenging Activity of Sunflower, Corn Oil and Olive Oil 

Methonolic Extracts 

 

Tablo 4. Scavenging activity of ABTS radicals in oil samples (%) 

Metanol extract 

(µL) 

Sunflower oil   Corn oil   Olive oil  

50 13,82±2,01 12,92±1,67 21,04±5,75 

100 14,00±1,85 15,05±1,03 33,22±7,83 

200 14,30±1,01 13,07±0,22 46,03±4,69c 

400 19,62±2,08 39,62±1,19c 54,68±3,32c 

800 31,31±2,67d 12,62±3,17 57,30±5,54c 

1000 18,50±5,17 18,23±3,32 79,47±5,78d 

d: p<0.001, c: p<0.01 
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ABTS free radical scavenging activities were calculated as a percentage from methanol extracts 

obtained from oil samples in 50 µL, 100 µL, 200 µL, 400 µL, 800 µL, and 1000 µL quantities. 

The highest ABTS percentage values were found in sunflower oil (31.31±2.67 in 800 µL 

sample, p<0.001), corn oil (39.62±1.19 in 400 µL sample, p<0.01), and olive oil (79.47±5.78 

in 1000 µL sample, p<0.001). In a study investigating the free radical scavenging activity of 

sunflower oil, the percentage of ABTS scavenging activity ranged from 59.46% to 31.43% in 

50 mg/ml crude sunflower oil (Laulloo et al., 2015). In our study, it was determined that 

different concentrations showed different levels of antioxidant effect in terms of ABTS radical 

scavenging activity. Furthermore, the fact that olive oil extracts showed higher ABTS radical 

scavenging activity compared to other oil samples may be due to the rich phenolic compound 

content of olive oil (Visioli and Galli, 2002). In addition, the increase in ABTS radical 

scavenging activity as the concentration increases in the oil samples supports the idea that 

antioxidant components have a dose-dependent effect. Similarly, in the study conducted by 

Pellegrini et al. (2003), it was shown that the ABTS radical scavenging capacity of vegetable 

oils is directly related to their phenolic content. 

 

 

 
 

Figure 4. ABTS Radical Scavenging Activity of Sunflower, Corn Oil and 

Olive Oil Methanolic Extracts (%). 

 

4. Conclusion and Recommendations 

The results show that the sunflower oil, corn oil, and olive oil examined in this study have 

antioxidant properties and are of plant origin. In particular, corn oil having the highest total 

phenolic content reveals its free radical scavenging capacity. The high total flavonoid content 

and DPPH radical scavenging activity of sunflower oil indicate that its antioxidant capacity is 

higher than other oils. When the ABTS free radical scavenging potential of olive oil is 

examined, it is seen that it has significant antioxidant activity. These findings support the idea 

that these commonly consumed vegetable oils can contribute to reducing oxidative stress 

through their bioactive components. 
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The high total phenolic and flavonoid content of the sunflower oil, corn oil, and olive oil we 

examined indicates that there was no adulteration process in these oils. This study revealed that 

the vegetable oils examined exhibit remarkable antioxidant capacity. The data obtained show 

that these oils, particularly those rich in phenolic and flavonoid compounds, both enhance 

nutritional value and can provide a natural protective source against oxidative processes. 

Consequently, sunflower oil, corn oil, and olive oil are considered to have significant 

importance not only in daily consumption but also in terms of their health-supporting functional 

components. In this context, a comprehensive investigation and in vivo analysis of the 

protective health properties of sunflower oil, corn oil, and olive oil are recommended. 

Furthermore, it is advised that future studies investigate the protective effects of these oils on 

antioxidant mechanisms and oxidative stress processes in cells in detail. Additionally, 

elucidating their role in preventing oxidative stress-related diseases could make significant 

contributions to the literature. 
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Abstract 

Marine environments host enormous microbial diversity and serve as a biosource of valuable 

products due to their unique physicochemical properties. Protease and tyrosinase are important 

enzymes with various biotechnological applications. In addition, screening for the extracellular 

production of these enzymes has been used to detect melanin-producing microorganisms via 

tyrosinase-dependent pathways. Melanin, a natural pigment, is a collective term for various 

classes of heterogeneous biopolymers produced through different biosynthetic pathways and 

considered a promising material for a wide range of industrial applications. In this context, the 

aim of this study was to screen endophytic fungi isolated from the seagrass Posidonia oceanica 

for extracellular protease and tyrosinase production as indicators of melanin-producing species. 

For this purpose, fungal endophytes were isolated from the surface-sterilized rhizomes of P. 

oceanica (L.) Delile, collected from İzmir, Türkiye, and identified using a polyphasic approach. 

The isolates were incubated on melanin agar medium containing 0.1% L-tyrosine and skim 

milk agar (1%) for the screening of extracellular tyrosinase and protease production, 

respectively. Tyrosinase production was observed as brownish pigmentation in the medium due 

to melanin synthesis. Protease activity was indicated by the formation of a clear hydrolytic zone 

around the colony, and the enzymatic index was calculated. Among the 39 fungal endophytes 

screened for enzymatic activity, 34 (87%) were tyrosinase-positive. Additionally, 37 isolates 

were protease-positive, with enzymatic indices ranging from 1.1 to 2.1. The identification of 

three tyrosinase-negative Cladosporium sp. isolates is a noteworthy finding, since species of 

this genus are known to synthesize melanin pigment. This may be due to 1,8-

dihydroxynaphthalene (DHN)-melanin production, as previous studies demonstrated that some 

species within this genus possess genes involved in DHN-melanin biosynthesis. In conclusion, 

although preliminary screening based on extracellular protease and tyrosinase production may 

be an effective approach to determine melanin producing-microorganisms, it may lead to 

overlooking species that produce other types of melanin, such as DHN-melanin, which is 

synthesized via the polyketide synthase pathway rather than the tyrosinase pathway. 

Keywords: Posidonia oceanica, endophytic fungi, tyrosinase, protease, melanin 
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1. Introduction  

While terrestrial microorganisms have been widely studied for their natural products, 

discovering new metabolites from them has become increasingly rare. On the other hand, 

although oceans cover 70% of the Earth's surface and marine ecosystems harbor immense 

biodiversity, the vast majority of marine microorganisms remain undiscovered. These 

organisms have evolved to survive under extreme environmental conditions, including high 

salinity, pressure, and temperature fluctuations. These unique physicochemical adaptations 

enable marine microorganisms to produce distinct natural products not found in their terrestrial 

counterparts. Thus, natural products derived from marine microorganisms have attracted 

growing interest in recent years (Ameen et al., 2021; Raninga & Banerjee, 2026). 

Endophytes are microorganisms—including bacteria, actinobacteria, and fungi—that 

reside within the cells or intercellular spaces of healthy plant tissues without causing apparent 

harm to their hosts (Tan & Zou, 2001; Jeewon et al., 2019). The prolonged colonization of 

endophytes inside plant tissues makes them produce certain metabolites that are 

pharmaceutically or industrially important. Endophyte populations can be affected by 

environmental conditions (Tan & Zou, 2001). Thus, the screening of endophytes isolated from 

host plants growing in diverse and unique habitats to discover novel natural products has gained 

attention (Jeewon et al., 2019). From this point of view, marine fungal endophytes inhabiting 

marine plants such as algae, sea-grasses and among others, seem to be promising biosources 

(Jeewon et al., 2019; El-Bondkly et al., 2021). 

Protease and tyrosinase are industrially important enzymes. Proteases, which are 

classified into exopeptidases and endopeptidases, catalyze the hydrolysis of peptide bonds in 

proteins. Proteases have been used in the food industry for cheese production, meat 

tenderization, and baking; in the detergent industry to remove proteinaceous stains such as 

blood; and in the leather industry for dehairing. The application areas of proteases are not 

limited to these. They can be extended from waste management such as bioremediation to the 

photographic industry for silver recovery (Naveed et al., 2021; Salem et al., 2025). Tyrosinase 

catalyses the o-hydroxylation of monophenols such as tyrosine to o-diphenols such as 3,4-

dihydroxyphenylalanine (L-DOPA), and the oxidation of diphenols to dopaquinone (o-

quinone) in the presence of molecular oxygen (O2) Subsequently, the polymerization of o-

quinones results in dark-brown pigments, such as melanins. Due to its bifunctional activity and 

broad substrate spectrum, which includes L-tyrosine, L-DOPA, phenol, p-aminophenol, 

tyramine, and cresol, tyrosinase holds significant potential across various sectors. Key 

application areas include the environmental industry for the bioremediation of phenolic 

wastewater, biosensor technology for phenol detection, and the pharmaceutical industry for 

producing L-DOPA, a drug for Parkinson’s disease (Zaidi et al., 2014; Min et al., 2019). Since 

tyrosinase is the key and rate-limiting enzyme in melanin biosynthesis, screening 

microorganisms for extracellular tyrosinase as well as protease production has been employed 

to identify melanin-producing organisms in some studies (Madhusudhan et al., 2014; El-Naggar 

& El-Ewasy, 2017; Rudrappa et al., 2022; Rudrappa et al., 2023). 

Melanin, a heterogeneous biopolymer, is the collective term for a class of natural 

pigments synthesized by nearly all organisms. Based on their precursor molecules, melanins 

are categorized into five distinct classes: eumelanin, pheomelanin, neuromelanin, pyomelanin, 

and allomelanin. Among these, eumelanin and pheomelanin are the most widely recognized 

classes, which are responsible for the pigmentation of skin and hair in humans. While eumelanin 

leads to black/brown pigmentation, pheomelanin is associated with yellow/red pigmentation. 

Neuromelanin is found in the neurons of the substantia nigra in the brain. Pyomelanin and 

allomelanin are nitrogen-free types of melanin and are mostly found in microorganisms. While 

eumelanin, pheomelanin, neuromelanin, and pyomelanin are synthesized via L-tyrosine 

metabolism from diverse precursors, allomelanin is synthesized from 1,8-
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dihydroxynaphthalene (DHN) through the polyketide synthase pathway. Notably, tyrosinase 

plays a pivotal role specifically in eumelanin biosynthesis (Cao et al., 2021; Al-Shamery et al., 

2025). Melanin pigments possess unique physicochemical properties, such as broadband 

radiation absorption (gamma, X-rays, UV, visible, and NIR), photoprotection, 

thermoregulation, metal chelation, free radical scavenging and antioxidant capacities, 

mechanical strengthening, semiconductivity, and paramagnetism. These functions not only play 

a crucial role in the survival of organisms but also enable melanins to function as versatile 

biomaterials with significant potential across various industrial sectors such as electronic, 

optical, material, cosmetic, medical industries, pharmaceutical, and agriculture. (Tran-Ly et al., 

2020; Gosset, 2023; Al-Shamery et al., 2025). Thus, the cost-effective, large-scale production 

of melanin pigments is crucial, and microorganisms could provide a viable solution. 

In light of these facts, this study aimed to screen endophytic fungi isolated from the 

seagrass Posidonia oceanica (L) Delile for their ability to produce extracellular protease and 

L-tyrosinase as indicators of melanin-producing strains. 

2. Materials and Methods 

2.1. Isolation and identification of endophytic fungi 

Shoots of the seagrass P. oceanica (L.) Delile with rhizomes were collected from Dikili, 

İzmir, Türkiye (39°07'10.5"N 26°51'12.6"E) in March 2025 and transported to the laboratory 

in a container filled with seawater. The rhizomes were separated from the shoots, cut into 5-cm 

segments, and washed with tap water. For surface sterilization, the samples were sequentially 

immersed in 5% NaOCl for 5 min, 5% H2O2 for 3 min, and 95% ethanol for 1 min, followed 

by rinsing three times with sterile distilled water (Torta et al., 2022). As a sterility control, 

surface-sterilized samples were pressed onto Malt Extract Agar (MEA) and monitored for 

microbial growth at 27 °C for up to one month. The sterilized rhizome samples were then 

sectioned into thin segments using a sterile scalpel. Six segments were inoculated onto ten 

different agar media—including MEA, Oatmeal Agar (OMA), Water Agar (WA), and Potato 

Dextrose Agar (PDA), both with and without 3.5% NaCl, alongside Marine Agar and Dichloran 

Rose Bengal Chloramphenicol Agar (DRBCA)—and incubated at 27 °C for up to 10 weeks. 

To obtain pure cultures, emerging fungal hyphae were transferred from the plant tissues onto 

fresh media. 

Fungal endophytes were identified using a polyphasic approach. For phenotypic 

characterization, fungal isolates were inoculated onto MEA containing MB and incubated at 27 

°C for up to 14 days, after which their macroscopic and microscopic features were determined. 

For genotypic identification, genomic DNA was extracted according to Liu et al., 2000 with 

some modification, and the amplification of ITS regions was performed via polymerase chain 

reaction (PCR) using ITS1 forward and ITS4 reverse primers (White vd., 1990), followed by 

sequence analysis. 

2.2. Screening for extracellular protease production 

Extracellular protease production was screened using 1% skim milk agar medium 

consisting of 10 g/L peptone, 5 g/L NaCl, 3 g/L yeast extract, 10 g/L skim milk, and 20 g/L 

agar at pH 5.5-6 (Rudrappa et al., 2022). The basal agar and skim milk were autoclaved 

separately to avoid precipitation. For the basal agar, the medium components excluding skim 

milk were dissolved in half the total volume of distilled water and sterilized at 121 °C (1.1 atm) 

for 15 min. The skim milk solution was prepared separately in the remaining half volume of 

distilled water and autoclaved at 121 °C (1.1 atm) for 5 min. Both solutions were allowed to 

cool to ~50 °C before being combined and dispensed into petri dishes. Fungal isolates were 

inoculated via the three-point inoculation technique and incubated at 27 °C for up to 15 days 

based on their growth rates. Protease production was determined by the appearance of a clear 

zone of hydrolysis around the colony, and the enzymatic index was calculated using Equation 

1 (Gandarilla-Pacheco et al., 2015). 
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Enzymatic index =
Total diameter (colony diameter+hydrolysis zone diameter)

colony diameter
             Eq.1 

 

2.3. Screening for extracellular L-tyrosinase production 

Extracellular L-tyrosinase production was screened using melanin agar medium 

consisting of 1 g/L yeast extract, 1 g/L L-tyrosine, 8 g/L NaCl, and 18/L agar at pH 5.5–6 

(Sowjanya and Girijasankar, 2023). The medium components excluding L-tyrosine were 

dissolved in distilled water and autoclaved at 121 °C (1.1 atm) for 15 min. Separately, a 100 

g/L L-tyrosine stock solution was prepared in distilled water and sterilized at 121 °C (1.1 atm) 

for 5 min. This stock was added to the autoclaved medium at a ratio of 1 mL per 100 mL to 

yield a final concentration of 1 g/L. A control medium lacking L-tyrosine was also prepared 

concurrently. Fungal isolates were inoculated via the three-point inoculation technique and 

incubated at 27 °C for up to 30 days based on their growth rates. Tyrosinase production was 

observed based on the brownish pigmentation formed in the medium, resulting from melanin 

synthesis. 

3. Findings and Discussion 

A total of 43 fungal endophytes were isolated; however, four isolates lost viability during 

subsequent cultivation, which is a challenge observed in previous endophyte studies (Çalışkan 

et al., 2022; Berkov et al., 2023). Phenotypic characterization was carried out for the remaining 

39 isolates, while genotypic identification was performed for 28 isolates. 

A total of 39 fungal isolates were screened for extracellular protease production on 1% 

skim milk agar at 27 °C for up to 15 days. Protease activity was verified by the appearance of 

a clear hydrolysis zone around the colonies, which was absent in negative isolates. Among the 

screened strains, 37 exhibited protease-positive results, whereas two isolates (F9 and F15) 

remained protease-negative (Figure 1).  

 

 
Figure 1. Extracellular protease activity of fungal endophytes isolated from the surface-

sterilized rhizomes of Posidonia oceanica, screened on 1% skim milk agar 

 

As shown in Table 1, the protease enzymatic indices of the isolates ranged from 1.1 to 

2.1. Among the 37 protease-positive strains, seven isolates (representing ~19%) yielded an 

enzymatic index ≥1.5. Notably, the maximum enzymatic index was recorded for the Penicillium 

sp. isolate F31 after 5 days of incubation 2.063 ± 0.063). 
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Table 1. Protease enzymatic indices of fungal endophytes isolated from the surface-sterilized 

rhizomes of Posidonia oceanica incubated on 1% skim milk agar 

Isolate 

code 

Incubation 

period (days) 

Enzymatic  

index* 

Isolate 

code 

Incubation 

period (days) 

Enzymatic  

index* 

F1 7 1.514 ± 0.024ab F26 15 1.235 ± 0.286a 

F2 7 1.655 ± 0.048ab F27 15 1.225 ± 0.257a 

F3 7 1.480 ± 0.035ab F28 15 1.193 ± 0.266a 

F4 15 1.247 ± 0.165a F29 15 1.209 ± 0.016a 

F7 15 1.236 ± 0.142a F30 15 1.265 ± 0.302a 

F8 15 1.111 ± 0.041a F31 5 2.063 ± 0.063b 

F9 15 -‡ F32 15 1.258 ± 0.223a 

F10 15 1.204 ± 0.185a F33 7 1.446 ± 0.011a 

F13 15 1.237 ± 0.156a F34 15 1.163 ± 0.093a 

F14 15 1.311 ± 0.221a F35 7 1.317 ± 0.037a 

F15 15 -‡ F38 15 1.269 ± 0.196a 

F16 15 1.159 ± 0.075a F39 7 1.472 ± 0.028a 

F18 7 1.392 ± 0.014a F40 7 1.559 ± 0.078ab 

F19 15 1.222 ± 0.187a F41 15 1.443 ± 0.224a 

F20 15 1.291 ± 0.036a F42 15 1.303 ± 0.397a 

F21 15 1.494 ± 0.286ab F44 15 1.204 ± 0.057a 

F22 15 1.125 ± 0.021a F45 15 1.083 ± 0.036a 

F23 15 1.269 ± 0.281a F46 15 1.117 ± 0.316a 

F24 15 1.490 ± 0.148ab F47 15 1.170 ± 0.112a 

F25 15 1.289 ± 0.223a    

* Different letters indicate statistically significant differences between groups according to 

Tukey's HSD post-hoc test (p < 0.05). Groups sharing the same letter do not differ significantly. 

‡ No hydrolysis zone was observed. 

 

A total of 39 fungal isolates were screened for extracellular L-tyrosinase activity. The 

strains were cultivated on melanin agar supplemented with 0.1% L-tyrosine alongside an L-

tyrosine-free control medium at 27 °C for up to 30 days, depending on their growth rates. In 

tyrosinase-positive isolates, brownish pigmentation was observed on the 0.1% L-tyrosine 

melanin agar due to melanin synthesis; however, no pigmentation was detected on the control 

medium. Conversely, tyrosinase-negative isolates exhibited no pigmentation on either medium. 

Out of the 39 isolates tested, 34 (87%) were tyrosinase-positive, while five were tyrosinase-

negative (F9, F31, F35, F39, and F40) (Figure 1). Although the tyrosinase-negative isolates 

F35, F39, and F40 were identified as Cladosporium sp., some of the members of this genus 

were reported to be melanin producers (San-Blas et al., 1996; Melo et al., 2022; Atakhanov et 

al., 2025). This result might be attributed to 1,8-dihydroxynaphthalene (DHN)-melanin 

production, as previous studies indicate that some species within this genus possess genes 

involved in DHN-melanin biosynthesis (Llorente et al., 2012; Griffiths et al., 2018; Rojas-Coll 
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et al., 2026). On the other hand, experimental validation through transcriptomic profiling and 

structural characterization is necessary to confirm this biosynthetic pathway. 

 

 
Figure 2. Extracellular L-tyrosinase activity of fungal endophytes isolated from the surface-

sterilized rhizomes of Posidonia oceanica, screened on melanin agar with 0.1% L-tyrosine 

and L-tyrosine-free control medium 

 

4. Conclusion and Recommendations 

Marine fungal endophytes represent a largely unexplored resource with significant 

biotechnological potential. Melanin is a versatile biopolymer and a promising material with 

widespread applications ranging from electronics to agriculture, and microorganisms are 

considered sustainable sources for its production. Therefore, rapid screening methods are 

needed to identify melanin-producing microorganisms and eliminate non-producers at an early 

stage. Extracellular protease and L-tyrosinase production have been used to detect these 

melanin-synthesizing strains. Given these considerations, endophytic fungi associated with 

Posidonia oceanica were screened for extracellular protease and L-tyrosinase activities to 

identify potential melanin-producing isolates. Among the 39 isolates tested, 37 exhibited 

protease activity and 34 showed tyrosinase activity. The occurrence of tyrosinase-negative 

Cladosporium isolates, despite the known melanogenic potential of this genus, suggests the 

involvement of alternative melanin biosynthetic pathways, such as DHN-melanin production. 

Consequently, although multi-enzymatic agar screening based on protease and tyrosinase 

production is a rapid and cost-effective preliminary tool, it possesses certain limitations by 

overlooking strains that synthesize melanin through tyrosinase-independent pathways. 

Therefore, additional molecular and chemical analyses are required to ensure the 

comprehensive detection of melanogenic microorganisms. 
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Abstract 

It is investigated that the effects of bottom ash and fly ash on the crack and flexural behaviour 

of reinforced concrete beams (RCBs) are observed considering experimental and three 

dimensional (3D) finite element analyzing. For experimental tests, 3 various aggregate sizes (0-

5 mm, 5-15 mm and 15-25 mm) are used for 4 different concrete series in the laboratory. 75% 

bottom ash ratio is used to replace 0-5 mm grain size aggregates in the concrete mixture due to 

it is the most critical bottom ash ratio for concrete beam technology. Then, fly ash (25% and 

50%) is added to concrete mixture with bottom ash to better seen the effect of fly ash ratio on 

the cracks and flexure behaviour of RCBs. Ratios of 5-15 mm and 15-25 mm grain size 

aggregates, water, chemical additives are fixed for all concrete series. Created concretes are 

placed to the beam molds and these beams are subjected to the flexural and crack testing in a 

fully organized laboratory. According to test results, flexural and crack behaviors of the RCBs 

are examined. Moreover, experimental tests are confirmed by numerical analyses by using 

ANSYS software. Very close crack and flexural behaviors are observed for experimental and 

3D numerical tests. 

Keywords: bottom ash; crack behaviour; fly ash; flexural behavior; finite element analysis; 

reinforced concrete beam. 
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1. Introduction 

In reinforced concrete buildings and engineering structures, significant flexures and cracks, as 

well as other damages, may occur depending the static and dynamic loads, and significant 

damages may take place at bears and columns of the concrete structures. The most dangerous 

cracks occur in the bearing elements (e.g. beams, supports, pillars, and slabs) responsible for 

the integrity of an entire structure. Thus, examination of crack and flexural behaviour of these 

bearing elements is very important for the evaluation of safety and future of concrete buildings. 

The safety factor of these structural elements is currently evaluated by numerical analyzing and 

experimental tests. There are various methods to monitor the flexural and crack behavior of 

structures. One of the methods includes local deformation measurements with strain sensors of 

different types: strain gauge, vibrating wire sensor and fiber optic sensor. Another approach to 

the assessment of the deformation state of the structure is 3D numerical analysis of its response 

to dynamic loading, which involves the estimate of natural frequencies, mode shapes, and 

damping ratios. In the past, many investigators were investigated the crack and flexural 

behaviour of concrete beams using includes local deformation measurements with strain 

sensors and 3D modelling. Ghafoori and Bucholc [1] investigated lignite-based bottom ash for 

structural concrete. The bottom ash concretes were considered for fresh properties, hardened 

characteristics, and long-term durability. Laboratory test results indicated that the inclusion of 

bottom ash increases the demand for mixing water in obtaining the required workability. As a 

consequence, both fresh and hardened properties were impacted, particularly for mixtures of 

low cement content. Moreover, it was indicated that if a water-reducing admixture is used, the 

engineering properties of bottom ash concretes are similar, and in most cases superior, to those 

of control concretes. Another study was performed by Lee et al. [2]. Lee et al. [2] exanimated 

power plant bottom ash as aggregates in fiber-reinforced cellular concrete. The results from that 

study suggested that bottom ash can be applied as a construction material which may not only 

improve the compressive strength of FRCC significantly but also reduce problems related to 

bottom ash waste. In another study, Singh and Siddique [3] examined effects of coal bottom 

ash as partial replacement of sand on properties of concrete. Moreover, there are many studies 

about performance of concrete in the literature. However, in the literature, very few 

investigators were examined the effect of various bottom ash ratios on the crack and flexural 

behaviour of reinforced concrete beams. Moreover, there are very few studies about the effect 

of bottom ash ratio, replacing fine aggregate, on the total weight of concrete structure in the 

past. Thus, this study provides many significant supports to the literature. In this study, the 

effect of bottom ash and fly ash ratios on the crack and flexural behaviour of reinforced concrete 

beams (RCBs) is examined and evaluated in detail. Total 4 various RCBs (300x400x2000 mm) 

were produced in the laboratory. Firstly, reference concrete beam (pure) is created in detail. 

Then, 75% bottom ash ratio that is the most critical bottom ash ratio for concrete beam 

technology is used to replace 0-5 mm grain size aggregates in the concrete mixture. Finally, 2 

different fly ash ratios were used in RCBs with bottom ash to seen the effect of fly ash ratio on 

the crack and flexure behaviour of concrete beam with bottom ash. These fly ash ratios used to 

replace the cement were as, 25%, 50%, respectively. One of the most important aims of this 

study is to observe the effect of these ash ratios on the consistency of fresh concrete. 

 

2. Experimental test setup 

In this paper, various fly ash and bottom ash ratios were used in different reinforced concrete 

beams for recycling of these waste materials and total 4 different concrete series were prepared 

in the laboratory considering various ash ratios to examine the effect of fly ash and bottom ash 

ratios on the crack and flexure behaviour of reinforced concrete beams. However, to determine 

these failures, mechanical properties of concretes would be obtained in the laboratory. Thus, 

characteristic properties of concretes were determined by performing experimental tests and 
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these tests were explained in this section. The details of concrete specimens prepared in 

laboratory are presented in Table 1. As seen from Table 1, specimen 1 represents to the 

reference concrete and other specimens represents the concretes with fly ash and bottom ash. 2 

various fly ash ratios are taken into account for experimental tests. 25%, 50% ash ratios are 

considered for concretes with fly ash. In addition, 75% ash ratio is taken into account for 

concrete with bottom ash. Bottom ash is used to replace 0-5 mm grain size aggregates in the 

concrete mixtures and fly ash is used to replace the cement. 

 

Table 1. Concrete specimens for various fly ash ratios. 

 

 

 

 

 

 

 

3. Experimental set-up  

In this section, the experimental test set-up of reinforced concrete beams is expressed in detail. 

Used device for crack and flexure analyses of concrete beams is shown in Fig.1. The beams are 

placed on a pin support at one end and a roller support at the other end. This static situation lets 

the reinforced concrete beams to deflect under loading (Fig. 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Static testing apparatus. 

3.1. Experimental tests results and discussion  

In this section, the effect of bottom ash and fly ash ratio on the crack and flexure behaviour of 

reinforced concrete beams is clearly shown and evaluated in detail. After 4 various reinforced 

concrete beams were prepared in the laboratory, these beams were subjected the crack and 

flexure experiments. These cracks in the beams were assessed in detail and it is clearly seen 

that each ash ratio had different crack and flexural effects on the concrete beams. Moreover, 

while performing experiments, various deflections were obtained for each concrete beams with 

various fly ash ratios and bottom ash ratio. Each beams had different load carrying capacities 

and these capacities are very important to evaluate the effect of fly ash and bottom ash ratio on 

the crack and flexural behaviour of concrete structures. In this study, 4 various concrete beams 

were tested as shown in Table 2. 

  

Specimen Number Statement 

1 Reference concrete (0%) 

2 75% bottom ash 

3 25% fly ash 

4 50% fly ash 

Actuator 

Steel I-Beam 

Concrete Beam 

Rollers 

Concave Roller 

Pin 
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Table 2 Reinforced concrete beams for 4 experimental tests. 

Case Statement 

Case 1 Reference (pure) concrete beam 

Case 2 Adulterated concrete beam (75% bottom ash) 

Case 3 Adulterated concrete beam (25% fly ash) 

Case 4 Adulterated concrete beam (50% fly ash) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Crack and flexure behaviour of reference concrete beam. 

 

3.2. Three Dimensional Nonlinear Finite Element Model of Reinforced Concrete Beams 

Three dimensional (3D) nonlinear finite element modelling is an attractive method to monitor 

cracks and flexures in the reinforced concrete beams (RCBs). Thus, in this paper, experimental 

tests are confirmed by 3D finite element analyses and 3D model of reinforced concrete beam is 

performed according to planned dimensions of beam. While creating 3D models of RCBs, 

geometries and boundary conditions of original beam specimens created in the laboratory are 

taken into account for 3D model. 3D finite element models (FEMs) of RCBs are modelled using 

ANSYS software based on the finite element method. For various 3D FEMs, all compression 

reinforcements, tension reinforcements and stirrups are modelled considering original 

geometries of RCBs. Total 2 reinforcements are used for compression reinforcements at top 

section of the beam and 3 reinforcements are considered for tension reinforcements at bottom 

of the beam. 

As a result, numerical analyzes were performed in detail and deflection-crack behaviour of 

various concrete beams are evaluated as contour plot and graphically in this section. 
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Fig. 3. Stirrups, compression and tension reinforcements in the RCB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Three dimensional finite element analysis result for reference concrete; a) contour plot, 

b) viewing of cracks in the beam, c) details of cracks. 
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4. Comparison of finite element analyses and experimental test results 

In this section, the experimental deflection and crack results in the reinforced concrete beam 

are compared and confirmed by 3D finite element analyses. 3D numerical and experimental test 

results for maximum deflection in the beam are presented in Table 3. 

 

Table 3. Experimental and numerical deflection results under vertical load. 

Case Concrete beam 

Deflection (cm) 
Variation 

(%) 
Experimental 

result 

3D numerical 

result 

Case 1 
Reference concrete 

beam 
-3.89 -3.88 0.25% 

Case 2 75% bottom ash -2.82 -2.85 1.05% 

Case 3 25% fly ash -3.16 -3.13 0.94% 

Case 4 50% fly ash -3.38 -3.39 0.29% 

 

6. Conclusions 

In this study, Examination of flexural and crack behaviour of concrete structures under external 

loads is vital important for the safety of these structures. For this purpose, the deflection-load 

behaviour and crack behaviour of various concrete beams analyzed by experimental tests and 

3D numerical modelling in this study. As a result, load depending deflection behaviors of these 

concrete beams are examined and evaluated for different ash ratios. It is obviously seen that fly 

ash and bottom ash ratio significantly affects crack behaviour of the concrete beams. Significant 

vertical and flexural cracks are observed in the beams depending ash ratio. As fly ash ratio in 

the concrete mixture is increased from 0% to 50%, cracks in the concrete beams obviously rises 

and widths of these cracks rise depending these fly ash ratios. 
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ÖZET 

Endüstriyel kontrol sistemleri (EKS) güvenliğinde kullanılan veri setleri çoğu zaman örnek 

sayısı, etiket yapısı veya erişilebilirlik gibi ölçütler üzerinden değerlendirilmektedir. Ancak bu 

yaklaşım, veri setlerinin üretildiği test yatağı, temsil ettiği süreç ya da endüstriyel haberleşme 

bağlamı, taşıdığı veri katmanları ve görünür kıldığı saldırı davranışları arasındaki farkları arka 

planda bırakmaktadır. Literatürde kamuya açık EKS veri setleri yaygın biçimde kullanılmakla 

birlikte, bu veri setlerinin EKS için MITRE ATT&CK çerçevesi altında birlikte ve 

karşılaştırmalı biçimde ele alınması sınırlı kalmaktadır. Bu çalışma, söz konusu boşluktan 

hareketle SWaT, WADI, BATADAL, HAI, ICS_PCAPS ve IEC61850Security veri setlerini 

EKS için MITRE ATT&CK vektörleri ekseninde incelemektedir. İnceleme; birincil veri seti 

makaleleri, EKS test yatağı ve veri seti  çalışmaları ile MITRE ATT&CK temelli EKS güvenlik 

çalışmalarının birlikte değerlendirilmesine dayanmaktadır. Bulgular, süreç odaklı veri 

setlerinin yürütme, proses kontrolünü bozma ve fiziksel etkiyle ilişkili davranış ailelerini daha 

belirgin biçimde görünür kıldığını; Modbus/TCP ve IEC 61850 tabanlı ağ/protokol veri 

setlerinin ise mesaj manipülasyonu, flooding, haberleşme bütünlüğü ve ağdan gözlenebilir 

saldırı davranışları bakımından ek bir görünürlük sağladığını göstermektedir. Bu durum, veri 

setlerinin birbirinin doğrudan alternatifi olan tek tip benchmark kümeleri olarak değil, 

endüstriyel tehdit görünürlüğünün farklı katmanlarını taşıyan veri kaynakları olarak 

değerlendirilmesi gerektiğini ortaya koymaktadır. Sonuç olarak çalışma, veri seti seçiminin 

yalnızca popülerlik veya erişilebilirlik temelinde değil, araştırılmak istenen saldırı davranışları 

ve gözlenebilirlik düzeyleriyle kurulan ilişki üzerinden yapılması gerektiğini vurgulamakta; 

literatürde dağınık biçimde ele alınan veri seti tartışmalarını ortak bir tehdit dili altında bir araya 

getirerek gelecekteki veri seti seçimi, senaryo tasarımı ve tehdit temelli analiz çalışmalarına 

yön verebilecek bir değerlendirme çerçevesi sunmaktadır. 

Anahtar Kelimeler: Endüstriyel Kontrol Sistemleri, MITRE ATT&CK, Veri Setleri, Test 

Yatakları 
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MITRE ATT&CK-BASED ANALYSIS OF INDUSTRIAL CONTROL SYSTEMS 

DATASETS 
 

 

 

ABSTRACT 

Datasets used in industrial control system (ICS) security are often evaluated according to 

criteria such as sample size, label structure, or accessibility. However, this approach tends to 

obscure the differences among the testbeds in which these datasets are produced, the process or 

industrial communication contexts they represent, the data layers they contain, and the attack 

behaviors they make observable. Although publicly available ICS datasets are widely used in 

the literature, their joint and comparative analysis under the MITRE ATT&CK for ICS 

framework remains limited. Motivated by this gap, this study examines the SWaT, WADI, 

BATADAL, HAI, ICS_PCAPS, and IEC61850Security datasets through the lens of MITRE 

ATT&CK for ICS. The analysis is based on a joint evaluation of primary dataset publications, 

ICS testbed and dataset studies, and MITRE ATT&CK-based ICS security research. The 

findings indicate that process-oriented datasets make behavior families related to execution, 

impairment of process control, and physical impact more visible, whereas Modbus/TCP- and 

IEC 61850-based network/protocol datasets provide additional visibility into message 

manipulation, flooding, communication integrity, and network-observable attack behaviors. 

This shows that these datasets should not be treated as uniform benchmark sets that directly 

substitute for one another, but rather as data sources that represent different layers of industrial 

threat visibility. Consequently, the study emphasizes that dataset selection should be based not 

only on popularity or accessibility, but also on the attack behaviors and observability levels 

intended to be investigated. By bringing fragmented dataset discussions together under a 

common threat language, this study presents an evaluation framework that can guide future 

dataset selection, scenario design, and threat-informed analysis studies. 

Keywords: Industrial Control Systems, MITRE ATT&CK, Datasets, Testbeds 
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1. GİRİŞ 

Endüstriyel üretim, enerji, su yönetimi, ulaştırma ve benzeri kritik alanlarda süreçlerin 

sayısallaşması, uzaktan izlenmesi ve ağ üzerinden denetlenmesi, endüstriyel kontrol 

sistemlerini (EKS) daha verimli, esnek ve veri odaklı hale getirmiştir. Ancak bu dönüşüm, PLC, 

HMI, historian, saha cihazları ve üst seviye kurumsal ağlar arasındaki bağı güçlendirirken, siber 

olayların yalnızca bilgi sistemlerini değil, fiziksel sürecin bütünlüğünü, güvenliğini ve 

sürekliliğini de etkileyebildiği bir ortam yaratmıştır [1]. 

Bu nedenle EKS güvenliği artık yalnızca çevresel ağ savunması ya da klasik alarm üretimiyle 

ele alınabilecek bir alan değildir. Süreç mantığını bozma, kontrol komutlarını değiştirme, 

operatör görünürlüğünü yanıltma veya fiziksel etkiyi gecikmeli biçimde ortaya çıkarma gibi 

saldırılar, endüstriyel ortamlardaki tehditlerin daha yapılandırılmış bir çerçeve altında ele 

alınmasını gerekli kılmıştır. Bu bağlamda EKS için MITRE ATT&CK vektörleri, saldırı 

davranışlarını ortak bir dil altında tartışmayı mümkün kılan önemli bir referans çerçevesi 

sunmaktadır [2]–[4]. 

Alan üzerinde bu ihtiyaca paralel olarak çok sayıda EKS test yatağı kurulmuş; su arıtma, su 

dağıtımı ve hibrit endüstriyel süreçler gibi süreç odaklı bağlamlarda olduğu kadar, 

Modbus/TCP tabanlı SCADA ağ izleri ve IEC 61850 tabanlı dijital trafo merkezi haberleşmesi 

gibi protokol odaklı bağlamlarda da kamuya açık veri setleri üretilmiştir [5]-[18]. Bu veri 

setleri, araştırmacılara tekrarlanabilir deney ortamı sağlamakta; aynı zamanda süreç telemetrisi, 

kontrol değişkenleri, ağ trafiği ve saldırı dönemleri üzerinden farklı güvenlik sorularının 

incelenmesine imkân vermektedir. Bununla birlikte veri setlerinin üretildiği test yatağı, taşıdığı 

veri katmanları ve senaryo belgeleme düzeyi birbirinden önemli ölçüde farklıdır  

Sorun tam da bu noktada ortaya çıkmaktadır. Literatürde EKS veri setleri çoğu zaman 

erişilebilirlik, popülerlik, etiket bulunurluğu ya da benchmark niteliği üzerinden ele alınmakta; 

ancak bu veri setlerinin EKS için MITRE ATT&CK vektörleri taktik ve tekniklerini ne ölçüde 

görünür kıldığı çoğu çalışmada açık biçimde tartışılmamaktadır. Ayrıca süreç telemetrisi üreten 

su arıtma ve su dağıtımı test yatakları, hibrit EKS kurulumları, Modbus/TCP tabanlı ağ izleri 

ve IEC 61850 tabanlı trafo merkezi veri setleri aynı geniş alan içinde birlikte anılsa da, bunların 

çerçeveyle kurduğu ilişki çoğu zaman dağınık ve parçalı kalmaktadır. Bu durum, MITRE 

temelli saldırı senaryoları üzerinde çalışmak isteyen araştırmacı ve mühendisler için önemli bir 

boşluk yaratmaktadır [5], [19]-[22]. 

Mevcut çalışmaların bir bölümü test yatakları ve veri setlerini mimari, veri türü ve kullanım 

amacı bakımından sınıflandırmakta; bir bölümü ise çerçeveyi güvenlik doğrulama, testbed 

genişletme veya saldırı dizisi üretimi amacıyla kullanmaktadır. Buna karşın, kamuya açık EKS 

veri setlerini farklı süreç ve test yatağı bağlamlarını birlikte dikkate alarak karşılaştırmalı bir 

tehdit görünürlüğü okuması altında bir araya getiren karşılaştırmalı bir çerçevenin henüz 

yerleşmediği görülmektedir. Bu araştırma, söz konusu boşluğu görünür kılmak ve veri seti 

tartışmasını yalnızca veri hacmi ya da popülerlik ekseninden çıkarıp MITRE ATT&CK temelli 

EKS güvenlik çalışmalarını birbirine bağlayan daha açık bir değerlendirme zemini kurmayı 

hedeflemektedir. 

Bu kapsamda çalışmada, seçili kamuya açık EKS veri setlerinin üretim bağlamı, test yatağı 

özellikleri, veri görünürlüğü ve senaryo belgeleme düzeyi birlikte değerlendirilmekte; bunların 

çerçeve altında hangi saldırı davranışlarını daha açık taşıdığı tartışılmaktadır. Bu 

değerlendirme, süreç telemetrisi ağırlıklı veri setleri ile ağ/protokol görünürlüğü daha baskın 

veri setlerini birlikte değerlendirerek EKS veri seti seçimine daha dengeli bir bakış sunmayı 

amaçlamaktadır. Böylece elde edilen çıktının, hem literatüre daha düzenli bir okuma çerçevesi 

kazandırması hem de gelecekte yürütülecek veri seti seçimi, senaryo tasarımı ve tehdit temelli 

analiz çalışmalarına yön göstermesi amaçlanmaktadır. Bu doğrultuda izleyen bölümde 

inceleme kapsamı, veri setlerinin literatürdeki konumu ve karşılaştırmalı zemini 

açıklanmaktadır. 
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2. EKS VERİ SETLERİ  

Veri setleri, bu çalışmada salt teknik yöntemler ya da birbirinin yerine geçebilecek benchmark 

kümeleri olarak ele alınmamaktadır. Her veri seti, üretildiği test yatağı, taşıdığı veri katmanları, 

nicel ölçeği ve görünür kıldığı saldırı davranışlarıyla birlikte anlam kazanmaktadır. Bu nedenle 

bu bölümde önce literatürde öne çıkan EKS veri seti ailesi ve inceleme kapsamı açıklanmakta; 

ardından seçili veri setlerinin test yatağı, veri katmanları ve nicel özellikleri birlikte 

değerlendirilmektedir. Bu çerçevede süreç telemetrisi üreten veri setleri ile Modbus/TCP ve 

IEC 61850 gibi endüstriyel haberleşme katmanlarını öne çıkaran veri setleri aynı inceleme 

zemini içinde yan yana okunmaktadır. 

2.1. İnceleme Kapsamı 

Bu bölüm, incelemede yer alan veri setlerinin hangi literatür hattı içinden seçildiğini ve 

birbirleriyle hangi ortak zeminde karşılaştırıldığını açıklamaktadır. İlk olarak EKS güvenliği 

literatüründe öne çıkan veri seti ailesi, bu veri setlerinin üretildikleri test yatakları ve başlıca 

kullanım amaçları özetlenmekte; ardından seçili veri setleri test yatağı, veri katmanı, nicel ölçek 

ve senaryo görünürlüğü bakımından birlikte değerlendirilmektedir. Böylece süreç odaklı ve 

ağ/protokol odaklı veri setleri, aynı EKS bağlamı içinde fakat farklı görünürlük katmanlarıyla 

okunabilmektedir. 

2.1.1. Literatürde Kullanılan EKS Veri Setleri ve İnceleme Kapsamı 

EKS güvenliği literatüründe veri seti havuzu ilk bakışta geniş görünse de, uygulamalı 

çalışmaların önemli bir bölümü kamuya açık ve yeniden kullanılabilir belirli test yatakları 

etrafında yoğunlaşmaktadır. Su arıtma ve su dağıtımı gibi süreç odaklı laboratuvar kurulumları, 

HIL tabanlı hibrit endüstriyel ortamlar, Modbus/TCP tabanlı SCADA ağ izleri ve IEC 61850 

tabanlı dijital trafo merkezi haberleşme izleri bu alanın en görünür veri üretim süreçlerini 

oluşturmaktadır. Birincil veri seti makaleleri ile analiz çalışmaları birlikte okunduğunda, söz 

konusu kümelerin yalnızca saldırı tespiti için değil; süreç davranışının yorumlanması, senaryo 

karşılaştırması, endüstriyel haberleşme katmanlarının incelenmesi ve tehdit davranışlarının 

farklı operasyonel bağlamlarda ele alınması için de kullanıldığı görülmektedir [5]-[18]. 

Bu çalışmada inceleme kapsamı belirlenirken veri setlerinin aynı üretim mantığından gelmesi 

değil, endüstriyel güvenlik literatüründe birlikte tartışılabilecek ortak bir karşılaştırma zemini 

sunmaları esas alınmıştır. Bu nedenle SWaT, WADI, BATADAL, HAI, ICS_PCAPS ve 

IEC61850Security veri setleri birlikte değerlendirilmiştir. Buradaki ortak zemin, hepsinin 

endüstriyel kontrol ortamlarını temsil eden kamuya açık veri kümeleri olması; ancak bazılarının 

süreç telemetrisi, bazılarının ise endüstriyel ağ trafiği ve protokol davranışları üzerinden tehdit 

görünürlüğü sağlamasıdır. 

İnceleme sürecinde veri setlerinin birincil tanıtım makaleleri, bunlara atıf veren karşılaştırmalı 

çalışmalar, EKS test yatağı ve veri seti çalışmaları ile endüstriyel güvenlik çerçevesi literatürü 

birlikte kullanılmıştır. Bu yaklaşım, veri setlerinin yalnızca adlarını ya da yaygınlık düzeylerini 

sıralamak yerine, nereden geldiklerini, nasıl üretildiklerini ve hangi araştırma sorularında öne 

çıktıklarını birlikte okuyabilmeyi mümkün kılmaktadır. Ayrıca test yatağı mimarisi, veri tipi ve 

senaryo belgeleme düzeyi arasında bulunan farkların, ileride yapılacak ATT&CK okuması için 

neden önemli olduğu bu sayede daha açık görülebilmektedir. 

Dolayısıyla burada yapılan seçim, veri setlerini hiyerarşik biçimde ayırmaktan çok, endüstriyel 

güvenlik araştırmalarında sık başvurulan ve farklı görünürlük katmanlarını yansıtan kamuya 

açık EKS veri setlerini aynı tartışma düzlemine taşımaktadır. Bir sonraki alt bölümde bu veri 

setleri test yatağı özellikleri, nicel yapıları ve görünür kıldıkları veri katmanları bakımından 

birlikte değerlendirilmektedir. 

2.1.2. Seçili Veri Setlerinin Test Yatağı, Veri Katmanları ve Nicel Özellikleri 

Seçili veri setlerini birlikte okuyabilmek için, bunların hangi test yatağı üzerinden üretildiğini, 

ne tür bir veri görünürlüğü sunduğunu ve ölçek bakımından nasıl ayrıştığını yan yana 

değerlendirmek gerekir. Aşağıdaki tablo, SWaT, WADI, BATADAL, HAI, ICS_PCAPS ve 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

568 
 

IEC61850Security veri setlerini süreç ya da mimari bağlam, baskın veri katmanları ve nicel 

özetleri bakımından bir araya getirmektedir. 

 

Tablo 1. Seçili EKS veri setlerinin test yatağı, veri katmanları ve nicel özellikleri 
Veri seti Bağlam Üretim bağlamı / 

veri katmanları 

Nicel özet Bu çalışma açısından 

öne çıkan görünürlük 

SWaT Su arıtma Gerçek laboratuvar test 

yatağı; süreç telemetrisi, 

sensör ve aktüatör 

durumları 

11 gün; 51 süreç 

noktası; 41 

belgelenmiş 

saldırı 

Komut-süreç-etki 

ilişkisini doğrudan 

izlemeye elverişli 

yerleşik EKS veri seti 

WADI Su dağıtımı Gerçek ve dağıtık test 

yatağı; süreç telemetrisi 

ve dağıtık saha 

değişkenleri 

16 gün; 123 süreç 

değişkeni; 15 

saldırı 

Dağıtık hidrolik yapı, 

gecikmeli fiziksel etki ve 

topolojik yayılımı 

görünür kılar 

BATADAL Su dağıtımı Simülasyon ve 

benchmark yapısı; 

SCADA süreç 

değişkenleri 

43 SCADA 

değişkeni; 365 

günlük eğitim + 

90 günlük test; 

çoklu saldırı 

dönemleri 

Benchmark 

karşılaştırmaları ve 

hizmet sürekliliği etkileri 

için güçlü bir referans 

sunar 

HAI Hibrit EKS HIL tabanlı çok alt 

süreçli test yatağı; yüksek 

zaman çözünürlüklü 

süreç telemetrisi 

59 veri noktası; 

10 gün normal + 

5,5 gün test; 38 

saldırı 

Dinamik geçişleri ve 

çoklu alt süreç etkilerini 

izlemeye elverişlidir 

ICS PCAPS Modbus/TCP 

SCADA 

Küçük ölçekli test yatağı; 

PCAP ağ trafiği; 

SCADA, PLC, HMI, 

RTU, VFD, motor ve 

pompa 

Üç PCAP 

yakalama 

koleksiyonu 

(captures1-3) 

farklı saldırı ve 

yakalama 

sürelerine sahip 

trafik taşırma 

(flooding) izleri; 

PCAP v2.4 

Modbus/TCP tabanlı 

MITM ve trafik taşırma 

(flooding) davranışlarını 

ağ düzeyinde görünür 

kılar 

IEC61850 

Security 

Dijital trafo 

merkezi / IEC 

61850 

4 baralı ve 18 IED içeren 

trafo merkezi kurgusu; 

IEC 61850 ağ izleri, CSV 

ve IID/SCL yapı 

dosyaları 

1 normal çalışma, 

3 arıza senaryosu 

ve 9 saldırı izi; 

senaryo başına 10 

dakikalık PCAP 

IEC 61850 haberleşmesi, 

mesaj manipülasyonu ve 

koruma mantığıyla 

ilişkili ağ etkilerini 

görünür kılar 

 

Tablo 1, seçili EKS veri setlerinin tek bir üretim sürecinden gelmediğini açık biçimde 

göstermektedir. SWaT, WADI, BATADAL ve HAI daha çok süreç telemetrisi ve kontrol etkisi 

üzerinden okunabilen veri setleridir; buna karşılık ICS_PCAPS ile IEC61850Security, ağ trafiği 

ve endüstriyel haberleşme davranışlarını daha belirgin biçimde görünür kılmaktadır. Bu 

çeşitlilik, EKS güvenliği araştırmalarında süreç verisi ile ağ/protokol verisinin aynı araştırma 

problemi içinde farklı ama tamamlayıcı roller oynayabildiğini göstermektedir. 

Nicel ölçek karşılaştırması da bu çeşitliliği desteklemektedir. Çok günlü süreç kayıtları ve 

onlarca süreç değişkeni içeren SWaT, WADI, BATADAL ve HAI; uzun süreli operasyonel 

davranış, süreç sapması ve fiziksel etkiyi izlemeye elverişlidir. Diğer yandan ICS_PCAPS, tek 

parça bir tablo veri setinden çok,  Modbus TCP SCADA sürümü altında toplanmış ağ yakalama 

koleksiyonlarından oluşmaktadır. Yayın notlarına göre ilk koleksiyon normal işletim, ARP 

tabanlı ortadaki adam (MITM) ve üç farklı trafik taşırma (flooding) ailesini; sonraki iki 

koleksiyon ise Modbus sorgu taşırması (Modbus query flooding), ICMP flooding ve TCP SYN 

flooding davranışlarını farklı saldırı ve yakalama zaman aralıklarıyla sunmaktadır. 

IEC61850Security ise dört baralı ve 18 IED’li bir trafo merkezi kurgusunda biri normal, üçü 
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arıza senaryosu ve dokuzu attack olmak üzere daha sınırlı fakat iyi belgelenmiş ağ izleri 

sağlamaktadır [15]–[18]. 

Bu farklılıklar, veri setlerinin yalnızca hacim ya da satır sayısı üzerinden karşılaştırılmasını 

yetersiz bırakmaktadır. Örneğin süreç odaklı veri setleri komut-süreç-etki ilişkisini ve 

operasyonel sonuçları daha açık taşırken, ICS_PCAPS dosya adlandırmasında dahi saldırı türü, 

alt tür, saldırı süresi ve yakalama süresini birlikte kodlayan bir ağ-trafik düzeni sunmaktadır. 

Benzer biçimde IEC61850Security, IEC 61850 haberleşmesine ilişkin normal, arıza senaryosu 

ve saldırı senaryolarını ayrı izler halinde vererek mesaj baskılama, veri manipülasyonu ve 

koruma mantığıyla ilişkili ağ etkilerini öne çıkarmaktadır [15]–[18]. 

Böylece seçili veri setleri birbirinin doğrudan alternatifi olarak değil, endüstriyel tehdit 

görünürlüğünün farklı kesitlerini taşıyan kamuya açık EKS veri setleri olarak okunmalıdır. 

Süreç içi komut-etki ilişkisini inceleyen bir araştırma ile Modbus/TCP haberleşme zorlaması 

ya da IEC 61850 haberleşme bütünlüğü üzerine çalışan bir araştırma aynı literatür alanında yer 

alsa da, doğal olarak aynı veri setinden yararlanmak zorunda değildir. İzleyen alt bölümde bu 

farklılığın ATT&CK okuması bakımından ne anlama geldiği açıklanmaktadır. 

3. EKS İÇİN MITRE ATT&CK ÇERÇEVESİ 

MITRE ATT&CK, gerçek saldırı gözlemlerinden türetilen taktik ve teknikleri ortak bir bilgi 

tabanı altında toplayan bir tehdit modelleme çerçevesidir. EKS için MITRE ATT&CK 

vektörleri ise bu yapının endüstriyel kontrol sistemlerine uyarlanmış sürümünü 

oluşturmaktadır. Bu matris, kurumsal BT odaklı saldırı anlatımını doğrudan tekrar etmekten 

ziyade; kontrol mantığı, operatör görünürlüğü, emniyet işlevleri ve fiziksel süreç etkisi gibi 

EKS'ye özgü hedefleri ayrı bir tehdit dili altında tanımlamaktadır. 

Çerçevede taktikler saldırganın amacını, teknikler ise bu amaca ulaşmak için başvurduğu 

davranış biçimlerini göstermektedir. Güncel EKS matrisi 12 taktikten oluşmakta; teknik ve alt 

teknikler ise çerçevenin canlı yapısı içinde güncellenebilmektedir. Bu yapı, ilk erişim ve keşif 

gibi erken zincir davranışlardan, proses kontrolünü bozma, yanıt işlevini engelleme ve fiziksel 

etki yaratma gibi OT odaklı sonuçlara kadar uzanan geniş bir saldırı alanını sistematik biçimde 

sınıflandırmaktadır. 

 

 
Şekil 4 Eks İçin MITRE ATT&CK Taktik ve Teknikleri 
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Bu alt bölümün amacı, veri setlerini bu aşamada MITRE ATT&CK taktik ve tekniklerine zorla 

eşlemek değildir. Asıl amaç, izleyen bölümde yapılacak veri seti-temelli okuma için ortak 

kavramsal zemini kurmak ve literatürde neden böyle bir çerçeve ihtiyacı oluştuğunu 

göstermektir. Açık EKS veri seti çalışmaları çoğu zaman saldırı dönemlerini, anomali 

aralıklarını veya senaryo başlıklarını vermekte; ancak bunları EKS MITRE ATT&CK matrisi 

diliyle açık ve karşılaştırılabilir biçimde sunmamaktadır. Bu nedenle önce matrisin EKS 

açısından neyi ifade ettiğinin kısaca ortaya konması gerekmektedir. 

Tablo 2. EKS için MITRE ATT&CK taktiklerinin EKS bağlamındaki özeti 
ATT&CK matrisi / taktik Saldırı davranışının kısa açıklaması Başlıca hedeflenen EKS 

elemanları 

İlk Erişim (TA0108) Saldırganın OT ortamına ilk adımı atması; 

uzak hizmetler, internet erişilebilir cihazlar 

veya taşınabilir medya bu aşamada öne çıkar. 

Uzaktan erişim servisleri, 

bakım bağlantıları, internet 

erişilebilir OT cihazları, 

mühendislik iş istasyonları 

Yürütme (TA0104) Yetkisiz komut çalıştırma, proje/kontrol 

mantığı yükleme veya sistem işlevlerinin 

izinsiz biçimde işletilmesi. 

PLC/RTU, kontrolörler, 

HMI, mühendislik iş 

istasyonları, SCADA 

yazılımları 

Kalıcılık (TA0110) Erişimin yeniden başlatma, parola değişimi 

veya bakım sonrası da sürdürülebilir hale 

getirilmesi. 

Kontrolör yazılımları, proje 

dosyaları, firmware, 

mühendislik iş istasyonları, 

SCADA sunucuları 

Yetki Yükseltme 

(TA0111) 

Daha yüksek kullanıcı veya sistem yetkisi elde 

edilerek daha kritik bileşenlere erişim 

sağlanması. 

Mühendislik iş istasyonları, 

HMI, SCADA/OT 

sunucuları, etki alanına 

bağlı OT varlıkları 

Kaçınma (TA0103) Algılama mekanizmalarını, görünürlüğü veya 

kayıt üretimini azaltmaya yönelik davranışlar. 

HMI, historian, alarm ve 

raporlama kanalları, log 

kaynakları, ağ izleme 

bileşenleri 

Keşif (TA0102) Ağ yapısı, süreç ilişkileri, cihaz rolleri ve 

kontrol mantığı hakkında bilgi toplanması. 

SCADA sunucuları, 

historian, ağ cihazları, 

kontrolörler, süreç 

konfigürasyonları 

Yanal Hareket 

(TA0109) 

OT ortamı içinde bir varlıktan diğerine geçiş 

yapılarak daha kritik noktalara ilerlenmesi. 

Jump server'lar, uzaktan 

erişim altyapısı, 

mühendislik iş istasyonları, 

SCADA sunucuları, çift 

bağlı varlıklar 

Toplama (TA0100) Süreç verisi, alan bilgisi veya operasyonel 

içerik toplanarak sonraki aşamalar için zemin 

hazırlanması. 

Historian, HMI ekranları, 

süreç kayıtları, 

reçete/konfigürasyon 

dosyaları, sensör raporları 

Komuta ve Kontrol 

(TA0101) 

Ele geçirilmiş sistemler veya kontrol 

platformlarıyla haberleşilmesi ve komut 

iletilmesi. 

HMI, SCADA sunucuları, 

mühendislik iş istasyonları, 

uzaktan erişim platformları, 

kontrolörler 

Yanıt İşlevini Engelleme 

(TA0107) 

Emniyet, koruma, kalite veya operatör 

müdahalesinin devreye girmesini önleme. 

SIS, güvenlik PLC'leri, 

koruma röleleri, alarm 

mekanizmaları, operatör 

müdahale işlevleri 

Proses Kontrolünü 

Bozma (TA0106) 

Fiziksel süreci yöneten komut, mantık veya 

kontrol döngülerinin bozulması ya da yönünün 

değiştirilmesi. 

PLC/RTU, aktüatörler, vana 

ve pompalar, sürücüler, 

setpoint ve kontrol 

döngüleri 

Etki (TA0105) Sistemin, verinin veya fiziksel çevrenin 

manipüle edilmesi, kesintiye uğratılması ya da 

zarar görmesi. 

Kontrol süreci, saha 

ekipmanları, sunucular, 

operatör istasyonları ve 

fiziksel tesis 
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Tablo 2, Şekil 1’de gösterilen EKS için MITRE ATT&CK çerçevesinin yalnızca ilk erişim veya 

zararlı kod yürütme gibi genel siber davranışları değil; operatör görünürlüğünü, emniyet 

işlevlerini ve fiziksel süreç üzerindeki etkiyi de kapsayan EKS özgü bir saldırı dili sunduğunu 

göstermektedir. Özellikle yanıt işlevini engelleme, proses kontrolünü bozma ve etki taktikleri, 

endüstriyel ortamlarda saldırının doğrudan fiziksel sonuç üretebildiğini açık biçimde ortaya 

koymaktadır. 

Bu nedenle veri setleri, yalnızca normal-saldırı ayrımı taşıyan teknik kümeler olarak değil; 

hangi taktik ailelerini ve hangi gözlenebilirlik katmanlarını taşıdıkları bakımından da 

değerlendirilmelidir. İzleyen bölümde, veri seti literatürü ile MITRE ATT&CK temelli EKS 

güvenlik çalışmalarının bu ilişkiyi hangi ölçüde ele aldığı tartışılmakta; ardından karşılaştırmalı 

analiz bölümüne geçilmektedir. 

4. YAKIN LİTERATÜR  

EKS veri setleri ile MITRE ATT&CK çerçevesi aynı araştırma alanı içinde kullanılmasına 

rağmen, yakın literatürde bu iki hattın çoğu zaman farklı analitik sorular etrafında ilerlediği 

görülmektedir. Veri seti odaklı çalışmalar test yatağı mimarisi, veri katmanı, etiket yapısı, 

erişilebilirlik ve saldırı tespiti performansı üzerinde yoğunlaşırken; ATT&CK temelli EKS 

çalışmaları çerçeveyi güvenlik doğrulama, test yatağı genişletme, saldırı dizisi üretimi veya 

kapsama değerlendirmesi amacıyla kullanmaktadır. 

Test yatağı ve veri seti literatürü, EKS güvenliği araştırmalarında hangi verinin nasıl üretildiğini 

ve hangi deneysel amaçlara hizmet ettiğini açıklaması bakımından temel bir zemin 

sunmaktadır. Conti ve arkadaşları EKS test yatakları ile veri setlerini mimari yapı, veri türü, 

saldırı senaryosu ve kullanım amacı bakımından sınıflandırarak alanın genel haritasını 

çıkarmaktadır [5]. Seo ve arkadaşlarının veri türü odaklı sistematik derlemesi süreç verisi, ağ 

trafiği, simülasyon tabanlı veriler, hibrit test yatağı kayıtları ve yardımcı veri kaynakları 

arasındaki farkları görünür kılmaktadır [21]. Tantawy ise CPS güvenlik veri setlerinde süreç 

temsili, saldırı bilgisi, ağ görünürlüğü ve veri mimarisinin birlikte düşünülmesi gerektiğini 

kavramsal düzeyde tartışmaktadır [23]. Bu çalışmalar veri setlerinin yalnızca satır sayısı veya 

etiket bulunurluğu üzerinden değerlendirilemeyeceğini göstermektedir; ancak veri seti seçimini 

doğrudan MITRE ATT&CK taktik görünürlüğüyle ilişkilendiren ortak bir karşılaştırma zemini 

üretmemektedir. 

MITRE ATT&CK temelli EKS çalışmaları ise çoğunlukla saldırı davranışlarının 

modellenmesi, test ortamlarının genişletilmesi, güvenlik doğrulama veya kapsama analizi 

üzerinde yoğunlaşmaktadır. Choi ve arkadaşları ATT&CK tekniklerini temel alarak EKS test 

yatağı genişletme ve saldırı dizisi üretimi yaklaşımları geliştirmiştir [19], [20]. Afenu ve 

arkadaşları çerçeveyi EKS güvenlik doğrulama süreçlerinde kullanarak taktik ve teknik temelli 

değerlendirme yapılabileceğini göstermiştir [25]. Tory ve arkadaşları ise enerji sektörü 

bağlamında ağdan gözlenebilir tehditleri dikkate alarak bazı NIDS veri setlerinin ATT&CK 

kapsamasını incelemiş ve özellikle ağdan gözlenebilir teknikler bakımından kapsama açıklarını 

tartışmıştır [22]. Bu hat, ATT&CK’in savunma ve doğrulama değerini ortaya koymakla 

birlikte, kamuya açık EKS veri setlerini süreç telemetrisi, fiziksel etki, ağ/protokol görünürlüğü 

ve senaryo belgeleme düzeyiyle birlikte karşılaştırmalı biçimde ele alma konusunda sınırlı 

kalmaktadır. 

Buna ek olarak Modbus/TCP ve IEC 61850 gibi belirli haberleşme protokolleri etrafında 

geliştirilen veri seti ve saldırı tespit sistemi (IDS) çalışmaları, protokol düzeyindeki saldırı 

davranışlarını daha ayrıntılı belgelemektedir. Frazão ve arkadaşlarının Modbus/TCP tabanlı 

SCADA ağ yakalamaları, DoS/MITM davranışlarını ve yakalama sürelerini görünür kılarken 

[15]; Biswas ve arkadaşlarının IEC 61850 tabanlı veri seti ile Ustun ve arkadaşlarının aynı veri 

seti üzerinde geliştirdiği IDS çalışması, GOOSE mesajları, veri manipülasyonu, mesaj 

baskılama ve hizmet engelleme gibi protokol odaklı davranışları tartışmaktadır [17], [26]. 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

572 
 

Ancak bu çalışmalar da söz konusu protokol görünürlüğünü SWaT, WADI, BATADAL ve HAI 

gibi süreç telemetrisi ağırlıklı veri setleriyle aynı ATT&CK ekseninde birleştirmemektedir. 

Dolayısıyla yakın literatürde üç tamamlayıcı fakat ayrık eğilim bulunmaktadır: veri seti/test 

yatağı sınıflandırmaları, MITRE ATT&CK temelli güvenlik doğrulama ve kapsama 

çalışmaları, protokol odaklı veri seti ya da IDS çalışmaları. Bu üç hat birlikte okunduğunda, 

kamuya açık EKS veri setlerinin hangi MITRE ATT&CK taktik ailelerini ve hangi 

gözlenebilirlik katmanlarını taşıdığı sorusu hâlâ açık bir ara katman olarak kalmaktadır. Tablo 

3, bu boşluğu çalışma odakları üzerinden özetlemektedir. 

Tablo 3. Yakın literatür ile bu çalışmanın ele aldığı boşluk arasındaki ilişki 
Çalışma Odak ATT&CK / veri seti ilişkisi Bu çalışma açısından kalan 

boşluk 

Conti et al. (2021) EKS test yatağı ve veri seti 

çalışması 

Veri setlerini mimari, veri 

türü ve kullanım amacıyla 

sınıflar; ATT&CK-temelli 

ortak eşleme üretmez. 

Veri seti seçimini tehdit 

davranışları ve ATT&CK 

görünürlüğüyle doğrudan 

ilişkilendirmez. 

Seo et al. (2026) Veri türü odaklı sistematik 

derleme 

Süreç, ağ, simülasyon, 

hibrit ve yardımcı veriyi 

karşılaştırır; EKS için 

MITRE ATT&CK 

üzerinden ortak okuma 

sunmaz. 

Veri tipleri ile saldırı 

görünürlüğü ilişkisini 

tartışsa da, seçili veri setleri 

için ATT&CK-temelli ortak 

eşleme şeması üretmez. 

Tantawy (2022) CPS güvenlik veri seti 

bileşenleri ve veri mimarisi 

Veri setlerinde bulunması 

gereken süreç, ağ ve saldırı 

temsili unsurlarını 

kavramsal düzeyde tartışır. 

Kavramsal gereksinimleri 

açıklar; kamuya açık EKS 

veri setlerini ATT&CK 

altında karşılaştırmalı 

biçimde okumaz. 

Choi et al. (2020; 2021) ATT&CK tabanlı test 

yatağı genişletme ve saldırı 

dizisi üretimi 

ATT&CK’i veri toplama, 

senaryo kurma ve saldırı 

dizisi üretimi amacıyla 

kullanır. 

Kamuya açık süreç veri 

setleri için ortak, 

karşılaştırmalı bir 

görünürlük tablosu üretmez. 

Afenu et al. (2024) ATT&CK ile EKS güvenlik 

doğrulama 

Çerçeveyi pratik saldırı 

doğrulama ve savunma 

yetkinliği değerlendirmesi 

amacıyla uygular. 

Veri seti seçimi ve kamuya 

açık benchmark 

kümelerinin karşılaştırmalı 

okunmasına odaklanmaz. 

Tory et al. (2025) Enerji odaklı ağdan 

gözlemlenebilir tehdit 

kapsamı analizi 

Bazı veri setlerini 

ATT&CK kapsamasıyla 

değerlendirir; özellikle 

ağdan gözlenebilir teknikler 

ve kapsama açıklarına 

odaklanır. 

Süreç telemetrisi ve fiziksel 

etki katmanlarını aynı EKS 

veri seti çerçevesi altında 

birlikte okumaz. 

Frazão et al. (2019) Modbus/TCP SCADA 

PCAP veri seti ve 

DoS/MITM sınıflandırması 

Küçük ölçekli SCADA test 

yatağından üretilen ağ 

yakalamalarını saldırı 

sınıfları ve zaman 

aralıklarıyla sunar; 

ATT&CK tabanlı ortak 

eşleme üretmez. 

Modbus/TCP haberleşme 

zorlaması ve MITM 

davranışları belgelenir; 

ancak veri seti diğer 

kamuya açık EKS veri 

setleriyle ortak bir 

ATT&CK görünürlüğü 

şemasına bağlanmaz. 

Biswas et al. (2019); Ustun 

et al. (2021) 

IEC 61850 tabanlı veri seti 

üretimi ve veri seti üzerinde 

saldırı tespit sistemi (IDS) 

IEC 61850 haberleşmesine 

dönük DoS, mesaj 

baskılama ve veri 

manipülasyonu 

senaryolarını ayrıntılı sunar; 

sonraki çalışma aynı veri 

seti üzerinde makine 

öğrenmesi tabanlı IDS 

geliştirir. 

Protokol düzeyindeki saldırı 

görünürlüğü nettir; ancak 

bu görünürlük kamuya açık 

EKS veri setleri arasında 

karşılaştırmalı ATT&CK 

tabanlı ortak bir eşleme 

şemasına dönüştürülmez. 

Tablo 3, veri seti literatürü ile MITRE ATT&CK odaklı EKS çalışmalarının birbirini 

tamamlamakla birlikte aynı analitik düzeyde birleşmediğini göstermektedir. Veri seti ve test 

yatağı çalışmaları hangi verinin nasıl üretildiğini açıklarken, ATT&CK temelli çalışmalar 

çoğunlukla saldırı davranışlarının doğrulanması, test ortamlarının genişletilmesi veya kapsama 

değerlendirmesine odaklanmaktadır. Protokol odaklı veri setleri ise Modbus/TCP ve IEC 61850 
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gibi haberleşme katmanlarındaki saldırı davranışlarını ayrıntılı biçimde belgelemekte, fakat bu 

görünürlüğü süreç veri setleriyle birlikte ortak bir tehdit görünürlüğü şemasına 

dönüştürmemektedir. 

Bu çalışma bu ara katmanı hedeflemektedir. Amaç, seçili EKS veri setlerini yalnızca popülerlik, 

hacim veya erişilebilirlik bakımından değil; süreç telemetrisi, ağ/protokol izleri, belgelenmiş 

senaryo açıklıkları ve MITRE ATT&CK taktik görünürlüğü bakımından birlikte 

değerlendirmektir. Böylece literatürde ayrı ayrı ele alınan veri seti tartışmaları ile ATT&CK 

temelli tehdit dili arasında karşılaştırmalı bir köprü kurulmaktadır. İzleyen bölümde bu boşluk 

doğrultusunda seçili veri setleri ATT&CK ekseninde incelenmekte ve her bir veri setinin hangi 

saldırı davranışlarını daha belirgin biçimde görünür kıldığı tartışılmaktadır. 

5. EKS VERİ SETLERİNİN ATT&CK EKSENİNDE KARŞILAŞTIRMALI ANALİZİ 

Seçili veri setleri aynı uygulama alanına ait olsalar bile test yatağı mimarisi, veri katmanları, 

senaryo belgeleme düzeyi ve MITRE ATT&CK görünürlüğü bakımından homojen değildir. Bu 

bölümde, 2. bölümde özetlenen veri seti özellikleri ile 3. bölümde verilen taktik çerçevesi 

birlikte değerlendirilerek veri seti temelli bir MITRE ATT&CK okuması yapılmaktadır. Süreç 

telemetrisi üreten SWaT, WADI, BATADAL ve HAI ile Modbus/TCP ve IEC 61850 tabanlı 

ağ/protokol veri setleri aynı tehdit dili altında birlikte ele alınmakta; her bir veri setinin hangi 

saldırı davranışlarını daha belirgin biçimde görünür kıldığı tartışılmaktadır. 

5.1. Veri setlerinin EKS için MITRE ATT&CK taktikleriyle inceleme özeti 

Bu alt bölümde yapılan eşleme, veri setlerini saldırı bazında ayrıntılı teknik kimlik listelerine 

dönüştürme iddiası taşımamaktadır. Amaç; birincil veri seti makalelerinde ve veri seti 

açıklamalarında yer alan saldırı türleri, senaryo anlatıları, gözlenebilir süreç veya ağ etkileri ve 

veri katmanları birlikte değerlendirilerek, her veri setinin EKS için MITRE ATT&CK 

çerçevesinde hangi taktik ailelerini daha belirgin biçimde görünür kıldığını ortaya koymaktır. 

Bu nedenle eşleme taktik düzeyinde tutulmuş; süreç telemetrisi üreten veri setleri için komut-

süreç-etki ilişkisi, ağ/protokol odaklı veri setleri için ise haberleşme bütünlüğü, mesaj 

manipülasyonu, trafik taşırma/flooding ve koruma mantığına etki eden davranışlar esas 

alınmıştır. 

Güven düzeyi, eşlemenin ne kadar doğrudan ve izlenebilir kurulduğunu göstermek için 

kullanılmıştır. Değerlendirmede dört ölçüt dikkate alınmıştır: (i) birincil kaynakta saldırı 

senaryosunun açık biçimde belgelenmesi, (ii) saldırının süreç değişkenleri, kontrol komutları, 

ağ paketleri veya protokol mesajları üzerinden gözlenebilir iz bırakması, (iii) saldırı davranışı 

ile operasyonel/fiziksel sonuç arasındaki ilişkinin kurulabilmesi ve (iv) eşlemenin yalnızca 

genel saldırı adından değil, veri setinin sunduğu gözlenebilirlik katmanından desteklenmesi. 

“Yüksek” düzey, senaryo ile gözlenebilir süreç ya da operasyonel etkinin birlikte açıklandığı 

ve taktik eşlemenin doğrudan kurulabildiği durumları; “Orta-Yüksek” düzey, güçlü senaryo ve 

veri bağlamı bulunmasına rağmen ara adımların veya fiziksel sonuç ilişkisinin kısmen dolaylı 

kaldığı durumları; “Orta” düzey ise eşlemenin daha çok saldırı sınıfı, ağ/sistem izi veya sonuç 

anlatısı üzerinden yorumlandığı durumları ifade etmektedir. 

Bu yaklaşım özellikle SWaT gibi çok sayıda belgelenmiş saldırı içeren veri setleri için 

önemlidir. Örneğin SWaT’ta 41 saldırı senaryosu bulunmasına rağmen Tablo 4 bu saldırıları 

tek tek MITRE ATT&CK tekniklerine ayırmamaktadır; bunun yerine veri setinin taktik 

düzeyinde hangi saldırı ailelerini görünür kıldığını göstermektedir. Senaryo bazlı zaman aralığı, 

saldırı açıklaması, gözlenebilir veri bileşeni, taktik ve teknik kimliği içeren daha ayrıntılı 

eşleme katmanının gelecek çalışmalarda ayrıca oluşturulması planlanmaktadır. Bu tercih, 

mevcut çalışmanın kapsamını kontrol altında tutarken, veri setleri arasında karşılaştırılabilir bir 

görünürlük zemini kurmayı amaçlamaktadır. 
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Tablo 4. Veri setlerinin EKS için MITRE ATT&CK taktikleriyle inceleme özeti 
Veri seti Belgelenmiş senaryo / etki Eşleşen EKS için MITRE 

ATT&CK taktikleri 

Güven 

düzeyi 

SWaT Vana, pompa ve kontrol mantığına 

müdahale sonucu seviye, akış ve proses 

kararlılığında doğrudan sapma. 

Yürütme (TA0104); Proses 

Kontrolünü Bozma (TA0106); 

Etki (TA0105) 

Yüksek 

WADI Dağıtık su dağıtım hattında pompa, vana ve 

saha bileşenlerine dönük müdahaleler 

sonucu basınç, akış ve seviye davranışında 

gecikmeli/topolojik bozulma. 

Yürütme (TA0104); Proses 

Kontrolünü Bozma (TA0106); 

Etki (TA0105) 

Orta-

Yüksek 

BATADAL Su dağıtım ağında kontrol durumlarının 

bozulmasıyla hizmet sürekliliği, talep 

karşılama ve hidrolik denge üzerinde 

olumsuz etki oluşması. 

Proses Kontrolünü Bozma 

(TA0106); Etki (TA0105) 

Orta 

HAI Kontrol komutu sahteciliği, kısa süreli 

saldırılar ve emniyet ilişkili senaryolar 

sonucunda çoklu alt süreçlerde anormal 

geçişler ve kontrol kaybı riski. 

Yürütme (TA0104); Yanıt 

İşlevini Engelleme (TA0107); 

Proses Kontrolünü Bozma 

(TA0106); Etki (TA0105) 

Orta-

Yüksek 

ICS PCAPS ARP tabanlı ortadaki adam (MITM) ile 

uçuş halindeki verinin değiştirilmesi; 

Modbus sorgu taşırması (Modbus query 

flooding), ICMP flooding ve TCP SYN 

flooding ile SCADA haberleşmesinin 

zorlanması. 

Yanıt İşlevini Engelleme 

(TA0107); Proses Kontrolünü 

Bozma (TA0106); Etki 

(TA0105) 

Orta 

IEC61850 

Security 

Çerçeve düzeyinde trafik taşırma (frame 

flooding), mesaj baskılama, akım ölçümü 

ve kesici durumunun manipülasyonu, 

yeniden oynatma (replay) ve birleşik saldırı 

senaryoları. 

Yanıt İşlevini Engelleme 

(TA0107); Proses Kontrolünü 

Bozma (TA0106); Etki 

(TA0105) 

Orta-

Yüksek 

 

Tablo 4, seçili EKS veri setlerinin aynı tehdit alanını farklı test yatağı kurguları ve veri 

katmanları üzerinden görünür kıldığını göstermektedir. SWaT, WADI, BATADAL ve HAI’de 

saldırı anlatısı çoğunlukla kontrol komutu, süreç değişkeni ve fiziksel/operasyonel sonuç 

arasındaki ilişki üzerinden okunabilmektedir. Buna karşılık ICS_PCAPS ve IEC61850Security, 

endüstriyel haberleşmenin ağ düzeyinde nasıl bozulduğunu daha açık göstermektedir. 

ICS_PCAPS tarafında ARP tabanlı ortadaki adam (MITM) ve farklı trafik taşırma (flooding) 

türleri Modbus/TCP haberleşmesinin zorlanmasına işaret ederken; IEC61850Security tarafında 

mesaj baskılama, veri manipülasyonu ve yeniden oynatma (replay) gibi davranışlar koruma 

mantığı ve IED koordinasyonu üzerinde etkili olabilecek protokol suistimallerini görünür 

kılmaktadır. 

Dolayısıyla burada kurulan eşleme, veri setlerini birbirinin yerine geçebilecek tek tip 

benchmark kümeleri olarak değil, endüstriyel tehdit görünürlüğünün farklı kesitlerini taşıyan 

EKS veri setleri olarak değerlendirmektedir. Süreç etkisi açık biçimde belgelenen veri 

setlerinde yorum daha güçlü kurulurken, ağ/protokol izleri baskın olan veri setlerinde eşleme 

daha çok haberleşme davranışları ve belgelenmiş saldırı açıklamaları üzerinden yapılmaktadır. 

Bu durum özellikle ICS_PCAPS ve IEC61850Security gibi veri setlerinin, fiziksel süreç 

etkisinden çok iletişim bütünlüğü ve ağdan gözlenebilir saldırı davranışları bakımından önemli 

bir görünürlük sağladığını göstermektedir. 

Bu nedenle Tablo 4, çalışmanın bu aşamasında bir nihai teknik eşleme kataloğu olarak değil, 

karşılaştırmalı görünürlük tablosu olarak okunmalıdır. Veri setlerindeki her saldırı 

senaryosunun ayrı ayrı teknik kimlikleriyle, zaman aralıklarıyla, veri bileşenleriyle ve 

gözlenebilir izleriyle eşleştirilmesi daha ayrıntılı bir ek çalışma gerektirir. Bu bildiride sunulan 

taktik düzeyindeki çerçeve, söz konusu ayrıntılı etiketleme ve ATT&CK tabanlı veri seti 

kataloglama çalışmaları için başlangıç zemini oluşturmaktadır. 
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6. SONUÇ 

Bu çalışma, kamuya açık EKS veri setlerinin aynı alan içinde anılmalarına rağmen tehdit 

görünürlüğü bakımından homojen olmadığını göstermiştir. SWaT, WADI, BATADAL ve HAI 

süreç kontrolü, komut-etki ilişkisi ve fiziksel/operasyonel sonuçları farklı yoğunluklarda 

taşıyan veri setleri olarak öne çıkarken; ICS_PCAPS ile IEC61850Security endüstriyel 

haberleşmenin ağ ve protokol düzeyinde nasıl bozulabildiğini daha görünür kılmaktadır. Bu 

nedenle veri setleri, birbirinin yerine geçebilen tek tip benchmark kümeleri olarak değil, 

endüstriyel tehdit görünürlüğünün farklı kesitlerini taşıyan veri kaynakları olarak 

değerlendirilmelidir. 

Çalışmanın literatüre temel katkısı, bu veri seti ailesini üretim bağlamı, nicel özellikler, veri 

katmanları ve belgelenmiş senaryolarıyla birlikte EKS için MITRE ATT&CK altında 

karşılaştırmalı bir okuma çerçevesinde bir araya getirmesidir. Mevcut akademik çalışmaları 

veri setlerini çoğunlukla mimari, veri türü veya kullanım amacı açısından sınıflandırırken; 

çerçeve odaklı çalışmalar MITRE ATT&CK’i daha çok güvenlik doğrulama, test yatağı 

genişletme ya da saldırı dizisi üretimi amacıyla kullanmaktadır. Bu çalışma ise veri seti seçimi 

problemini tehdit görünürlüğü eksenine taşıyarak söz konusu iki literatür hattı arasında 

karşılaştırmalı bir ara katman önermektedir. 

Bu bulgu pratik açıdan da önem taşımaktadır. Süreç manipülasyonu, kontrol mantığı, fiziksel 

etki, mesaj bütünlüğünün bozulması veya endüstriyel haberleşme zorlaması üzerinde çalışacak 

araştırmalar için veri seti seçimi; erişilebilirlik, satır sayısı ya da yaygın kullanım düzeyiyle 

değil, incelenmek istenen saldırı davranışları ve gözlenebilirlik katmanlarıyla kurulan ilişki 

üzerinden yapılmalıdır. 

Gelecek çalışmalarda bu çerçeve, veri setlerini senaryo metni, zaman aralığı, gözlenebilir veri 

bileşeni ve MITRE ATT&CK taktik/teknik ilişkisiyle daha ayrıntılı etiket katmanlarına 

dönüştürmek için genişletilebilir. Özellikle süreç verisi, kontrol komutu kayıtları ve ağ/protokol 

etkilerini daha bütünlüklü biçimde bir araya getiren yeni veri setleri, hem tehdit görünürlüğünü 

hem de karşılaştırılabilirliği artıracaktır. Böyle bir yönelim, veri seti seçimi, senaryo tasarımı 

ve tehdit temelli değerlendirme çalışmalarında daha tutarlı ve yeniden üretilebilir bir araştırma 

zemini sağlayabilir. 
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Özet 

Borofen, atomik incelikteki bor tabakalarından oluşan ve grafen sonrası 2D malzemeler 

arasında öne çıkan yeni nesil bir nanomalzemedir. Metalik karakteri, yön bağımlı fiziksel 

davranışı, yüksek mekanik dayanımı ve yüzey reaktivitesi, borofeni enerji, kataliz, sensör, 

biyomedikal sistemler ve nanoelektronik uygulamaları açısından potansiyel bir aday haline 

getirmektedir. Bu çalışmada, borofenin yapısal ve fonksiyonel özellikleri, başlıca sentez 

yöntemleri, uygulama potansiyeli ve diğer 2D malzemelerle karşılaştırmalı konumu literatür 

temelinde değerlendirilmiştir. Mevcut çalışmalar, borofenin moleküler ışın epitaksisi, kimyasal 

buhar biriktirme, fiziksel buhar biriktirme ve sıvı faz eksfoliasyonu gibi yöntemlerle 

üretilebildiğini, ancak altlık bağımlılığı, faz kontrolü, oksidasyon duyarlılığı ve ölçeklenebilir 

üretim güçlüklerinin pratik uygulamalara geçişi sınırlandırdığını göstermektedir. Borofen, 

enerji depolama sistemleri, hidrojen üretimi ve depolama teknolojileri, katalitik süreçler, 

yüksek duyarlılıklı sensörler, esnek elektronikler ve nanoelektronik cihazlar için yüksek 

potansiyel sunmaktadır. Sonuç olarak, borofenin laboratuvar ölçeğinden teknolojik 

uygulamalara aktarılabilmesi için kontrollü sentez stratejilerinin geliştirilmesi, faz kararlılığının 

sağlanması, çevresel dayanımının artırılması ve büyük ölçekli üretim süreçlerinin optimize 

edilmesi gerekmektedir. 

Anahtar Kelimeler: Borofen, iki boyutlu malzemeler, sentez yöntemleri, enerji uygulamaları. 
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TWO-DIMENSIONAL BOROPHENE: PROPERTIES, SYNTHESIS STRATEGIES, 

ENERGY APPLICATIONS AND FUTURE PERSPECTIVES 

 

 

 

Abstract 

Borophene is a new-generation nanomaterial consisting of atomically thin boron sheets and 

represents one of the prominent two-dimensional materials developed after graphene. 

Borophene’s metallic character, direction-dependent physical behaviour, high mechanical 

strength, and surface reactivity make borophene a potential candidate for energy, catalysis, 

sensor, biomedical, and nanoelectronic applications. In this study, the structural and functional 

properties of borophene, main synthesis methods, application potential, and comparative 

position among other two-dimensional materials were evaluated based on the literature. Current 

studies report the production of borophene by molecular beam epitaxy, chemical vapor 

deposition, physical vapor deposition, and liquid-phase exfoliation. However, substrate 

dependence, phase control, oxidation sensitivity, and limitations in scalable production restrict 

its transition to practical applications. Borophene exhibits high potential for energy storage 

systems, hydrogen production and storage technologies, catalytic processes, high-sensitivity 

sensors, flexible electronics, and nanoelectronic devices. Therefore, controlled synthesis 

strategies, phase stability, environmental durability, and large-scale production routes need to 

be improved for the transfer of borophene from laboratory-scale studies to technological 

applications. 

Key words: Borophene, two-dimensional materials, synthesis methods, energy applications. 
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1. Giriş 

 

İki boyutlu nanomalzemeler, bulk malzemelere kıyasla daha büyük yüzey alanı, daha yüksek 

kimyasal ve fiziksel aktivite ve kuantum sınırlama etkileri göstermektedir. Bu özellikler, 

fotonik, elektronik, katalitik ve manyetik davranışlara özel nitelikler kazandırmaktadır. Bu 

nedenle iki boyutlu malzemeler elektronik cihazlar, biyosensörler, enerji depolama sistemleri 

ve benzeri uygulamalar için önemli potansiyel taşımaktadır (Ou et al., 2021). 

 

Borofen, tek atom kalınlığında bor atomlarından oluşan iki boyutlu bir bor tabakasıdır. Ag 

altlıklar üzerinde 2015 yılında sentezlenmesinden sonra borofen üzerine yapılan çalışmalar 

hızla artmıştır. Borofen, yoğun madde fiziği, kimya, malzeme bilimi ve nanoteknoloji 

alanlarında araştırılan bir malzeme haline gelmiştir (Wang et al., 2019) 

 

Borofenin yapısal davranışı bor atomunun elektron eksikliği ile ilişkilidir. Bor, karbonun 

komşusudur ve üç değerlik elektronuna sahiptir. Bu durum bor atomları arasındaki bağlanmayı 

karbon atomları arasındaki bağlanmadan daha karmaşık hale getirmektedir. Borun elektron 

eksikliği, iki merkezli iki elektron bağlarının yanında çok merkezli iki elektron bağlarının 

oluşmasına yol açmaktadır. Bu bağlanma biçimi, bor yapılarında polimorfizmin ortaya 

çıkmasına neden olmaktadır (W. Li et al., 2023; Yildiz & Aydemir, 2025). 

 

Borofen, grafen gibi doğal tabakalı bir bulk yapıdan doğrudan elde edilmemektedir (Chand et 

al., 2021; Shahbaz Tehrani et al., 2025). Bulk borun tabakalı olmayan yapısı ve karmaşık 

bağlanma özellikleri borofen sentezini zorlaştırmaktadır (Ou et al., 2021). Bu nedenle altlık 

etkisi, büyütme koşulları, faz seçimi ve yapısal kararlılık borofen üretiminde kritik 

parametrelerdir (Shahbaz Tehrani et al., 2025; Vázquez-Vázquez et al., 2025).  

 

2. Borofenin Temel Özellikleri 

 

Borofen, mekanik özellikleriyle öne çıkan iki boyutlu malzemeler arasında yer almakta ve 

literatürde bilinen en hafif ve en güçlü iki boyutlu malzemelerden biri olarak rapor edilmektedir 

(Adekoya et al., 2024; W. Li et al., 2023). Borofenin mekanik özellikleri, elektronik yapısı, 

kafes ısıl iletkenliği, süperiletkenlik özellikleri, optik özellikleri, atomik adsorpsiyonu ve yüzey 

reaktivitesi üzerine çok sayıda teorik ve deneysel çalışma yapılmıştır.  

 

B-B bağlarının çok merkezli yapısı sayesinde, çizgili, 2-Pmmn, δ6, β12 ve χ3 gibi farklı boşluk 

temelli borofen fazları nano tabaka, nanotüp, bal peteği yapı, buckyball ve nano şerit gibi çeşitli 

formlarda sentezlenebilmektedir (S. Gupta et al., 2025). Deneysel olarak sentezlenen 2-Pmmn, 

β12, χ3 ve bal peteği fazlarının metalik olduğu bildirilmektedir (Rahman et al., 2023). Özellikle, 

2-Pmmn borofen fazında armchair yönündeki Young modülü 398 N/m’ye kadar çıkabilmekte, 

zigzag yönündeki Young modülü ise 170 N/m olarak raporlanmıştır. Bu değerler, borofenin 

yüksek derecede anizotropik mekanik davranış gösterdiğini ve Young modülü 340 N/m olan 

grafeni geride bıraktığını göstermektedir (Wang et al., 2019; Zhong et al., 2018). Ayrıca 2-

Pmmn fazı, malzemenin gerildiğinde yanlardan genişlemesi anlamına gelen negatif Poisson 

oranı (okzetik davranış) sergileyen nadir iki boyutlu malzemelerden biridir (Hou et al., 2020; 

Wang et al., 2019).  

 

Borofen, metalik iletkenlik, yüksek anizotropi, düşük kütle yoğunluğu, mekanik esneklik, 

ayarlanabilir bant yapısı ve Dirac fermiyon özellikleri göstermektedir. Bu özellikler, borofeni 

enerji depolama, algılama, kataliz ve nanoelektronik uygulamaları için dikkat çekici bir 

malzeme haline getirmektedir (Shahbaz Tehrani et al., 2025). 
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3. Borofen Üretim Yöntemleri 

 

Borofen üretim metodolojileri arasında "aşağıdan yukarıya" (bottom-up) ve "yukarıdan 

aşağıya" (top-down) olmak üzere iki temel sınıflandırma bulunmaktadır (Rahman et al., 2023; 

Shahbaz Tehrani et al., 2025). Bottom-up yöntemlerde bor atomlarının veya moleküler 

öncüllerin atomik düzeyde bir altlık üzerinde birleştirilerek kristal bir ağ oluşturması prensibine 

dayanmaktadır ve ıslak kimyasal sentez yöntemleri, PVD, CVD ve MBE yöntemdeki önemli 

yaklaşımlardır. (Ajmal et al., 2025). Top-down yöntemlerde ise bulk bor veya bor 

bileşiklerinden eksfoliasyon yoluyla bor tabakaları elde edilmektedir ve mekanik, sıvı faz ve 

sonokimyasal eksfoliasyon gibi yöntemler yer almaktadır (Yang & Pan, 2025).  

 

3.1. Moleküler ışın epitaksisi (MBE) 

 

Moleküler Işın Epitaksisi (MBE), ultra yüksek vakum (UHV) koşulları altında hassas bir 

şekilde kontrol edilen moleküler ışınlar aracılığıyla atomik katmanların kristal altlıklar üzerinde 

büyütüldüğü özgün bir tekniktir (Kumar et al., 2024). MBE, borofen üretiminde en çok 

kullanılan yöntemlerden biridir (G. H. Gupta et al., 2024; W. Li et al., 2023). Bu yöntem, 

borofen fazlarının sentezlenmesinde atomik düzeyde kontrol imkanı sunarak Kimyasal Buhar 

Biriktirme (CVD) gibi tekniklere kıyasla daha yüksek kristallik ve daha düşük kusur yoğunluğu 

sağlamaktadır (Yildiz & Aydemir, 2025).  Mannix vd. (Mannix et al., 2015), Ag (111) yüzeyi 

üzerinde atomik incelikte borofen tabakalarını sentezledikten sonra Feng ve Zhang, Ag (111) 

altlığı üzerinde β12 ve χ3 borofen fazlarını moleküler ışın epitaksisi yöntemiyle üretmiştir (Feng 

et al., 2016). Ancak, ultra yüksek vakum gereksinimi nedeniyle üretim maliyetlerinin çok 

yüksek olması, üretim hızının yavaşlığı ve elde edilen örneklerin küçük boyutları, MBE 

tekniğinin endüstriyel ölçekteki uygulanabilirliğini ve ölçeklenebilirliğini kısıtlamaktadır 

(Bilgiç, 2024; Duo et al., 2021; Kumar et al., 2024) 

 

3.2. Kimyasal buhar biriktirme (CVD) 

 

Kimyasal buhar biriktirme, borofen sentezinde kullanılan bottom-up yöntemlerden biridir 

(Yang & Pan, 2025). Bu teknik, bor içeren uçucu öncü bileşiklerin (precursor) yüksek sıcaklık 

altında bir altlık (substrate) yüzeyinde bozunarak veya reaksiyona girerek ince kristal tabakalar 

oluşturması prensibine dayanmaktadır (Shahbaz Tehrani et al., 2025). CVD yöntemi MBE ve 

ultra yüksek vakum epitaksiyel büyütme yöntemlerine göre daha düşük maliyetli ve 

ölçeklenebilir bir sentez yolu olarak değerlendirilmektedir (Adekoya et al., 2024; Duo et al., 

2021). Borun yaklaşık 2350 K (2076,85 °C)’deki yüksek erime noktası, CVD yöntemiyle 

borofen üretimini kısıtlayan başlıca engeldir. Bu nedenle, 2D yapılar elde etmek için genellikle 

550 °C ile 950 °C arasındaki sıcaklıklarda bozunabilen öncüller tercih edilmektedir (Yildiz & 

Aydemir, 2025). 

 

3.3. Fiziksel buhar biriktirme (PVD) 

 

Fiziksel Buhar Biriktirme (PVD) tekniği, borofen nano-tabakalarının sentezlenmesinde vakum 

ortamında malzemelerin buharlaştırılması ve bir altlık üzerinde yoğunlaştırılması prensibine 

dayanmaktadır (Adekoya et al., 2024). Borofenin ilk deneysel sentezi, 2015 yılında ultra yüksek 

vakum (UHV) koşulları altında gümüş (Ag111) altlıklar üzerine gerçekleştirilen PVD 

yöntemiyle gerçekleştirilmiştir (Mannix et al., 2015; Zhong et al., 2018). 
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3.4. Sıvı faz eksfoliasyonu (LPE)  

 

Sıvı faz eksfoliasyonu, bulk bor yapısından borofen tabakaları elde etmek için kullanılan top-

down yöntemlerden biridir. LPE, kütlesel malzemeyi mono-tabaka veya birkaç atom 

kalınlığında nanotabakalara ayırmak için çözücülerin ve ultrasonik kuvvetlerin kullanıldığı 

kolay bir yöntemdir (Adekoya et al., 2024) LPE yönteminde solvent türü borofen üretiminde 

çok önemli bir rol oynamaktadır (Chand et al., 2021). Li vd., ultrason destekli sıvı faz 

eksfoliasyonuyla boyut ve kalınlığı kontrol edilebilen çok katmanlı borofen 

sentezlenebileceğini raporlamıştır (Batool et al., 2025; H. Li et al., 2018) (Ou et al., 2021). 

 

3.5. Sonokimyasal eksfoliasyon (SE) 

 

Sonokimyasal sentez, düşük üretim maliyeti nedeniyle borofen üretiminde yaygın olarak 

kullanılan ve yüksek kaliteli borofen elde edilmesini sağlayan bir yöntemdir. Çözücü türü, 

solvasyon enerjisi, sonikasyon gücü, sonikatör tipi, sıcaklık ve reaksiyon basıncı gibi 

parametreler üretim sürecini doğrudan etkilemektedir. Ancak, borofen verimi, katman sayısı 

homojenliği ve faz karışımı temel sınırlayıcı faktörler arasında yer almaktadır (Kumar et al., 

2024). 

 

4. Borofenin Potansiyel Uygulamaları 

 

Borofen, metalik karakteri, Dirac doğası, olağanüstü elektron hareketliliği, termal iletkenliği ve 

grafeni aşan Young modülleri ile Xenes ailesi içinde benzersiz biçimde öne çıkmaktadır 

(Kumar et al., 2024). Bu özellikler, özellikle enerji depolama, algılama, kataliz ve 

nanoelektronik alanlarında geniş bir uygulama yelpazesinin önünü açmaktadır (Shahbaz 

Tehrani et al., 2025).  

 

Borofen yüksek elektronik hareketliliği sayesinde ışığın, gazların, moleküllerin ve gerilimin 

ultra hızlı algılanması için aktif bir malzeme görevi görmektedir (Kumar et al., 2024). Ayrıca 

aktif bölgelere, güçlü metal iyon bağlanmasına ve yüksek teorik batarya kapasitesine sahip 

oldukça reaktif ve kıvrımlı bir yüzey göstermektedir (Z. Li et al., 2026). Metalik davranışı, 

elektrokimyasal aktivitesi ve korozyon karşıtı niteliği, borofeni enerji depolama ve kataliz 

uygulamaları için uygun hale getirmektedir.  

 

Bununla birlikte, HER, OER, su ayrıştırma, CO2 indirgeme ve NH3 indirgeme reaksiyonlarında 

elektrokatalizör olarak etkili olduğu raporlanmıştır (Kumar et al., 2024). Anizotropik mekanik 

özellikleri esnek elektronikler, hafif kompozitler ve NEMS uygulamalarına olanak 

sağlamaktadır (Z. Li et al., 2026). Borofenin geniş yüzey alanı ve üstün elektriksel iletkenliği 

süperkapasitör uygulamaları için son derece uygun bir aday haline getirmektedir. Borofen 

tabanlı süperkapasitörlerin, mevcut teknolojilere kıyasla daha yüksek enerji ve güç 

yoğunlukları sunma potansiyeline sahip olduğu değerlendirilmektedir. Borun çok düşük atomik 

kütlesi nedeniyle borofen son derece hafiftir ve yüksek gravimetrik enerji yoğunlukları onu 

taşınabilir enerji depolama aygıtları için uygun bir malzeme haline getirmektedir. Bu özellikler, 

daha kısa şarj sürelerine ve daha uzun ömürlü enerji depolama sistemlerinin geliştirilmesine 

avantaj sağlamaktadır (Ajmal et al., 2025).  

 

Borofenin kendine özgü geometrisi ve elektronik özellikleri, metal matrisli hibritlere kıyasla 

daha yüksek hidrojen adsorpsiyon kapasitesine olanak sağlayarak ABD Enerji Bakanlığı 
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tarafından belirlenen hedefleri aşmaktadır (Ledwaba et al., 2023). Grafenin aksine, borofende 

moleküler hidrojenin güçlü bir şekilde bağlandığı gözlemlenmiştir (Chand et al., 2021). 

 

5. Borofenin Diğer İki Boyutlu Malzemelerle Karşılaştırılması 

 

Bant aralığı bulunmayan yarı metalik grafen, orta düzey bant aralığına sahip yarı iletken 

TMDC’ler (Transition Metal Dichalcogenides) ve geniş bant aralığına sahip yalıtkan h-BN ile 

karşılaştırıldığında, borofen günümüze kadar en hafif iki boyutlu metal olarak kabul 

edilmektedir (W. Li et al., 2023).  Grafende bant aralığının bulunmaması dijital elektronikte 

kullanımını sınırlarken, fosforen ve silisen gibi diğer iki boyutlu malzemelerin fotoelektrik ve 

fotovoltaik cihazlardaki kullanımı havadaki kararsızlıkları nedeniyle sınırlanmaktadır (Macilon 

et al., 2025).  

 

İlk keşfedilen iki boyutlu malzeme olan grafen yarı metalik özellik gösterirken, fosforen yarı 

iletken, borofen ise metalik karakter sergilemektedir. Borofenin belirgin mekanik, fiziksel ve 

kimyasal özellikleri grafen, fosforen, silisen ve MoS2 gibi diğer iki boyutlu nanomalzemelerle 

rekabet etmektedir (Rubab et al., 2020).  

 

Borofen tabakasının düzlem içi Young modüllerini iki doğrultuda yaklaşık 170 ve 398 N/m 

olarak hesaplanmış ve grafen tabakasının 340 N/m düzeyindeki değeriyle karşılaştırıldığında 

yüksek olduğu raporlanmıştır (Ranjan et al., 2020). Borofenin anizotropik yapıya sahip olması 

nedeniyle termal iletkenliği de anizotropik özellik göstermektedir ve MoS2’ye kıyasla daha 

yüksek termal iletkenliğe sahip olduğu belirtilmiştir (Chand et al., 2021).  

 

6. Gelecek Perspektifleri 

 

Borofen kendine özgü özelliklere ve önemli bir potansiyele sahip olmasına rağmen 

ticarileşmeden önce yapısal ve fonksiyonel özellikleri hakkında daha fazla araştırma yapılması 

gerekmektedir (Ajmal et al., 2025). Borofenin, oksidasyon duyarlılığı, faz kararsızlığı ve bant 

aralığının olmaması gibi sınırlamalar kullanımını kısıtlamaktadır. Ortam koşullarındaki 

dengesizlik ve seri üretimdeki güçlükler, pratik uygulamaların önündeki temel engeller olarak 

öne çıkmaktadır (Z. Li et al., 2026).  

 

Borofenin yakın gelecekte, diyabetik algılama, viral tespit, kanser tanısı ve adli bilimler gibi 

biyosensör uygulamalarında önemli bir rol üstlenmesi beklenmektedir. Bunun yanı sıra hafif, 

yanmaya dayanıklı ve yüksek güçlü bataryalar, ultra hızlı sensörler, elektronik soğutma 

sistemleri ve süperiletken çip teknolojileri için umut vadeden bir iki boyutlu malzeme olarak 

öne çıkmaktadır (Batool et al., 2025). 

 

Borofenin benzersiz katalitik özellikleri, onu HER için umut vadeden bir malzeme haline 

getirmekte ve pahalı platin katalizörlere olan gereksinimi azaltma potansiyeli taşımaktadır. 

Bunun yanında borofen, çevresel sensörler ve mekanik enerjinin titreşimlerden veya 

hareketlerden toplanmasına yönelik triboelektrik nanojeneratörler için potansiyel taşımaktadır 

(Ajmal et al., 2025).  

 

Borofenin potansiyel süperiletken özellikleri ve mevcut iki boyutlu kuantum malzemeleriyle 

uyumluluğu, onu kuantum hesaplama uygulamaları için umut vadeden bir aday haline 

getirmektedir (Z. Li et al., 2026).  Ayrıca, 6G iletişimi, frekans çarpanları, doğrusal olmayan 

optikler, beyin-bilgisayar arayüzleri vb. gibi yeni ortaya çıkan alanlardaki uygulamalar da 

öngörülmektedir (Ranjan et al., 2020). 
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7. Sonuç 

 

Bu çalışmada, borofenin temel özellikleri, sentez yöntemleri, potansiyel uygulama alanları, 

diğer 2D malzemelerle karşılaştırmalı durumu ve gelecek perspektifleri ele alınmıştır. Borofen, 

atomik incelikteki yapısı, metalik karakteri, yüksek mekanik dayanımı, anizotropik davranışı 

ve aktif yüzey özellikleriyle grafenden sonra 2D malzemeler arasında dikkat çeken bir adaydır. 

Sahip olduğu elektronik, mekanik ve kimyasal özellikler, borofeni enerji depolama, hidrojen 

üretimi ve depolama, kataliz, sensörler, biyomedikal sistemler, esnek elektronikler ve 

nanoelektronik cihazlar açısından önemli bir malzeme haline getirmektedir. 

 

Bununla birlikte, borofenin pratik uygulamalara aktarılmasında halen önemli sınırlamalar 

bulunmaktadır. Bulk borun tabakalı olmayan yapısı, bor atomlarının elektron eksikliği ve çok 

merkezli bağlanma karakteri sentez sürecini zorlaştırırken, oksidasyon duyarlılığı, faz 

kararsızlığı ve büyük ölçekli üretim güçlükleri teknolojik kullanımı sınırlamaktadır. Bu nedenle 

altlık seçimi, büyütme sıcaklığı, faz kontrolü, yüzey kararlılığı ve üretim ölçeği borofen 

araştırmalarında kritik parametreler olarak öne çıkmaktadır. 

 

Sonuç olarak, borofenin üstün özellikleri sayesinde 2D nanomalzemeler içinde sahip olduğu 

yüksek potansiyelin gerçek uygulamalara dönüştürülebilmesi için kontrollü sentez, faz saflığı, 

çevresel kararlılık, ölçeklenebilir üretim ve uygulamaya yönelik deneysel doğrulama 

çalışmalarının geliştirilmesi gerekmektedir.  
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Özet 

Son yıllarda her türlü üründe sahtecilik faaliyetleri oldukça artmıştır. Bu durum hem marka 

prestijini hem de tüketici güvenini azaltmaktadır. Sahte ürünlerin tespit edilememesi 

durumunda başta insan sağlığı olmak üzere ekonomi, güvenlik faktörleri, sosyal yapı ve ticari 

etik kuralları zarar görebilmektedir. Bu çalışmada, ürün güvenliği açısından ürün etiketinde 

kullanılan özel mürekkeplerin üretim sürecindeki uygulama doğruluğuna ilişkin kontrol 

problemi ele alınmıştır. Etiket üretiminde bu mürekkeplerin miktarsal kullanımı hem güvenlik 

hem de maliyet açısından kritik bir parametre olarak öne çıkmaktadır. Söz konusu özel 

mürekkep miktarı veri temelli yaklaşımlar kullanılarak tahmin edilmiştir. Bu yaklaşım ile 

kullanılan özel mürekkep mikatarının takibini sağlayarak sahtecilik faaliyetlerinin önlenmesi 

amaçlanmaktadır. Bu kapsamda, özel mürekkep ile basılan etiketlerde kullanılan 

kişiselleştirilmiş QR kodlarında bulunan mürekkep miktarının tahmin edilmesi hedeflenmiştir. 

Böylece değerli ürünün sahibi olan üretici, etiket tedarikçisine sağladığı güvenlik mürekkebinin 

doğru miktarda kullanıp kullanmadığını bu tüketim tahmini yaklaşımı ile takip edebilecektir.  

Bu çalışma, 2023-2025 yılları arasındaki gerçek operasyonel üretim verilerinden elde edilen 

3974 satırdan oluşan veri seti kullanılmıştır. Veri setinde, hedef değişken olan kullanılan 

mürekkep miktarını etkileyen baskı teknolojisi, mürekkep tipi, viskozite, kalite kontrol 

değerleri, baskı makinesi ortam nemi, üretim adedi, mürekkep miktarı ve diğer baskı 

parametrelerini içeren değişkenler yer almaktadır. Değerli ürün etiketlerinde kullanılan özel 

mürekkep miktarının tahmin edilmesi amacı ile Extreme Gradient Boosting (XGBoost), 

Categorical Boosting (CatBoost), Light Gradient Boosting Machine (LightGBM), Random 

Forest gibi makine öğrenimi algoritmaları ile birlikte Temporal Transformer (TFT) modeli 

kullanılmıştır. Modellerde hiperparametre optimizasyonunun sağlanması için Optuna 

kütüphanesi kullanılmıştır.  Çalışmada asıl model olan Temporal Transformer (TFT) modeli ile 

verilerin log dönüşümü sonucunda 0,820 R² ve 0,445 MAE değeri elde edilmiştir. Mevcut 

durumda modellerin hiperparametre optimizasyonları ve performans iyileştirme çalışmaları 

aktif olarak devam etmektedir. Literatürde, mürekkep miktarı tahmininde makine öğrenmesi 

modelleri, sinir ağı modelleri bazı derin öğrenme modelleri kullanılmış fakat transformer 

tabanlı model kullanımına ve özel mürekkep miktarının tahmin edildiği bir çalışmaya 

rastlanmamıştır. Bu durum çalışmanın özgünlük değerini arttırmaktadır. 

Anahtar Kelimeler: Mürekkep Tüketim Miktarı Tahmini, Transformer Encoder Tabanlı 

Regression Transformer, XGBoost, CatBoost, Sahtecilik Önleme, Güvenlik Mürekkebi. 
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AN AI-BASED DEMAND FORECASTING APPROACH FOR TRACKING  

HIGH-VALUE PRODUCTS AND PREVENTING COUNTERFEITING 

 

 

Abstract 

In recent years, counterfeiting activities have increased significantly across all types of 

products. This situation undermines both brand prestige and consumer confidence. If 

counterfeit products go undetected, they can cause harm to human health, the economy, 

security, social structures, and commercial ethical standards. This study addresses the control 

issue regarding the accuracy of application during the production process of special inks used 

on product labels from a product safety perspective. The quantitative use of these inks in label 

production stands out as a critical parameter in terms of both security and cost. The amount of 

the special ink in question was estimated using data-driven approaches. The aim of this 

approach is to prevent counterfeiting activities by tracking the amount of special ink used. In 

this context, the goal is to estimate the amount of ink present in the personalized QR codes on 

labels printed with the special ink. Thus, the manufacturer, as the owner of the valuable product, 

will be able to monitor whether the label supplier is using the correct amount of the security ink 

provided through this consumption estimation approach. This study utilized a dataset consisting 

of 3,974 rows derived from actual operational production data between 2023 and 2025. The 

dataset includes variables that influence the target variable—the amount of ink used—such as 

printing technology, ink type, viscosity, quality control values, ambient humidity of the printing 

machine, production quantity, ink amount, and other printing parameters. To estimate the 

amount of special ink used on high-value product labels, machine learning algorithms such as 

Extreme Gradient Boosting (XGBoost), Categorical Boosting (CatBoost), Light Gradient 

Boosting Machine (LightGBM), and Random Forest were used alongside the Temporal 

Transformer (TFT) model. The Optuna library was used to perform hyperparameter 

optimization for the models. In this study, the Temporal Transformer (TFT) model—the 

primary model—achieved an R² value of 0.820 and a Mean Absolute Error (MAE) of 0.445 

following the log transformation of the data. Currently, efforts to optimize the models’ 

hyperparameters and improve their performance are actively ongoing.  In the literature, machine 

learning models, neural network models, and certain deep learning models have been used to 

estimate ink volume; however, no studies have been found that utilize transformer-based 

models or specifically estimate ink volume. This enhances the originality of the present study. 

Keywords: Ink Consumption Estimation, Transformer Encoder Regression Transformer, 

XGBoost, CatBoost, Counterfeit Prevention, Security Ink. 
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1. Giriş 

Günümüzde sahte ürünlerin üretimi artmaktadır. Bu durum firmaların marka değerlerini 

ve markanın güvenilirliğini önemli ölçüde azaltmaktadır. Ürünü satın alan müşteriler tarafından 

ise ürünün orijinalliği ile ilgili tedirginlikler yaşanabilmektedir. Bu kapsamda özellikle değeri 

yüksek olan ürünlerde güvenlik özelliklerini arttıran özel güvenlik mürekkebi ile basılmış QR 

kodları içeren ürün etiketleri kullanılmaktadır. Bu yöntem sahteciliğin anlaşılması, önlenmesi 

ve yüksek değerli ürünlerin bu QR kodlar ile takip edilmesini sağlayan bir çözümdür.  

QR kodları, akıllı mobil telefonlar gibi cihazlarda çalışmak üzere tasarlanmış özel bir 

QR kodu türüdür. QR kodlar, bu cihazlar ile okutularak ürün takibi yapılabilmektedir (Ferrag 

vd., 2022). Ürün ambalajlarına uygulanan QR kodlar, blokzincir ile entegre edilerek endüstriyel 

sahtecilik problemine bir çözüm olarak görülmektedir (Hossain vd., 2020). Son yıllarda artış 

sağlayan, QR kodların bulunduğu ürün etiketlerinin, nesnelerin internet IOT kullanılarak 

doğrulama ve ürün takibi işlemlerinin yapıldığı iş modelleri mevcuttur (Popović vd., 2021).   

Klasik mürekkepler ile basılan QR kodları değiştirilme veya yasadışı kopyalanma riski 

barındırır. Bu nedenle, QR kodların baskısında özel mürekkepler kullanılarak sahteciliğe karşı 

koruma özellikleri geliştirilmiştir (Qian vd., 2019). Bu özelliklere sahip güvenlik mürekkebi ile 

basılmış QR kod bulunan bir ürün etiketinin üretimini çoğunlukla ürünün sahibi firma değil 

etiket ve ambalaj üreticisi tedarikçiler üstlenmektedir. Ürünün sahibi firma, ürün etiketinin 

üretimini sağlayan etiket ve ambalaj üreticisi tedarikçi firmaya özel güvenlik mürekkebini 

teslim eder.  Özel mürekkebin teslim edilmesinden sonra etiket ve ambalaj üreticisi tedarikçi 

firmanın bu özel mürekkebi doğru şekilde ve miktarda kullanımı doğrudan izlenememektedir. 

Bu durum sahteciliğe yol açabileceği gibi tedarik zincirinin güvenilirliğini de azaltmaktadır.  

Bu çalışmanın amacı, değerli ürünü üreten markalar tarafından dış tedarikçi etiket 

üreticilerine sağlanan özel güvenlik mürekkebinin doğru ve amacına uygun kullanılıp 

kullanılmadığının yapay zekâ yöntemleri ile izlenmesini sağlamaktır. Bu kapsamda, özel 

mürekkep ile basılan etiketlerde kullanılan kişiselleştirilmiş QR kodlarında bulunan mürekkep 

miktarının tahmin edilmesi hedeflenmektedir. Böylece marka, tedarikçisinin kendisine 

sağlanan güvenlik mürekkebini doğru miktarda kullanıp kullanmadığını takip edebilecektir. 

Literatürde kullanılan mürekkep miktarını yapay zeka yöntemleri ile tahmin eden çalışmalar 

mevcuttur (France vd., 2025).  Bu çalışma sayesinde, özellikle ürün sahibi markanın etiket 

tedarikçisine sağladığı özel mürekkebinin izinsiz ve hatalı kullanımının tespit edilmesi veya 

özel mürekkebin sahtecilik amacı ile tüketilmesini önlemek için geliştirilen bir kontrol 

mekanizması sağlanacaktır.  

Sonuç olarak, geliştirilen yöntem, özel mürekkebinin her bir etiket başına tüketim 

miktarını tahmin ederek ürün sahibi markanın özel mürekkep tüketim miktarının takibini 

yapmasını sağlayacaktır. Bu sistem, son tüketici açısından da sahteciliklerin önlenmesi ile 

markaya olan güveni de dolaylı olarak arttıracaktır.  

Etiket başına tüketilen özel mürekkep miktarının tahmin edilmesi amacıyla bu çalışmada 

2023, 2024 ve 2025 yıllarına ait gerçek operasyonel üretim verileri kullanılmıştır. Extreme 

Gradient Boosting (XGBoost), Categorical Boosting (CatBoost), Random Forest gibi makine 

öğrenmesi modelleri ile MLP, LSTM gibi derin öğrenme modellerine ek olarak henüz 

mürekkep miktarı tahmini için kullanılmamış olan transformer tabanlı modeller kullanılmıştır. 

2. Yöntem 

Şekil 1'de çalışmada izlenen metoloji ve model geliştirme süreci gösterilmektedir. İlk olarak 

veri setine, veri düzenleme ve ön işleme işlemleri uygulanmıştır. Veri setinde, 19 sayısal ve 12 

kategorik değişkene sahip 1856 satır veri bulunmaktadır Bu veri seti, model eğitimi ve modelin 

test edilmesi amacı ile %80 eğitim ve %20 test verisi olacak şekilde iki gruba ayrılmıştır. 

Random Forest, XGBoost, CatBoost, LSTM, MLP ve Transformer modeli, eğitim verisi ile 

eğitilmiştir. Tüm modeller test edilerek performansları karşılaştırılmıştır. Daha sonra elde 

edilen en iyi sonuca ait model üzerinde hiperparametre optimizasyonu yapılmıştır. Son aşamada 
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optimizasyon sonucu en yüksek başarıyı gösteren model seçilmiş ve nihai model elde edilmiştir. 

Bu süreçte, mürekkep miktarı tüketiminin en yüksek doğrulukla tahmin edilmesi 

hedeflenmiştir. 

 
Şekil 1. Çalışma Metolojisi 

 

Kullanılan veri seti ve detayları Tablo 1’de gösterilmektedir. 

 

3. Bulgular ve Tartışma 

Mürekkep tüketimi miktarı tahmini için geliştirilen makine öğrenmesi ve derin öğrenme 

modellerinin performans sonuçları Tablo 1’de gösterilmektedir. Uygulanan modellerde, (R²), 

(MAE), (RMSE) ve (MAPE) performans metrikleri kullanılarak değerlendirme yapılmıştır. 

Model sonuçlarına göre en başarılı model, 0.9334 R², 1727.13 MAE, 3123.32 RMSE ve %14.57 

MAPE değerleri ile Transformer Encoder Tabanlı Regression Transformer modelidir.  

Makine öğrenmesi yöntemleri arasında en yüksek performans XGBoost modelinden elde 

edilmiş ve model 0.9241 R² değeri ile Transformer modeline yakın sonucu vermiştir. CatBoost 

ve Random Forest modelleri de sırasıyla 0.9196 ve 0.9132 R² değerleri ile başarılı sonuçlar 

vermiş fakat hata metriklerinde XGBoost'un modeline kıyasla geride kalmıştır.  MLP modeli 

ise 0.9222 R² değeri ile yüksek performans sergilemesine rağmen MAE ve RMSE değerlerinin 

daha yüksek olmasından dolayı tahmin başarısı açısından XGBoost ve CatBoost modellerinin 

gerisinde kalmıştır. LSTM modeli ise 0.8775 R² ve %28.23 MAPE değerleri ile en düşük 

tahmin doğruluğu performansını göstermiştir.  Genel olarak değerlendirildiğinde, Transformer 

Encoder Tabanlı Regression Transformer modelinin mürekkep tüketimi miktarı tahmininde, en 

yüksek doğruluğa sahip yöntem olduğu ve endüstriyel baskı süreçlerinde karar destek sistemi 

olarak kullanılabilir olduğu görülmektedir. 

Tablo 1. Model Sonuçları 

Sıra Model R² MAE RMSE 
MAPE 

(%) 

1 
Transformer Encoder Tabanlı Regression 

Transformer 
0.9334 1727.13 3123.32 14.57 

2 XGBoost 0.9241 2079.36 3921.47 19.09 

3 MLP 0.9222 2662.19 4348.73 22.46 

4 CatBoost 0.9196 2058.09 4034.35 19.13 

5 RandomForest 0.9132 2127.70 4192.99 18.19 

6 LSTM 0.8775 3346.36 5457.17 28.23 
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Transformer tabanlı model, Şekil 2’de gösterilen Gerçek ve Tahmin Mürekkep Tüketim 

Dağılımı grafiğinde de görüldüğü üzere 0-15 gr arasında bulunan normal üretim senaryolarını 

iyi öğrenmiştir. Turuncu renk ile gösterilen tahmin eğrisinin daha dar ve sivri olması, modelin 

ortalama gerçek değerlere yaklaşma eğilimi olduğunu göstermektedir. 30-40 gr değerleri 

arasında, tahmin grafiğinde oluşan eğri, modelin bu aralıkta gerçek üretim miktarından daha 

fazla tahmin ettiğini göstermektedir. Bu durum veri setindeki dalgalanmalardan veya bu 

aralıktaki verilerin yetersiz kalmasından kaynaklanmaktadır. 50 gr üzeri mürekkep 

tüketimlerinde model, olağandışı üretim değerlerindeki veri azlığından kaynaklanan sebepler 

ile iyi tahmin sonucu verememiştir. Bu durum, daha fazla verinin modele dahil edilip eğitilmesi 

ile çözülebilir. 

 
Şekil 2. Gerçek ve Tahmin Mürekkep Tüketim Dağılımı 

 

4. Sonuçlar ve Öneriler 

Bu çalışmada, güvenlik mürekkebi ile basılan QR kodlu ürün etiketleri için kullanılan 

mürekkep miktarı yapay zekâ tabanlı makine öğrenmesi, derin öğrenme ve transormer tabanlı 

modeller ile tahmin edilmiştir. 

Elde edilen sonuçlar, Transformer tabanlı modelin en yüksek doğruluk ile tahmin ettiğini 

göstermiştir. Ayrıca hiperparametre optimizasyonu ile model, daha fazla geliştirilmiş olup, 

tahmin performansı arttırılmıştır. Transformer tabanlı modelin mürekkep tüketim miktarı 

tahmini için kullanılması çalışmanın özgünlüğünü sağlamaktadır. 

Bu yaklaşım ile birlikte değerli ürün sahibi marka, etiket tedarikçisine sağladığı özel 

güvenlik mürekkebinin tüketimini yapay zeka tabanlı model ile takip edebilecek ve mürekkep 

tüketimi anomalilerini görebilecektir. 

Geliştirilen yaklaşım, sahtecilik önleme, ürün takibi, marka güvenilirliğinin sağlanması, 

tedarik zinciri güvenliği gibi konular açısından önem arz etmektedir. Çalışma, ürün takip ve 

izleme sistemleri ve ambalaj/etiket baskı sektöründe yapay zekâ ve Endüstri 4.0 tabanlı akıllı 

sistemler için uygulanabilir bir model sunmaktadır. 

Gelecekteki çalışmalar, Transformer tabanlı mürekkep tüketim tahmin mimarisinin 

gerçek zamanlı üretim ortamlarında kullanılması ve açıklanabilir yapay zekâ yöntemleri ile 

desteklenmesi üzerinde yoğunlaşarak üretim sürecinde daha güvenilir, sürdürülebilir ve akıllı 

üretim sistemlerinin geliştirilmesine katkı sağlayabilir. 
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Abstract 

The accurate, reliable, and trouble-free operation of industrial equipment is crucial for both 

workflow efficiency and preventing financial losses. This study addresses the fault detection 

problem using a simulated dataset representing the real-time monitoring of various industrial 

equipment such as turbines, compressors, and pumps. The dataset includes critical operational 

parameters such as temperature, pressure, vibration, and humidity, as well as equipment type 

and fault status information. To overcome the class imbalance problem commonly encountered 

in fault detection, the Synthetic Minority Oversampling Technique (SMOTE) was applied. 

Hyperparameters were identified using grid search and cross-validation to reliably evaluate 

model performance. Fault classification was performed using boosting-based machine learning 

algorithms. Models were evaluated based on performance metrics such as accuracy, precision, 

sensitivity, AUC, and F1 score. The evaluation revealed that the AdaBoost algorithm performed 

best. The metric values of the AdaBoost algorithm are accuracy 0.9870, f1 score 0.9310, AUC 

0.9929, and precision 0.9854. Additionally, SHAP (SHapley Additive exPlanations) analysis 

was performed to improve the interpretability of the model outputs and identify features that 

influence classification. Through the SHAP method, the contribution of each feature to the 

model predictions was quantitatively examined, and the most decisive parameters in fault 

detection were revealed. The findings show that the SMOTE application improves model 

performance by strengthening the representation of the minority class, that boosting algorithms 

achieve fault detection with high accuracy, and that SHAP analysis significantly increases the 

transparency of model decisions. This study contributes to the development of both high-

performance and interpretable machine learning models in industrial predictive maintenance 

systems and emphasizes the importance of addressing data imbalance and model explainability 

issues together. 

Keywords: Boosting Algorithms, Industrial Equipment, SHAP Analysis 
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1. Introduction  

The reliable and uninterrupted operation of equipment used in industrial facilities is 

critical for production efficiency, maintenance costs, and operational safety. Unexpected 

equipment failures can lead to production losses, high maintenance costs, and serious safety 

risks. Therefore, traditional maintenance strategies are increasingly being replaced by data-

driven predictive maintenance approaches. In recent years, with advancements in sensor 

technologies and the widespread adoption of Industry 4.0 applications, large amounts of 

operational data can be obtained, and machine learning methods are widely used in the 

analysis of this data (Jardine et al., 2006; Lei et al., 2020). 

Machine learning algorithms can detect early signs of failure and support maintenance 

decisions by analyzing various sensor data such as vibration, temperature, pressure, and 

current obtained from equipment. In particular, supervised learning methods can perform 

failure classification and prediction with high accuracy by learning from past failure records 

(Zhao et al., 2019). An IWO-based artificial neural network algorithm initiated using fractal 

origin weights has been used for fault detection in industrial equipment (Akalın, 2025). 

Another study conducted a comparative analysis between artificial neural network (ANN) 

models and response surface methodology (RSM) in predicting failures (Velázquez et al., 

2025). Machine learning algorithms have been used for inter-winding fault detection in 

pumping systems (Dutta et al., 2022), for electrical fault detection in centrifugal water pumps 

(HS et al., 2019), and for fault diagnosis in reciprocating compressors (Qi et al., 2018). Fault 

detection in a compressor was predicted using a machine learning approach based on 

acoustic sensor data (Divya et al., 2021). Machine learning models were also used in fault 

detection in the generator bearing of a wind turbine, another piece of industrial equipment 

(Bindingsbø et al., 2023). In addition to machine learning methods, deep learning algorithms 

were used for fault detection in a wind turbine converter (Xiao et al., 2021). Although 

machine learning-based fault detection has been widely researched, the "black box" nature 

of many advanced machine learning models makes interpreting model decisions difficult 

and poses a significant obstacle to reliability in industrial applications. Explainable Artificial 

Intelligence (XAI) methods are emerging as a solution to this problem. XAI techniques make 

the decision-making mechanisms of machine learning models understandable, allowing 

users to examine the reasons behind model outputs. In this context, the SHAP (SHapley 

Additive exPlanations) method, thanks to its game theory-based structure, can quantitatively 

explain the contribution of each feature to model prediction and provides reliable evaluation 

of feature importance (Lundberg & Lee, 2017). SHAP analyses contribute not only to the 

evaluation of model performance but also to the identification of critical parameters causing 

failures and the optimization of maintenance processes. 

This study presents a comparative performance analysis of reinforcement algorithms for 

fault detection in industrial equipment, and feature importance analyses were conducted 

using the SHAP method to interpret model decisions. 

2. Materials and Methods 

2.1 Data Set and Preprocessing 

The dataset used in this study was obtained from the Kaggle website. The dataset consists 

of Temperature, Pressure, Vibration, Humidity, Equipment, and Faulty, Healthy features 

(Samudrala, n.d.). The Equipment values in the dataset were converted to numerical values. 

The Turbine, Compressor, and Pump categories were assigned values of 0, 1, and 2, 

respectively. The first five observation values of the dataset used in this study are shown in 

Table 1. Faulty is the output variable. The number 0 represents a healthy state, and the 

number 1 represents a faulty state.   
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Table 1. The first 5 observation values of the dataset. 

 

The dataset contains a total of 7,672 samples belonging to two classes. Due to the 

imbalanced nature of the dataset, the SMOTE technique was applied to address class 

imbalance. The distributions of the samples before and after the SMOTE process are 

presented in Figure 1. 

  

a) b) 

 

Figure 1. Number of Faulty and Non-Faulty Samples in the Dataset: (a) Before 

SMOTE, (b) After SMOTE 

2.2. Boosting Algorithms 

 2.2.1. AdaBoost Model 

 

The AdaBoost model is quite successful in terms of speed. It doesn't have many 

parameters that need to be adjusted manually. It can flexibly combine weak learning to find 

weak hypotheses. The goal of the AdaBoost model is not so much to design the right learning 

algorithm, but rather to find and improve weak learning algorithms. The AdaBoost model 

generally focuses on the most difficult examples and those with the highest weight (Freund 

et al., 1999). 

 

  

 

 

Temperature 

 

 

Pressure 

 

 

Vibration 

 

 

Humidity 

 

 

Equipment 

 

 

Faulty 

 

0 
58.180180 25.029278 0.606516 45.694907 0 0 

 

1 
75.740712 22.954018 2.338095 41.867407 1 0 

 

2 
71.358594 27.276830 1.389198 58.954409 0 0 

 

3 
71.616985 32.242921 1.770690 40.565138 2 0 

 

4 
66.506832 45.197471 0.345398 43.253795 2 0 
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2.2.2. CatBoost Model 

 

The CatBoost model uses uninformed trees as the primary determinant. The same 

splitting operation is applied to the trees at all levels. This splitting process ensures the trees 

are balanced and avoids overfitting. The CatBoost model is quite efficient in terms of 

memory usage (Dorogush et al., 2018). 

 

2.2.3. Gradient Boosting Model 

 

The Gradient Boosting model can be used not only in classification models but also in 

regression and robust regression models. Although simple regression trees are used in this 

model, the prediction performance tends to be high. Because the Gradient Boosting model 

is built step-by-step, it has the ability to reduce missing functions. Gradient Boosting is a 

more general method than the AdaBoost model (Friedman, 2001). 

 

 2.2.4. LightGBM Model 

 

In the LightGBM model, training time is twenty times faster than other Gradient Boosting 

and Decision Tree models. The LightGBM model can use memory more efficiently than 

other models. This model can increase speed without affecting accuracy during operation. 

Standard deviations change slightly at different settings (Ke et al., 2017). 

 

 2.2.5. XGBoost Model 

 

The XGBoost model can handle millions of data points and hundreds of operations on a 

single desktop computer. It can run in multiple known programming languages and offers 

an end-to-end scalable boosting system. Unlike some other tree-based models, which suffer 

from tree complexity, the XGBoost model includes penalty terms (L1, L2) in its objective 

function to mitigate this complexity. Tree additions are made in the model, but these 

additions are processed mathematically, not randomly. Memory access is optimized in this 

model, and the CPU cache is used efficiently (Chen et al., 2016). 

 

3. Findings and Discussion 

 

3.1. Performance Evaluation of Boosting Algorithms 

Cross-validation was used to evaluate the performance of the algorithms in fault 

detection. The hyperparameters of the algorithms were determined using grid search. The 10 

fold cross-validation results before and after the SMOTE process are given in Table 2 and 

Table 3, respectively.  
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Table 2. Performance metrics obtained before the SMOTE process. 

 

Table 3. Performance metrics obtained after SMOTE process. 

 

Tables 2 and 3 compare the classification performance of ensemble learning algorithms. 

The results show that all models achieved high accuracy and ROC AUC values. Without 

SMOTE, the CatBoost algorithm yielded the most successful results in accuracy, F1 Score, 

and Precision metrics, while AdaBoost excelled in AUC. After SMOTE was applied, the 

AdaBoost algorithm showed the highest performance in accuracy, F1 Score, ROC AUC, and 

Precision metrics. In terms of the recall metric, the LightGBM model achieved the highest 

value after SMOTE application, demonstrating successful performance in detecting faulty 

samples. Overall, it was observed that the AdaBoost and CatBoost algorithms produced 

more successful results compared to other methods, with the AdaBoost model standing out 

as the most successful classifier due to its superior performance in classification after 

SMOTE application. 

3.2. Shap Analysis 

Machine learning models can determine whether industrial equipment is faulty or healthy, 

but they cannot identify which attributes influence this conclusion. For this purpose, SHAP 

analysis was used in this study. Since the Adaboost algorithm showed the best performance 

among the algorithms used in the study, SHAP analysis was applied to this algorithm. The 

Algorıthms 

 

Accuracy 

 

 

F1 Score 

 

 

AUC 

 

 

Recall 

 

 

Precision 

 

 

AdaBoost 
0.9844 0.9172 0.9925 0.8693 0.9708 

 

CatBoost 
0.9863 0.9268 0.9898 0.8693 0.9925 

 

Gradient Boosting 
0.9831 0.9103 0.9859 0.8627 0.9635 

 

LightGBM 
0.9792 0.8881 0.9746 0.8301 0.9549 

 

XGBoost 
0.9811 0.9003 0.9802 0.8562 0.9493 

Algorıthms  

 

Accuracy 

 

 

F1 Score 

 

 

 AUC 

 

 

Recall 

 

 

Precision 

 

 

AdaBoost 
0.9870 0.9310 0.9929 0.8824 0.9854 

 

CatBoost 
0.9818 0.9007 0.9924 0.8301 0.9845 

 

Gradient Boosting 
0.9837 0.9158 0.9865 0.8889 0.9444 

 

LightGBM 
0.9831 0.9133 0.9757 0.8954 0.9320 

 

XGBoost 
0.9824 0.9078 0.9843 0.8693 0.9500 
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bar graph used to identify the most important features is given in Figure 2. In this graph, the 

most important features are listed from top to bottom. 

 
Figure 2. Global Feature Importance Based on Mean Absolute SHAP Values 

Figure 2 shows that temperature is the variable that most significantly affects model 

predictions. Temperature has the highest average absolute SHAP value and explains a 

significant portion of the variation in model outputs. Vibration, pressure, and humidity 

variables also make significant contributions, while the effect of the equipment variable is 

observed to be quite low. 

4. Conclusion and Recommendations 

This study comparatively examines various ensemble learning algorithms for the 

industrial equipment fault detection problem. The findings reveal that all models exhibit high 

performance, but AdaBoost and CatBoost algorithms, in particular, produce more balanced 

and successful results in terms of overall metrics. While the AdaBoost model excels in some 

performance metrics, the CatBoost model stands out, especially with its high precision value. 

This indicates that boosting-based methods possess strong discriminatory capabilities on the 

dataset in question. In the experimental process, the application of the SMOTE technique 

corrected the class imbalance in the dataset and improved the minority class learning 

capability of the models. The findings show that the SMOTE application improves model 

performance, especially in terms of Recall and F1-Score metrics, by strengthening the 

representation of the minority class. This improvement reveals that the models' success in 

detecting faulty samples has increased. The SHAP analysis, performed to understand the 

model's decision mechanism, showed that temperature was the most influential variable in 

the prediction process. This variable stands out as a critical determinant, having the highest 

contribution to explaining the variation in model output. However, vibration, pressure, and 

humidity variables also made significant contributions to the model, while the effect of the 

equipment variable remained quite limited. These results indicate that the fundamental 

factors determining system behavior are directly related to physical processes, and that 

temperature variations, in particular, are a significant indicator of failure occurrence. 

In this context, the study contributes both to the development of models capable of making 

highly accurate predictions and to the explainable interpretation of model decisions. 
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Özet 

Küresel tarımda sürdürülebilirlik hedefleri, sentetik pestisitlere alternatif olarak çevre dostu 

biyokontrol ajanlarının kullanımını ön plana çıkarmıştır. Bu bağlamda Trichoderma türleri, 

tarımsal ekosistemlerde sergiledikleri çok yönlü biyolojik aktiviteler ile stratejik bir öneme 

sahiptir. Bu çalışma, Trichoderma'nın bitki patojenlerine karşı antagonistik etkisi, bitki 

büyümesini teşvik edici (PGPF) özellikleri ve böcekler üzerindeki entomopatojenik 

potansiyelinden oluşan "üçlü etkisini" güncel literatür verileri ışığında incelemektedir. 

Trichoderma, fitopatojenlere karşı mikoparazitizm, antibiyozis ve kaynak rekabeti 

mekanizmalarıyla doğrudan savunma sağlar. Mikoparazitizm sürecinde salgılanan kitinaz 

ve β-1,3-glukanaz gibi litik enzimler, patojen hücre duvarının degradasyonunda kritik rol 

oynar. Bitki ile kurulan endofitik simbiyoz ise besin elementlerinin (N, P, Fe) 

mobilizasyonunu artırarak biyostimülasyon etkisi yaratır. Son yıllarda yapılan araştırmalar, 

Trichoderma'nın sadece bir fungisit değil, aynı zamanda Bemisia tabaci ve Myzus persicae 

gibi zararlılara karşı yüksek mortalite sağlayan güçlü bir entomopatojen olduğunu ortaya 

koymuştur. Bu süreç; doğrudan enfeksiyonun yanı sıra, bitkide İndüklenmiş Sistemik Direnç 

(ISR) yolaklarının (SA ve JA) aktivasyonu ve uçucu organik bileşiklerin (VOC) sentezi ile 

desteklenmektedir. Sonuç olarak Trichoderma, "zararlı kontrolü, hastalık baskılama ve 

gelişim teşviki" bileşenlerini tek bir ajanda birleştirerek Entegre Zararlı Yönetimi (IPM) 

sistemleri için sürdürülebilir bir model sunmaktadır. 

Anahtar Kelimeler: Trichoderma, Entomopatojen, Mikoparazitizm, PGPF, ISR, Biyolojik 

Mücade 
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Trichoderma spp. as A MULTIFUNCTIONAL AGENT IN SUSTAINABLE 

AGRICULTURE: THE TRIPLE EFFECT ON PLANT PATHOGENS, PESTS, AND 

PLANT DEVELOPMENT 

 

Abstract 

Sustainability goals in global agriculture have prioritized the use of eco-friendly biocontrol 

agents as alternatives to synthetic pesticides. In this context, Trichoderma species hold 

strategic importance due to their multifaceted biological activities within agroecosystems. 

This study examines the "triple effect" of Trichoderma, comprising its antagonistic action 

against plant pathogens, its plant growth-promoting (PGPF) properties, and its 

entomopathogenic potential against pests, in the light of current literature. Trichoderma 

provides direct defense against phytopathogens through mechanisms of mycoparasitism, 

antibiosis, and resource competition. During mycoparasitism, lytic enzymes such as 

chitinase and β-1,3-glucanase play a critical role in the degradation of the pathogen cell wall. 

Endophytic symbiosis with the plant induces biostimulation by enhancing the mobilization 

of nutrients (N, P, Fe). Recent research has demonstrated that Trichoderma is not only a 

fungicide but also a potent entomopathogen causing high mortality in pests such as Bemisia 

tabaci and Myzus persicae. This process is supported by direct infection, as well as the 

activation of Induced Systemic Resistance (ISR) pathways (SA and JA) and the synthesis of 

Volatile Organic Compounds (VOCs). Consequently, by integrating "pest control, disease 

suppression, and growth promotion" into a single agent, Trichoderma offers a sustainable 

model for Integrated Pest Management (IPM) systems. 

 

Keywords: Trichoderma, Entomopathogen, Mycoparasitism, PGPF, ISR, Biological 

Control 
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1. Giriş 

 

Modern tarımsal üretim stratejileri, agroekosistemlerde sentetik gübre ve kimyasal 

pestisitlerin aşırı ve kontrolsüz kullanımı neticesinde ortaya çıkan kronik çevresel 

bozulmaları, toprak dejenerasyonunu ve biyoçeşitlilik kaybını en aza indirmeyi hedefleyen 

biyolojik tabanlı yaklaşımlara odaklanmaktadır (Nowocien ve Sokołowska, 2020). 

Monokültür üretim sistemlerinde üst üste uygulanan kimyasal girdiler, agroekosistem 

üzerinde ciddi bir seleksiyon baskısı oluşturarak fitopatojenlerin ve zararlı böceklerin 

genomik düzeyde direnç mekanizmaları geliştirmesine yol açmakta ve mevcut preparatları 

zamanla etkisiz kılmaktadır (Hawkins ve ark., 2019; Fisher ve ark., 2020). Bu bağlamda, 

çevresel kalıntı riskini elimine eden, ekolojik dengeyi koruyan ve patojenlerin kolayca 

direnç geliştiremeyeceği biyo-pestisitler ile biyo-uyarıcıların entegrasyonu, sürdürülebilir 

gıda güvenliğinin tesisi için bir alternatif olmaktan çıkıp küresel bir zorunluluk haline 

gelmiştir (Raza ve ark., 2025). 

Bu arayışlar doğrultusunda, Ascomycota şubesi içerisinde sınıflandırılan ve dünya 

genelinde yaygın bir dağılım gösteren kozmopolit Trichoderma cinsi, hem güçlü bir 

biyolojik kontrol etmeni hem de çok işlevli bir bitki biyo-uyarıcısı olarak tarımsal üretimde 

kritik bir rol üstlenmektedir (Alonso-Ramírez ve ark., 2014; Tyśkiewicz ve ark., 2022). 

Geleneksel bitki koruma yaklaşımlarında ağırlıklı olarak toprak kökenli fitopatojen 

funguslara karşı sergilediği antagonistik nitelikleriyle tanınan bu mikrobiyal ajan; yüksek 

üreme yeteneği, agresif rizosfer kolonizasyonu, farklı organik substratları hızla metabolize 

edebilme becerisi ve olumsuz çevre koşullarına karşı gösterdiği yüksek adaptasyon 

kabiliyeti sayesinde dünya çapında ekolojik bir başarıya ulaşmıştır (Poveda, 2021). Cins 

genelinde gerçekleştirilen genomik analizler ve taksonomik çeşitlilik çalışmaları, 

Trichoderma’nın evrimsel süreçte hem bitki hem de fungus kaynaklı besin ve niş alanlarını 

optimize ederek kullanabilmesini sağlayan gen kazanımlarına sahip olduğunu ve bu sayede 

küresel ölçekte başarılı bir genelci organizmaya dönüştüğünü ortaya koymaktadır 

(Druzhinina ve ark., 2011). 

Hypocreaceae familyasına ait Trichoderma (Pens., 1801) türleri, uygun mikroklimatik ve 

edafik koşullarda bitki kök yüzeylerini (rizoplan), kök çevresini (rizosfer) ve yaprak 

(fillosfer) yüzeyini son derece hızlı ve baskın bir şekilde domine etme yeteneğindedir 

(Harman ve ark., 2004). Trichoderma konidioforları dik açılarla dallanarak piramit şekli 

oluşturan, uçlarında fialid adı verilen yapılar taşıyan, karmaşık ve çok şekilli yapılardır 

(Şekil 1). Genellikle ellipsoidal şekilli, yeşil veya renksiz, pürüzsüz ve bazen sıvı 

damlacıkları içinde kümelenmiş küçük yapılı konidileri bulunmaktadır (Harman, 2006).  
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Şekil 1. Trichoderma spp. konidioforları ve Petri kabındaki kolonisi (Kaynak: 

(Trichoderma - Wikipedia)). 

Figure 1. Conidiophores and colony appearance of Trichoderma spp. in a Petri 

dish (Source: (Trichoderma - Wikipedia). 

 

Güncel moleküler ve taksonomik araştırmalar, bu fungusun koruyucu etkilerinin sadece 

klasik fungal fitopatojenlerin baskılanmasıyla sınırlı kalmadığını, aynı zamanda çok sayıda 

böcek zararlısının popülasyon dinamiklerini denetleyebildiğini ve bitki 

fizyolojisini/gelişimini doğrudan uyarabildiğini göstermiştir; bu entegre mekanizmalar 

bütünü modern literatürde "üçlü fayda/etki" (triple benefits/effect) kavramı ile 

tanımlanmaktadır (Ghosh ve Pal, 2016; Tyśkiewicz ve ark., 2022). 

Bu çalışma kapsamında, çok yönlü bir biyolojik ajan ve biyo-uyarıcı olarak öne çıkan 

Trichoderma harzianum’un bitki ekosistemleri üzerindeki multidisipliner etkileri literatür 

ışığında incelenmiş olup, özellikle aşağıdaki iki temel amaca odaklanılmıştır: 

i. Endofitik ve Sistemik Etkinliğin Değerlendirilmesi: T. harzianum’un bitki iç 

dokularına lokalize olma (endofitik) yeteneğinin, bitki büyüme parametreleri, besin 

elementi absorbsiyon mekanizmaları ve uyarılmış sistemik direnç (ISR) sinyal 

yolakları üzerindeki fonksiyonel rolünü ortaya koymak. 

ii. Entomopatojenik Potansiyelin Sentezlenmesi: Fungusun zararlı böcek 

popülasyonlarına karşı sergilediği doğrudan (mikoparazitizm, sekonder metabolit ve 

toksin üretimi) ve dolaylı (bitki savunma mekanizmalarını ve fitohormon yolaklarını 

tetikleme) mücadele yeteneğini bütüncül bir yaklaşımla sentezlemek. 

 

2. Bulgular ve Tartışma 

 

2.1. Bitki patojenlerinin biyolojik kontrolü: antagonizma ve mikoparazitizm 

mekanizmaları 

Trichoderma suşlarının bitki patojenlerine karşı sergilediği koruyucu koridorun temelini, 

fungusun atalarından devraldığı evrimsel bir yaşam tarzı olan mikoparazitizm olgusu 

oluşturmaktadır (Monte, 2023). Yapılan literatür değerlendirmeleri, bu parazitik sürecin son 

derece koordineli ve ardışık sinyal yolaklarıyla yönetildiğini göstermektedir. Konukçu 

fitopatojen hiflerini uzaktan algılayan Trichoderma, hedef organizmaya doğru kemotropik 

bir büyüme sergileyerek patojen hiflerinin etrafını sarmakta (coiling) ve ardından hücre 

duvarı bütünlüğünü bozmaya yönelik spesifik bir enzimatik saldırı başlatmaktadır (Poveda, 

2021). 

Bu litik süreç boyunca fungus; patojenin mekanik direnç gösteren dış çeperini ve 

polimerik matrisini eritmek amacıyla kitinazlar, β-1,3-glukanazlar ve proteazlar gibi 

https://en.wikipedia.org/wiki/Trichoderma?ysclid=mprcb3cyqz441589361
https://en.wikipedia.org/wiki/Trichoderma?ysclid=mprcb3cyqz441589361
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hidrolitik/litik enzimleri yüksek konsantrasyonlarda sentezleyerek hücre dışı ortama 

salgılamaktadır (Poveda, 2021). Enzimatik hidrolize paralel olarak devreye giren antibiyozis 

mekanizması kapsamında ise, patojenlerin hücresel fonksiyonlarını ve membran 

bütünlüğünü inhibe eden peptaiboller ve viridin gibi antifungal etkili sekonder metabolitlerin 

sentezlendiği belirlenmiştir (Atriztán-Hernández ve ark., 2019). Sentezlenen bu uçucu ve 

uçucu olmayan biyoaktif bileşikler; fitopatojenlerin spor çimlenmesini engellemekte, misel 

morfolojisini deforme ederek gelişimi durdurmakta ve nihayetinde hedef patojeni besin 

absorbsiyonuna açık, korumasız bir forma indirgemektedir (Atriztán-Hernández ve ark., 

2019). 

Biyokontrol aktivitesinin etki spektrumu incelendiğinde; Fusarium spp., Rhizoctonia 

spp., Botrytis cinerea ve Sclerotinia sclerotiorum gibi tarımsal üretimde küresel ölçekte 

ekonomik düzeyde yüksek zarara yol açan geniş bir fitopatojen yelpazesine karşı dikkate 

değer bir baskılayıcı güç sergilediği görülmektedir (Contreras-Cornejo ve ark., 2018). Elde 

edilen bulgular, cinsin antagonist etkisinin sadece fungal fitopatojenlerle sınırlı kalmadığını, 

rizosferde beslenen fitopazit nematodlara karşı da güçlü bir sitotoksik ve parazitik etki 

gösterdiğini ortaya koymaktadır (Çizelge 1). Özellikle Trichoderma longibrachiatum gibi 

spesifik suşların, Meloidogyne ve Heterodera cinslerine ait kök-ur ve kist nematodlarının 

yumurta ve larva evrelerine doğrudan parazitlik yapabildiği literatürde tescillenmiştir 

(Poveda, 2021). Nematod kütikulasını ve yumurta kabuğunun kompleks yapısını litik enzim 

salgısıyla zayıflatan bu yararlı fungus, nematod kaynaklı kök urlarını ve buna bağlı ortaya 

çıkan verim kayıplarını kayda değer düzeyde sınırlandırmaktadır (Poveda, 2020). 

 

Çizelge 1. Başlıca biyokontrol ve biyo-uyarıcı Trichoderma türlerinin 

fonksiyonel özellikleri ve hedef aldığı tarımsal etmenler/zararlılar. 

Table 1. Functional characteristics and target agricultural pests/pathogens of 

major biocontrol and biostimulant Trichoderma species. 

Trichoderma 

Türü 

Tarımsal Faydaları ve Başlıca 

Etki Mekanizmaları 

Hedef Aldığı Başlıca 

Patojenler / 

Zararlılar 

Referanslar  

Trichoderma 

harzianum  

En popüler biyokontrol ajanıdır. 

Mikoparazitizm (patojen fungus 

sararak yok etme), besin ve alan 

rekabeti, bitkide sistemik 

kazanılmış direnç (ISR) uyarımı 

sağlar. 

Botrytis cinerea, 

Fusarium oxysporum, 

Rhizoctonia solani, 

Sclerotinia 

sclerotiorum 

Guzmán-Guzmán ve 

ark., 2023; Woo ve 

ark., 2007 

(Phytopathology) 

Trichoderma 

viride 

Hücre duvarını parçalayan yüksek 

miktarda kitinaz ve selülaz enzimi 

üretir. Tohum kaynaklı ve toprak 

kökenli hastalıkların 

engellenmesinde çok etkilidir. 

Pythium spp., 

Rhizoctonia solani, 

Kök çürüklüğü ve 

çökerten hastalıkları 

Manzar ve ark., 2022; 

Tripathi, 2025 (Micro 

Journal) 

Trichoderma 

virens  

Gliotoxin ve viridin gibi güçlü 

antibiyotik bileşikler (antibiyosis) 

salgılar. Özellikle tohum kaplama 

Pythium ultimum, 

Rhizoctonia solani 

Guzmán-Guzmán ve 

ark., 2023; Howell, 

2006 
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Trichoderma 

Türü 

Tarımsal Faydaları ve Başlıca 

Etki Mekanizmaları 

Hedef Aldığı Başlıca 

Patojenler / 

Zararlılar 

Referanslar  

(ilaçlama) uygulamalarında çok 

yaygındır. 

Trichoderma 

atroviride 

Soğuk iklimlere ve düşük 

sıcaklıklara yüksek tolerans 

gösterir. Erken dönem ilkbahar 

uygulamalarında ve odunsu 

bitkilerin kanser hastalıklarında 

etkilidir. 

Botrytis cinerea, 

Bağlarda eska (odun 

doku) hastalıkları 

Woo ve ark., 2007; 

Gezgin ve ark., 2023  

Trichoderma 

asperellum 

Bitki köklerine çok hızlı kolonize 

olur. Demir gibi elementlerin bitki 

tarafından alınmasını kolaylaştırır 

(şelatlama) ve tuzluluk gibi 

abiyotik stres toleransını artırır. 

Fusarium türleri, 

Phytophthora spp. 

Guzmán-Guzmán ve 

ark., 2023; Chen ve 

ark., 2025  

Trichoderma 

longibrachiatum 

Hem fungus patojenlerine karşı 

etkilidir hem de salgıladığı bazı 

bileşiklerle bitki paraziti 

nematodların yumurta açılımını 

engeller. 

Meloidogyne spp. 

(Kök ur nematodları), 

Fusarium spp. 

Guzmán-Guzmán ve 

ark., 2023  

Trichoderma 

afroharzianum 

Yakın zamanda T. harzianum 

kompleks grubundan ayrılmış bir 

türdür. Tropikal ve sıcak 

topraklarda bitki büyümesini güçlü 

şekilde teşvik eder. 

Toprak kökenli fungal 

patojenler 

Ismaiel ve ark., 2024 

(Journal of Fungi) 

 

Tüm bu doğrudan mekanizmaların yanı sıra Trichoderma, agroekosistemde dolaylı bir 

rekabet stratejisi de yürütmektedir. Rizosfere son derece hızlı ve agresif bir şekilde 

yerleşebilme yeteneği sayesinde, patojenlerin kök yüzeyindeki kritik enfeksiyon alanlarına 

tutunmasını fiziksel olarak bloke etmekte ve sentezlediği yüksek afiniteli sideroforlar 

vasıtasıyla ortamdaki sınırlı demir (Fe3+) gibi esansiyel elementleri şelatlayarak 

bağlamaktadır (Harman ve ark., 2004). Bu durum, alandaki fitopatojenleri mikrobiyal 

düzeyde mutlak bir besinsel ve alansal rekabete zorlayarak hayatta kalma şanslarını 

minimize etmektedir (Harman ve ark., 2004). 

 

2.2. Zararlılar üzerindeki etki: Entomopatojenik potansiyel ve çoklu trofik 

etkileşimler 

2.2.1. Doğrudan entomopatojenik etkiler 

Trichoderma cinsinin fitofag (bitki ile beslenen) eklembacaklılar ve böcek zararlıları 

üzerindeki baskılayıcı rolü, evrimsel süreçte entomopatojenik fungus akrabalarıyla 

paylaştığı ortak kökenlere dayanmakta olup hem doğrudan hem de dolaylı trofik 
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mekanizmalar üzerinden şekillenmektedir (Monte, 2023). Doğrudan etki mekanizmasının 

temelini; fungus sporlarının konukçu böceğin kütikulasına fiziksel olarak tutunması ve 

uygun mikroklimatik nem ortamında çimlenerek enzimatik penetrasyonla böcek vücuduna 

nüfuz etmesi oluşturmaktadır (Lana ve ark., 2023). 

Yapılan güncel çalışmalarda, kök endofiti olarak bilinen Trichoderma hamatum gibi 

spesifik suşların, pamuk yaprak kurdu (Spodoptera littoralis) gibi tehlikeli Lepidoptera 

zararlılarına karşı doğrudan biyo-insektisidal bir potansiyel barındırdığı ve etkin bir 

entomopatojenik ajan olarak konumlandırılabileceği ilk kez net bir şekilde ortaya konmuştur 

(Lana ve ark., 2023). Benzer şekilde, Trichoderma longibrachiatum suşlarının, tütün 

beyazsineği (Bemisia tabaci) ve patlıcan delicisi (Leucinodes orbonalis) gibi sokucu-emici 

ve ısırıcı-çiğneyici ağız yapısına sahip farklı böcek takımları üzerinde yüksek mortalite 

(ölüm) oranlarına yol açtığı epidemiyolojik araştırmalarla kanıtlanmıştır (Şekil 2) (Anwar 

ve ark., 2016; Ghosh ve Pal, 2016). 

 

 
Şekil 2. Trichoderma spp.’nin Bemisia tabaci zararlısına karşı sergilediği doğrudan 

parazitik ve entomopatojenik aktivitenin illüstrasyonu (Görsel NotebookLM yardımıyla 

şematize edilmiştir). 

Figure 2. Illustration of direct parasitic and entomopathogenic activity of Trichoderma 

spp. against Bemisia tabaci (Schematized with the assistance of NotebookLM). 

 

Zararlının fizyolojisini doğrudan hedef alan bu süreçte fungus, kütiküler bariyerleri 

mekanik olarak aşmanın ötesinde, 6-pentil-α-pyrone (6-PP) ve peptaiboller gibi biyoaktif 

insektisidal bileşikler sentezlemektedir (Contreras-Cornejo ve ark., 2018). Söz konusu 

sekonder metabolitler ve ilişkili uçucu organik bileşikler, zararlılar üzerinde akut toksisite 

yaratmanın yanı sıra, beslenmeyi engelleyici (antifeedant) ve alandan uzaklaştırıcı 

(repellent) bir kimyasal bariyer işlevi de görmektedir (Poveda, 2021). 

 

2.2.2. Dolaylı etkiler ve üçüncü trofik seviye etkileşimleri 

Kök sistemini başarıyla kolonize eden Trichoderma, bitki bünyesinde lokal kalmayıp 

sistemik bir koruma kalkanı oluşturarak konukçuyu "Uyarılmış Sistemik Direnç" (ISR) ve 

bağışıklık modifikasyon süreçlerine tabi tutmaktadır (Yuan ve ark., 2019). Moleküler 

düzeyde yürütülen analizler; bu savunma ağının aktivasyonunda Jasmonik Asit (JA), 

Salisilik Asit (SA) ve Etilen (ET) sinyal iletim yollarının eşzamanlı olarak indüklendiğini 

göstermektedir (Yuan ve ark., 2019). Bitki bağışıklık hafızasının "priming" (ön 

hazırlık/uyarma) mekanizmasıyla yeniden programlandığı bu süreçte, endofitik bir fungus 

olan Trichoderma atroviride’nin mısır bitkilerinde yaprak zararlılarına karşı sistemik bir 

otçul direnci tetiklediği belirlenmiştir (Contreras-Cornejo ve ark., 2018). 

Savunma genlerinin uyarılması, bitki dokularındaki anti-besleyici fitokompozitlerin 

konsantrasyonunu artırırken; bitkinin dış dünyaya sinyal niteliğinde özel Uçucu Organik 

Bileşikler (VOC'ler) salgılamasını da tetiklemektedir (Contreras-Cornejo ve ark., 2021). 

Trichoderma harzianum kolonizasyonu ile indüklenen bu uçucu kokteyller, 
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agroekosistemlerdeki zararlı popülasyonunu beslenme bazında baskılamaktadır. Bununla da 

kalmayıp, üçüncü trofik seviyede yer alan parazitoid yaban arıları, predatör akarlar ve avcı 

böcekler gibi doğal düşmanları doğrudan bitkiye çekerek ekolojik tabanlı, çok yönlü bir 

dolaylı koruma mekanizması inşa etmektedir (Coppola ve ark., 2017; Contreras-Cornejo ve 

ark., 2021). 

 

2.3. Bitki gelişiminin teşviki ve abiyotik stres toleransı 

2.3.1. Hormonal düzenleme ve kök yapısı modifikasyonları 

Bir "Bitki Gelişimini Teşviki Sağlayan Fungus " (PGPF) sınıfı üyesi olarak Trichoderma, 

bitki metabolizmasıyla kurduğu mutualistik ortak yaşam koridorunda bitki biyo-kütlesini, 

kök yüzey alanını ve nihai ürün verimliliğini somut bir şekilde artırmaktadır (Coppola ve 

ark., 2017). Özellikle Trichoderma virens ve Trichoderma atroviride gibi öne çıkan türler, 

indolik bileşikler ve başta İndol-3-Asetik Asit (IAA) olmak üzere bitkisel oksin hormon 

analogları sentezleme yeteneğine sahiptir (Contreras-Cornejo ve ark., 2009). 

Fungus tarafından yönetilen bu oksine bağımlı sinyal mekanizmaları, konukçu bitkinin 

lateral (yan) kök oluşumunu doğrudan uyararak kök tüylerinin büyüme hızını artırmakta ve 

kök mimarisini daha derin toprak katmanlarına ulaşacak şekilde modifiye etmektedir 

(Contreras-Cornejo ve ark., 2009). Genişleyen kök emilim yüzeyi sayesinde bitki, normal 

şartlarda rizosferde ulaşamayacağı uzaklıktaki su ve esansiyel besin elementlerine erişim 

sağlamaktadır (Harman ve ark., 2004). Aynı zamanda fungusun sentezlediği 1-

aminosiklopropan-1-karboksilat (ACC) deaminaz enzimi, bitkide stres durumlarında pik 

yapan etilen hormonu birikimini parçalayarak, stres kaynaklı büyüme durmalarını ve erken 

yaşlanma (senesans) semptomlarını baskılamaktadır (Harman ve ark., 2004). 

 

2.3.2. Rizosfer besin dinamiği ve abiyotik stres yönetimi 

Trichoderma, kök çevresindeki rizosfer toprak sağlığını ve kimyasını optimize ederek 

mineralizasyon süreçlerinde aktif roller üstlenmektedir (Harman ve ark., 2004). Toprak 

fazında bağlı/immobilize durumda bulunan ve bitki tarafından doğrudan absorbe edilemeyen 

trikalsiyum fosfat formları ile esansiyel mikro besin elementlerini, salgıladığı organik asitler 

vasıtasıyla şelatlayarak bitkinin yararlanabileceği serbest formlara dönüştürmektedir 

(Contreras-Cornejo ve ark., 2021). Bu besinsel aktivasyon, bitkinin azot kullanım etkinliğini 

(NUE) ve gübre tüketim rasyosunu optimize ederken, rizosferdeki diğer yararlı mikrobiyom 

elemanlarının popülasyon dengesini de stabilize etmektedir (Contreras-Cornejo ve ark., 

2021). 

Küresel iklim değişikliğinin bir sonucu olarak ortaya çıkan yüksek tuzluluk, kuraklık 

dalgaları, ekstrem sıcaklık rejimleri ve ağır metal kirliliği gibi yıkıcı abiyotik stres 

koşullarında Trichoderma, bitki fizyolojisini koruyucu antioksidan sistemleri devreye 

sokmaktadır. Bu kapsamda, reaktif oksijen türlerinin (ROS) detoksifikasyonunu sağlayan 

peroksidaz (POD) ve süperoksit dismutaz (SOD) gibi enzimlerin aktiviteleri artırılmaktadır 

(Lana ve ark., 2023). Absisik Asit (ABA) sinyal hatlarını ve hücre içi osmotik dengeyi prolin 

gibi osmolit birikimleriyle regüle eden fungus, bitkinin abiyotik şok durumlarından 

minimum hasarla çıkmasını sağlayarak sürdürülebilir ürün verimliliğini güvence altına 

almaktadır (Harman ve ark., 2004). 

 

2.4. Sürdürülebilir tarım, Entegre Zararlı Yönetimi (IPM) ve agroekolojik sınırlar 

Dünya genelinde tescil edilerek ticari pazara sunulan mikrobiyal tabanlı biyofungisitlerin 

ve biyo-pestisitlerin yaklaşık %60'lık büyük bir bölümü Trichoderma kökenli suşlardan 

oluşmaktadır (Harman ve ark., 2004). Biyoteknolojik üretim süreçlerinde sıklıkla tercih 

edilen Trichoderma harzianum, Trichoderma virens ve Trichoderma esprellum; yüksek spor 
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verimleri ve formülasyon stabiliteleriyle endüstriyel boyutta ticari kimliğe kavuşmuş başlıca 

türlerdir (Harman ve ark., 2004). Entegre Zararlı Yönetimi (IPM) programlarında bu cins; 

sentetik kimyasal pestisitlerin kullanım dozajlarını ve uygulama frekanslarını düşüren, 

kimyasallarla kombine edildiğinde sinerjik etkiler yaratan ve zararlılarda gelişebilecek olası 

mutasyonel direnç riskini kıran çok fonksiyonlu bir mikrobiyal ajan olarak 

konumlandırılmaktadır (Anwar ve ark., 2016). 

Geniş fonksiyonel biyo-etkinliğine karşılık, ticari Trichoderma preparatlarının açık alan 

ekosistemlerinde sergilediği performans kararlılığı, bir dizi kritik abiyotik ve biyotik çevre 

faktörünün etkisi altında değişkenlik gösterebilmektedir (Di Lelio ve ark., 2021). Çevresel 

ortam sıcaklığı, fungusn hif büyümesini ve bitki savunma sistemlerini indükleme 

potansiyelini doğrudan sınırlayan en baskın parametrelerden biridir (Di Lelio ve ark., 2021). 

Yapılan kontrollü denemelerde, Trichoderma atroviride P1 suşunun görece düşük sıcaklık 

rejimlerinde (20°C) bitki savunma mekanizmalarını daha efektif uyardığı; buna karşın 

Trichoderma afroharzianum T22 (eski adıyla T. harzianum T22) suşunun ise yüksek sıcaklık 

gradyanlarında (25°C) üstün bir kolonizasyon ve biyokontrol performansı sergilediği net 

olarak tespit edilmiştir (Di Lelio ve ark., 2021). 

Saha uygulamalarındaki bu hassasiyetin yanı sıra, makro ölçekteki Trichoderma tür 

çeşitliliği, popülasyon yoğunluğu ve agroekolojik dağılım trendleri; bölgenin yıllık yağış 

miktarı, ortalama sıcaklık eğrileri, coğrafi konumu ve mevcut ekosistem tipolojisi ile 

doğrudan ilişkilidir (Hu ve ark., 2020). Dolayısıyla, ticari ve tarımsal başarı elde edebilmek 

adına homojen tek bir suş yerine; hedef coğrafyanın iklimsel ve mikrobiyolojik yapısıyla 

tam uyumlu, mikroenkapsülasyon teknolojileriyle raf ömrü uzatılmış ve stabil taşıyıcı 

matrislerle desteklenmiş yerel (indigenous) suşların seçilerek standardize edilmesi modern 

tarımsal Ar-Ge faaliyetlerinin odak noktasını oluşturmaktadır (Hu ve ark., 2020; Poveda, 

2021). 

 

3. Sonuç  

 

Bu derleme çalışması kapsamında incelenen veriler bütüncül olarak değerlendirildiğinde, 

Trichoderma cinsinin atalarından kalma saldırgan mikoparazitik yeteneklerini, konukçu 

bitki dokularıyla kurduğu endofitik ve mutualistik yaşam tarzıyla başarılı bir şekilde 

harmanlamış çok yönlü biyolojik bir aktör olduğu açıkça görülmektedir. Fungusun sahip 

olduğu zengin litik enzim havuzu ve geniş sekonder metabolit spektrumu, fitopatojen fungal 

ve nematod popülasyonlarını doğrudan elimine etmesini sağlamaktadır. Bununla birlikte, 

organizmanın tarımsal ekosistemlerdeki rolünün sadece klasik bir antagonist olmanın çok 

ötesine geçtiği; zararlı böcekleri doğrudan entomopatojenik enfeksiyonlar, dolaylı trofik 

etkileşimler ve bitki bünyesinde tetiklediği uyarılmış sistemik direnç (ISR) mekanizmaları 

üzerinden güçlü bir şekilde denetim altında tuttuğu tescillenmiştir. Moleküler taksonomi ve 

fonksiyonel genomik projeleriyle açığa çıkarılan yüksek genetik plastikasyon, bu yararlı 

fungusun rizosfer dünyasında neden genelci bir şampiyon ve sürdürülebilir tarımın 

vazgeçilmez bir biyo-uyarıcısı olduğunu kanıtlamaktadır. 

Geniş fonksiyonel biyo-etkinliğine ve vaat ettiği yüksek potansiyele karşılık, ticari 

Trichoderma preparatlarının saha/açık alan koşullarında abiyotik, edafik ve klimatik 

faktörlere bağlı olarak sergilediği performans dalgalanmaları, bu teknolojinin pratik 

tarımdaki en hassas ve geliştirilmeye açık yönünü oluşturmaktadır. Agroekosistemlerin 

karmaşık yapısı ve küresel iklim değişikliğinin yarattığı ekstrem çevre baskıları, homojen 

suşların sahadaki kararlılığını sınırlandırmaktadır. 

Bu bağlamda, gelecekteki tarımsal Ar-Ge faaliyetlerinin ve bilimsel araştırmaların belirli 

stratejik alanlara yoğunlaşması gerektiği öngörülmektedir. Bu doğrultuda öncelikle, 
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Trichoderma-bitki-zararlı arasındaki "üçlü fayda" mekanizmasının moleküler sinyalizasyon 

ağları ile hücreler arası çapraz iletişim (cross-talk) kodları daha derinlemesine 

incelenmelidir. Eş zamanlı olarak, değişken ve ekstrem agroekosistemlerde uzun vadeli 

adaptasyon yeteneği yüksek olan bölgeye özgü yerel (indigenous) suşların keşfine ağırlık 

verilmesi, sahadaki biyokontrol kararlılığının artırılması açısından kritik önem taşımaktadır. 

Nihayetinde, bu yerel izolatların sahadaki raf ömrünü, canlılığını ve olumsuz çevre 

koşullarına karşı toleransını en üst seviyeye çıkarmak amacıyla, mikroenkapsülasyon ve 

nano-taşıyıcı matris teknolojileri gibi yenilikçi formülasyon stratejilerinin geliştirilmesi, bu 

mikrobiyal teknolojinin ticari ve pratik başarısını güvence altına alacaktır. 

Sonuç olarak, sentetik girdilerin azaltılmasını hedefleyen Entegre Zararlı Yönetimi (IPM) 

programlarında Trichoderma tabanlı yaklaşımların optimize edilmesi hem ekolojik dengenin 

korunması hem de küresel gıda güvenliğinin sürdürülebilir kılınması adına stratejik bir 

gerekliliktir. 
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Özet 

Birçok mühendislik uygulamasında hiperelastik polimerler darbe, titreşim ve ani yükleme 

koşullarına maruz kalmaktadır. Özellikle otomotiv, havacılık, biyomedikal ve spor 

ekipmanları gibi alanlarda kullanılan elastomer esaslı bileşenler, servis sırasında yüksek 

deformasyon hızlarında çalışabilmektedir. Bu tür uygulamalarda malzemenin yüksek 

gerinme hızlarındaki mekanik cevabının bilinmesi; güvenlik, dayanım ve enerji absorpsiyon 

performansının doğru analiz edilebilmesi açısından kritik öneme sahiptir. Bu nedenle yüksek 

gerinme hızlı çekme deneyleri, gerçek çalışma koşullarının laboratuvar ortamında temsil 

edilmesini sağlamaktadır. Bu çalışmada, düşük mukavemetli ve hiperelastik özellik 

polimerik malzemelerin yüksek gerinme hızlarında mekanik davranışlarının incelenebilmesi 

amacıyla düşük maliyetli bir çekme test cihazı geliştirilmiştir. Ticari olarak temin edilebilen 

çekme cihazları genellikle 500-750 mm/dk maksimum çekme hızına sahipken, bu çalışma 

kapsamında tasarımı ve imalatı gerçekleştirilen sistem 24000 mm/dk çekme hızına 

ulaşabilmektedir. Geliştirilen cihaz, mikrokontrolcü destekli bir step motor tarafından tahrik 

edilmekte olup, kuvvet verileri kontrolcüye entegre edilmiş 24 bit çözünürlüğe sahip bir 

analog-dijital dönüştürücü (ADC) aracılığıyla toplanmaktadır. Hiperelastik numunelerde 

meydana gelen uzama verileri ise dijital takip algoritması kullanan bir görüntü işleme 

programı yardımıyla kaydedilmektedir.Tasarlanan çekme cihazının performansını 

değerlendirmek amacıyla, 3B yazıcı uygulamalarında kullanılan TPU 95A filament 

malzemeleri üzerinde üç farklı çekme hızında deneyler gerçekleştirilmiştir. Deneyler 

sonucunda elde edilen gerilme-gerinme eğrileri grafikler halinde sunularak malzemenin 

farklı gerinme hızları altındaki mekanik davranışı incelenmiştir.                       

Anahtar Kelimeler:  Çekme Cihazı Tasarımı,  Hiperelastik Malzeme Mekaniği, Hızlı 

Gerinme Testleri 
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DESIGN OF A RAPID TENSIONER FOR LOW-STRENGTH HYPERELASTIC 

POLYMER MATERIALS 

 

 

 

Abstract  

In many engineering applications, hyperelastic polymers are subjected to impact, vibration, 

and impact loading conditions. Elastomer-based components used particularly in the 

automotive, aerospace, biomedical, and sports equipment industries may operate under high 

deformation rates during service. In such applications, understanding the mechanical 

response of materials under high strain rates is critically important for accurately evaluating 

safety, durability, and energy absorption performance. Therefore, high strain-rate tensile 

testing enables the representation of real operating conditions under laboratory 

environments. In this study, a low-cost tensile testing device was developed to investigate 

the mechanical behavior of low-strength hyperelastic polymeric materials under high strain-

rate conditions. While commercially available tensile testing machines generally provide 

maximum tensile speeds in the range of 500–750 mm/min, the system designed and 

manufactured within the scope of this study is capable of reaching a tensile speed of 24,000 

mm/min. The developed device is driven by a microcontroller-based stepper motor system, 

and force data are acquired through a 24-bit resolution analog-to-digital converter (ADC) 

integrated into the controller unit. The elongation data of hyperelastic specimens are 

recorded using an image-processing algorithm based on a digital tracking method. To 

evaluate the performance of the designed tensile testing system, experiments were conducted 

on TPU 95A filament materials commonly used in 3D printing applications at three different 

tensile speeds. The stress–strain curves obtained from the experiments are presented 

graphically, and the mechanical behavior of the material under different strain-rate 

conditions is discussed. 

Keywords: Design of Tensile Test Machine, Mechanics of  Hyperelastic Materials, High 

Strain Rate Tests. 
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1. Giriş 

Hiperelastik malzemeler, havacılık, otomotiv, biyomedikal sistemler ve enerji 

sönümleme uygulamaları gibi birçok mühendislik alanında yaygın biçimde 

kullanılmaktadır(Shin et al., 2023; Larin et al., 2026). TPU’nun termoplastik işlenebilirlik 

avantajını kauçuk benzeri elastik özelliklerle birleştirmesi, bu malzemeyi özellikle eklemeli 

imalat süreçlerinde en çok tercih edilen polimerlerden biri haline getirmiştir. Bu tür 

malzemelerin temel karakteristiklerinden biri, yüksek deformasyon seviyelerine ulaştıktan 

sonra başlangıç geometrilerine geri dönebilmeleri ve bu süreçte belirgin doğrusal olmayan 

gerilme–gerinim davranışı sergilemeleridir. Bununla birlikte, hiperelastik polimerlerin 

mekanik cevabı yalnızca uygulanan yük seviyesine değil, aynı zamanda yükleme hızına, 

diğer bir ifadeyle gerinim hızına da önemli ölçüde bağlıdır (Vidakis et al., 2021). Gerinim 

hızına duyarlı bu karmaşık davranış, özellikle hassas mühendislik uygulamalarında gelişmiş 

sayısal modelleme yaklaşımlarını zorunlu hale getirmektedir. Malzemenin mekanik 

özelliklerinin doğru biçimde belirlenmesi, sonlu elemanlar analizi (FEA) gibi hesaplamalı 

yöntemler aracılığıyla gerçek çalışma koşullarının güvenilir biçimde simüle edilmesini 

mümkün kılmaktadır. TPU malzemelerin darbe koruma ve enerji absorpsiyonu amacıyla 

kullanıldığı uygulamalarda, özellikle yüksek yükleme hızlarındaki davranışın karakterize 

edilmesi büyük önem taşımaktadır. Bu nedenle, farklı gerinim hızlarında gerçekleştirilen 

deneysel çalışmalar, malzemenin dinamik mekanik özelliklerinin ortaya konulabilmesi 

açısından kritik rol oynamaktadır.  

Diğer taraftan, ticari elektro-mekanik çekme test cihazları genellikle düşük ve orta 

seviyedeki yükleme hızları için tasarlanmaktadır. Standart üniversal test makinelerinde 

maksimum çekme hızları çoğunlukla 500–750 mm/dk aralığında kalmaktadır. Daha yüksek 

hız gereksinimlerinde ise özel tasarımlı ve yüksek maliyetli test sistemlerine ihtiyaç 

duyulmaktadır.(Hosur et al., 2003; Mirmomeni et al., 2017). Literatürde çeşitli mekanik 

iyileştirmelerle 10–300 mm/s aralığında hızlara ulaşabilen deney sistemleri rapor edilmiş 

olsa da, çok daha yüksek hız koşulları için çoğunlukla polimerlere özel geliştirilmiş düşen 

kule test düzenekleri kullanılmaktadır (Vidakis et al., 2021b).   

Eklemeli imalat teknolojileriyle üretilen numunelerin mekanik karakterizasyonunda 

karşılaşılan temel problemlerden biri, üretim parametrelerine bağlı olarak oluşan 

mikroyapısal değişimlerin mekanik davranışı doğrudan etkilemesidir. Katman yönelimi, 

ekstrüzyon parametreleri ve sıcaklık dağılımları gibi üretim kaynaklı etkiler, malzemenin 

kendine has özelliklerinin belirlenmesini zorlaştırmaktadır. (Lang et al., 2025) . Bu nedenle, 

polimerlerin filament formunda test edilmesiyle temel malzeme davranışının belirlenmesi 

ve elde edilen sonuçların standart basılı numunelerle karşılaştırılması, daha güvenilir 

malzeme modellerinin geliştirilmesine katkı sağlamaktadır. 

3B baskı yöntemiyle üretilen, esnek yapıya ve karmaşık geometriye sahip parçaların 

tasarım ve optimizasyon süreçlerinde, malzemenin farklı gerinim hızlarındaki hiperelastik 

ve viskoplastik doğasının simülasyon ortamına doğru aktarılması kritik bir öneme sahiptir. 

Literatürde elastomerik davranışları tanımlamak için Neo-Hookean, Mooney-Rivlin ve 

Ogden gibi hiperelastik modeller yaygın olarak kullanılsa da, bu modellerin polimerlerin hız 

bağımlı ve karmaşık zaman bağımlı tepkilerini yakalama kapasiteleri sınırlıdır (Raj et al., 

2023; Martín-Sosa et al., 2025). Polimerik malzemelerin, özellikle büyük deformasyonlar 

altında sergilediği doğrusal olmayan viskoplastik davranışları ve yükleme hızı hassasiyetini 

modellemek için birbirine paralel üç moleküler ağdan oluşan Üç Ağ Modeli (TNM) çok daha 

uygun bir teorik çerçeve sunmaktadır (Bergstrom, 2015). 

Bu çalışmada, düşük dayanımlı polimerik malzemelerin konvansiyonel test cihazlarının 

limitlerini aşan hızlarda karakterizasyonuna imkan tanıyan özgün bir deney düzeneği 

tanıtılmış; bu doğrultuda TPU (Termoplastik Poliüretan) filamentlerin mekanik davranışı üç 
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farklı gerinme hızı altında incelenmiştir. Bu çalışma kapsamında sunulan deneysel veriler, 

özellikle sonlu elemanlar analizi yapan araştırmacılar için ya doğrudan yada yukarıda  

bahsedilen modellerden birine uygun olarak modellenerek  kullanılabilir. 

2. Materyal ve Yöntem 

Konvansiyonel çekme test cihazlarının hız kapasitesi bakımından yetersiz kaldığı 

durumları aşabilmek amacıyla, yüksek hız ve yüksek hassasiyetle çalışabilen özgün bir 

çekme deney sistemi tasarlanmış ve üretilmiştir. Geliştirilen deney düzeneği, maksimum 

24000 mm/d çekme hızına ulaşabilecek şekilde yapılandırılmıştır. Tasarımı ve imalatı 

gerçekleştirilen sistemin CAD modeli Şekil 1’de sunulmaktadır. 

Düşük kuvvet seviyelerinde yüksek hız gereksinimini karşılayabilmek ve mekanik güç 

kayıplarını en aza indirebilmek amacıyla sistemde redüktör kullanılmayan doğrudan tahrikli 

bir mekanizma tercih edilmiştir (Şekil 1). Hareket aktarımı, step motora bağlı bir tambur 

üzerine sarılmış çelik halat aracılığıyla çekme çenesine iletilmektedir. Tahrik sistemi 

içerisinde 12 Nm tutma torkuna sahip bir step motor kullanılmıştır. Sistemde hassas hız 

kontrolü ve yüksek çözünürlüklü konumlandırma elde edebilmek amacıyla motor sürücüsü 

(JSS-860H), 1600 adım/devire karşılık gelecek şekilde mikro-adım modunda 

yapılandırılmıştır. Bu doğrultuda, motorun tek bir adım hareketi sonucunda çekme çenesinde 

meydana gelen doğrusal yer değiştirme miktarı (ΔL) aşağıdaki eşitlik yardımıyla 

hesaplanmıştır: 

∆𝐿 =
2𝜋𝑑𝑡𝑎𝑚𝑏𝑢𝑟

𝑅
   

Burada dtambur;   tambur çapını (50mm), K ise step motor adım çözünürlülüğünü(1600 

adım/devir)  vermektedir. Bu durumda step motorun her adımında çene 0.196 mm hareket 

etmektedir. Hiperelastik bir malzeme için yeterli görülen bu değer  motor sürücüsündeki dip-

switch ayarları ile (R=25000) 0.0125mm’ye kadar düşürülebilir. 

 

 
Şekil 1. Cihazın 3B montaj görünümü 

 

Çekme deneylerinde kullanılacak filament numunelerinin cihaz çenelerine güvenli bir 

şekilde bağlanabilmesi amacıyla, PLA malzemeden üç boyutlu baskı yöntemiyle üretilmiş 

özel bir filament bağlantı aparatı tasarlanmıştır. Söz konusu bağlantı aparatı Şekil 2’de 
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gösterilmektedir. Filamentin bir ucu, çapı 5 mm olan bir delikten geçirilerek cıvata, somun 

ve pul yardımıyla yeterli sıkma basıncı uygulanacak şekilde sabitlenmiştir. Çekme deneyi 

sırasında bağlantı bölgesinde oluşabilecek çözülme riskini azaltmak amacıyla, filament 

öncelikle üst tarafta bulunan R7.00 mm yarıçaplı sabit makaranın, ardından R5.00 mm 

yarıçaplı ikinci sabit makaranın etrafından geçirilerek aşağı yönde yönlendirilmiştir. Alt 

çene kısmında da benzer şekilde simetrik bir bağlantı sistemi bulunmaktadır. Uygulanan 

çekme kuvvetinin büyük bir kısmı makara–filament ara yüzeyinde oluşan sürtünme kuvveti 

tarafından karşılandığından, filamentin doğrudan tespit noktasına iletilen kuvvet önemli 

ölçüde azaltılmaktadır. Böylece hem bağlantı bölgesinde çözülme meydana gelmesi 

önlenmekte hem de sıkıştırma nedeniyle baskı altında kalan filamentin hasar görmesi 

engellenmektedir. 

 

 
 

Şekil 2. Filament bağlantı parçası  

 

Cihazın direkt tahrikli olarak kullanılması için 50mm çapında tasarlanan tanbur motora 

direkt bağlanarak motor devrini doğrudan kullanabilmemizi sağlamıştır. Halatın, motor 

dönüş sırasında tanburdan kurtulmaması için tanbur yapısı kanallı tasarlanmıştır (Şekil 3). 

 

 
Şekil 3. Tanbur tasarımı  
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Cihazın gerçek zamanlı hareket denetimi ve veri toplama süreçleri, ARM Cortex-M4 

mimarisine sahip STMicroelectronics tabanlı STM32F407 mikrodenetleyici kartı 

kullanılarak yürütülmektedir. Gömülü sistem yazılımı, yüksek hızlı sinyal işleme kapasitesi 

ile donanım kesmelerinin kararlı biçimde yönetilebilmesi amacıyla STM32CubeIDE 

geliştirme ortamında C++ programlama dili kullanılarak oluşturulmuştur. Cihaz ile kullanıcı 

arasındaki etkileşimin sağlanması, deney parametrelerinin (çekme hızı, veri toplama 

frekansı ve hedef hareket mesafesi) ayarlanması ve sensörlerden elde edilen kuvvet–uzama 

verilerinin gerçek zamanlı olarak görüntülenebilmesi amacıyla özel bir masaüstü 

uygulaması geliştirilmiştir (Şekil 4). Kullanıcı arayüzü, Microsoft Visual Studio 

platformunda C# programlama dili kullanılarak tasarlanmış olup, mikrodenetleyici ile 

bilgisayar arasında seri iletişim protokolü üzerinden kesintisiz şekilde 80 veri/s hızında veri 

transferi gerçekleştirmektedir. Deney sisteminde düşük dayanımlı polimer esaslı 

malzemelerin mekanik karakterizasyonu amaçlandığından, çekme kuvvetlerinin yüksek 

hassasiyet ve çözünürlükle ölçülebilmesi için düzeneğe 10 kg kapasiteli bir yük hücresi 

entegre edilmiştir. TPU filamentlerin ince geometrik yapısı ve yüksek deformasyon 

kabiliyeti, klasik temaslı ekstansometrelerin kullanımını önemli ölçüde sınırlandırmaktadır. 

Bu nedenle, numuneye ait birim şekil değiştirme değerleri görüntü işleme tabanlı dijital 

nokta izleme yöntemi kullanılarak belirlenmiştir. Bu kapsamda, deney öncesinde Porima 

üretimi TPU-95A filament yüzeyine akrilik boya ile iki adet referans işareti uygulanmış ve 

bu noktaların hareketleri yüksek çözünürlüklü video kayıt sistemi aracılığıyla takip 

edilmiştir. Elde edilen görüntüler, MATLAB ortamında geliştirilen bir görüntü işleme 

algoritması yardımıyla analiz edilerek referans noktalarının yer değiştirme miktarları 

hesaplanmıştır. Bu veriler kullanılarak mühendislik gerinimi değerleri elde edilmiştir. 

Ölçülen kuvvet verileri ise eş zamanlı olarak bir yedi segment gösterge paneline aktarılmış 

ve video görüntüsüne entegre edilmiştir. Böylelikle kuvvet ve yer değiştirme bilgilerinin 

aynı zaman ekseninde senkronize biçimde değerlendirilmesi mümkün hale getirilmiştir 

(Şekil 5). 
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Şekil 4. Cihaz kontrolü için geliştiren kullanıcı arayüzü 

 

 
Şekil 5. Uzama için takip noktaları ve kuvvet göstergesi 

 

3. Araştırma Bulguları 

TPU filamentin farklı yükleme koşulları altındaki mekanik davranışını incelemek 

amacıyla çekme deneyleri 60 mm/dk, 600 mm/dk ve 6000 mm/dk olmak üzere üç farklı 

çekme hızında gerçekleştirilmiştir. Deney düzeneğinin maksimum strok kapasitesi 

doğrultusunda numunelerde yaklaşık %500–600 seviyesinde uzama elde edilmiş, ancak 

deneyler boyunca herhangi bir kopma hasarı gözlenmemiştir. Bu durum, TPU malzemenin 

yüksek elastik deformasyon kabiliyetine sahip olduğunu ve büyük şekil değiştirmeler altında 

bütünlüğünü koruyabildiğini göstermektedir. 

Belirlenen çekme hızlarına karşılık gelen mühendislik gerinim hızları sırasıyla 0.02 s⁻¹, 

0.2 s⁻¹ ve 2 s⁻¹ olarak hesaplanmıştır. Deneylerin tekrarlanabilirliğini değerlendirmek 

amacıyla her bir yükleme koşulu üç kez uygulanmış ve elde edilen gerilme–gerinim eğrileri 

Şekil 6’da sunulmuştur. Tekrarlı deneylerden elde edilen eğrilerin birbirleriyle uyumlu 

olması, geliştirilen deney sisteminin kararlı ve güvenilir ölçüm gerçekleştirebildiğini 

göstermektedir. 

Elde edilen sonuçlar incelendiğinde, gerinim hızındaki artış ile birlikte gerilme 

seviyelerinde belirgin bir yükselme meydana geldiği gözlenmiştir. Özellikle yüksek gerinim 

hızlarında malzemenin daha rijit bir davranış sergilediği ve aynı gerinim seviyesinde daha 

yüksek gerilme değerlerine ulaştığı belirlenmiştir. Bu davranış, TPU esaslı elastomerik 

malzemelerin viskoelastik karakteristiği ile uyumludur. Düşük yükleme hızlarında polimer 

zincirlerinin yeniden düzenlenmesi ve gevşeme mekanizmaları için yeterli zaman 

bulunduğundan daha düşük gerilme seviyeleri oluşurken, yüksek hızlarda zincir 

hareketliliğinin kısıtlanması nedeniyle malzemenin deformasyona karşı direncinin arttığı 

değerlendirilmektedir. 
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Ayrıca, yüksek deformasyon seviyelerine rağmen numunelerde ani gevrek kırılma 

davranışının gözlenmemesi, TPU filamentin enerji sönümleme kapasitesinin yüksek 

olduğunu göstermektedir. Bu özellik, TPU malzemelerin darbe sönümleme, titreşim 

izolasyonu ve büyük deformasyon gerektiren mühendislik uygulamalarında tercih 

edilmesinin temel nedenlerinden biri olarak değerlendirilebilir. 

 

 
Şekil 6. Farklı gerinme hızlarında yapılan tpu filament testleri mühendislik gerilme-

gerinme eğrileri 

 

4. Sonuçlar 

Bu çalışmada, hiperelastik malzemelerin gerinim hızına bağlı (viskoelastik/viskoplastik) 

mekanik davranışlarını incelemek amacıyla, mevcut ticari sistemlere kıyasla 10 kat daha 

yüksek hızlarda çekme testi gerçekleştirebilen bir masaüstü test cihazı tasarlanmış ve 

üretilmiştir. Cihazın kapasitesi düşük mukavemetli malzemelerle sınırlı olsa da, elastomerler 

ve 3B baskı polimerleri gibi düşük kopma mukavemetine, aynı zamanda yüksek kopma 

uzamasına sahip filament şekilndeki malzemelerin hızlı deformasyon karakterizasyonu için 

uygun maliyetli ve etkin bir çözüm sunmaktadır. 

Geliştirilen sistemin doğrulanması amacıyla, 3B yazıcı teknolojilerinde yaygın olarak 

kullanılan TPU 95A filament malzemesi üzerinde 0.02, 0.2 ve 2 s-1 olmak üzere üç farklı 

gerinim hızında çekme testleri gerçekleştirilmiştir. Deneyler boyunca numunelerde yaklaşık 

%500–600 seviyesinde büyük deformasyonlar elde edilmesine rağmen herhangi bir kopma 

hasarı gözlenmemiştir. Bu durum, TPU filamentin yüksek elastik deformasyon kapasitesine 

ve üstün enerji sönümleme yeteneğine sahip olduğunu göstermektedir. Ayrıca, tekrarlı 

deneylerden elde edilen gerilme–gerinim eğrilerinin birbiriyle uyumlu olması, geliştirilen 

deney düzeneğinin güvenilir ve kararlı ölçüm gerçekleştirebildiğini doğrulamıştır. 
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Özet 

El yazısından cinsiyet tahmini, adli bilişim ve kimliği belirsiz belge incelemelerinde 

soruşturma süreçlerini destekleyen önemli bir biyometrik analiz aracıdır. Mevcut literatür 

ağırlıklı olarak yabancı dil veri setlerine dayanmakta; Türkçe'nin eklemeli yapısının yazı 

karakteristiği üzerindeki özgün etkisi göz önünde bulundurulduğunda, Türkçe el yazısına 

yönelik etiketli veri seti ve karşılaştırmalı model çalışmalarının sınırlı kaldığı görülmektedir. 

Bu çalışmada Türkçe el yazısına dayalı cinsiyet sınıflandırma problemi ele alınmış; gri 

seviye dönüşümü, normalizasyon ve satır düzeyinde bölütleme adımlarını kapsayan standart 

bir ön işleme sürecinin ardından, farklı karmaşıklık düzeylerine ve veri artırma 

yapılandırmalarına sahip dört evrişimsel sinir ağı mimarisi karşılaştırmalı olarak analiz 

edilmiştir. Çalışmada 457 katılımcıdan elde edilen özgün bir veri seti kullanılmış ve 8.078 

el yazısı satırı üzerinde deneyler gerçekleştirilmiştir. Modeller 5-katlı kişi bazlı çapraz 

doğrulama ile değerlendirilmiş; satır düzeyindeki varyasyonların genelleme performansı 

üzerindeki etkisini incelemek amacıyla satır bazlı ve kişi bazlı değerlendirme yaklaşımları 

birlikte ele alınmıştır. Sonuçlar, veri artırma stratejilerinin model başarımı üzerinde 

belirleyici bir etkiye sahip olduğunu göstermektedir. Geometrik ve fotometrik veri artırma 

tekniklerinin birlikte kullanıldığı model %74,6 doğruluk ve 0,776 AUC-ROC değeri ile en 

yüksek performansı elde etmiştir. Ayrıca kişi bazlı değerlendirme yaklaşımı, satır 

düzeyindeki varyasyonu azaltarak daha tutarlı ve daha güvenilir genelleme başarısı 

sağlamıştır. Bulgular, performansın yalnızca mimari karmaşıklığa bağlı olmadığını; veri 

artırma ve değerlendirme stratejilerinin birlikte ele alındığında kritik bir rol oynadığını 

göstermekte ve önerilen yaklaşımın temel modele kıyasla yaklaşık %7 puanlık doğruluk 

artışı sağladığını ortaya koymaktadır. 

Anahtar Kelimeler: El yazısı analizi, cinsiyet tahmini, evrişimsel sinir ağları, adli bilişim, 

Türkçe el yazısı veri seti 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

624 
 

GENDER PREDICTION FROM TURKISH HANDWRITING: A COMPARATIVE 

ANALYSIS OF CONVOLUTIONAL NEURAL NETWORKS AND DATA 

AUGMENTATION STRATEGIES 

 

 

 

Abstract 

Handwriting-based gender prediction is an important biometric analysis tool in forensic 

document analysis, particularly for supporting investigations involving anonymous or 

disputed documents. Existing studies predominantly rely on datasets in widely studied 

languages, and labeled resources for Turkish—an agglutinative language with distinct 

writing characteristics—remain limited. In this study, we address gender classification from 

Turkish handwriting using a newly collected dataset comprising 457 participants and 8,078 

line-level samples. Following a standardized preprocessing pipeline, including grayscale 

conversion, normalization, and line segmentation, four convolutional neural network 

architectures with varying levels of complexity and data augmentation configurations are 

evaluated in a comparative setting. Model performance is assessed using a 5-fold subject-

independent cross-validation scheme, and both line-level and subject-level evaluation 

protocols are considered to analyze their impact on generalization. The results indicate that 

classification performance is driven less by architectural complexity than by data 

augmentation and evaluation strategy. The model combining geometric and photometric 

augmentation achieves the best performance, with 74.6% subject-level accuracy and an 

AUC-ROC of 0.776. In addition, subject-level evaluation provides more stable and reliable 

estimates by reducing the variability inherent at the line level. Overall, the findings highlight 

the critical role of augmentation and evaluation design in handwriting-based biometric tasks 

and show that the proposed approach yields an improvement of approximately 7 percentage 

points in subject-level accuracy over the baseline model. 

Keywords: Handwriting analysis, gender classification, convolutional neural networks, 

forensic science, Turkish handwriting dataset. 
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1. Giriş 

El yazısı, bireyin nöromüsküler koordinasyonu ve uzun süreli yazım alışkanlıklarını 

yansıtan özgün bir biyometrik gösterge olarak adli bilişim alanında uzun süredir 

incelenmektedir. Sahtecilik tespiti (Tyagi vd., 2024), tehdit içerikli belgelerde yazar 

kimliğinin belirlenmesi (Hicklin vd., 2022) ve imza doğrulama (Huang vd., 2023) gibi 

uygulamalar bu alandaki geleneksel kullanım biçimlerini oluştururken; el yazısından yaş ve 

cinsiyet gibi demografik özelliklerin otomatik olarak tahmin edilmesi, kimliği belirsiz 

belgelerin incelenmesinde soruşturma süreçlerine doğrudan katkı sunma kapasitesi 

taşımaktadır. 

Mevcut literatür incelendiğinde, el yazısından demografik tahmine yönelik 

çalışmaların ağırlıklı olarak İngilizce, Arapça ve Farsça veri setleri üzerinde yürütüldüğü 

görülmektedir. Söz konusu veri setlerinin büyük bölümünde demografik etiket bilgilerine 

erişim kısıtlı kalmakta; bu durum farklı dil yapılarına sahip topluluklara yönelik 

araştırmaların önünde somut bir engel oluşturmaktadır. Türkçe’ ye özgü karakterler ve 

eklemeli dil yapısı, harf birleşimlerini ve yazım ritmini doğrudan etkileyerek yabancı dil 

modellerinin öğrendiği morfolojik örüntülerden sistematik biçimde ayrışmaktadır; bu 

nedenle uluslararası veri setleri üzerinde geliştirilen modellerin Türkçe el yazısı bağlamında 

doğrudan genellenebilirliği sınırlı kalmaktadır. 

Bu çalışma, söz konusu boşluğu gidermek amacıyla demografik bilgileriyle 

etiketlenmiş bir Türkçe el yazısı veri seti üzerinde cinsiyet tahmini problemini ele almakta 

ve farklı karmaşıklık düzeylerine sahip evrişimsel sinir ağı (CNN) mimarilerini 

karşılaştırmalı olarak incelemektedir. Çalışmanın temel amacı, mimari tasarım tercihleri ile 

veri artırma stratejilerinin model performansı üzerindeki etkisini sistematik bir deneysel 

çerçevede ortaya koymaktır. Çalışmanın temel katkıları şu şekilde özetlenebilir: 

• Türkçe el yazısına özgü, demografik etiketler içeren özgün bir veri seti 

üzerinde farklı CNN mimarilerinin karşılaştırmalı olarak değerlendirilmesi, 

• Geometrik ve fotometrik veri artırma stratejilerinin model performansı ve sınıf 

dengesi üzerindeki etkilerinin sistematik olarak analiz edilmesi, 

• Kişi bazlı değerlendirme yaklaşımının satır bazlı yönteme kıyasla daha tutarlı 

ve yüksek genelleme performansı sağladığının deneysel olarak ortaya 

konulması. 

 

2. İlgili Çalışmalar 

Çevrimdışı el yazısı analizi yoluyla yazarın cinsiyetinin tahmin edilmesi, adli bilişim 

ve biyometrik analiz alanlarında köklü bir araştırma geleneğine sahip olan problemlerden 

biridir. Erken dönem çalışmalarda bu problem, el ile tasarlanan özniteliklere dayalı 

geleneksel makine öğrenmesi yöntemleri çerçevesinde incelenmiştir. Yönlendirilmiş 

gradyan histogramları, Gabor filtreleri ve geometrik özniteliklerin destek vektör makineleri 

ile k-en yakın komşu gibi sınıflandırıcılarla birlikte kullanıldığı bu yaklaşımlar, erken dönem 

için rekabetçi sonuçlar üretmiştir. Nitekim Gattal ve arkadaşları (2020), QUWI veri kümesi 

üzerinde yalnızca el ile tasarlanan öznitelikler kullanarak %73,60 doğruluk elde etmiştir. 

Derin öğrenme yöntemlerinin bilgisayarlı görü alanında belirleyici bir konuma 

gelmesiyle birlikte, el yazısından demografik özellik tahmini problemleri de bu paradigma 

çerçevesinde yeniden ele alınmıştır. Manuel öznitelik tasarımına dayalı geleneksel 

yaklaşımların yerini, görüntü üzerinden hiyerarşik temsiller öğrenebilen çeşitli derin 

öğrenme mimarileri almıştır. Bu alandaki çalışmaların büyük bölümü; IAM Handwriting 

Database (Marti ve Bunke, 2002), QUWI Handwriting Dataset (Al Maadeed ve ark., 2012), 

KHATT Database (Mahmoud ve ark., 2014) ve CVL Dataset (Kleber ve ark., 2013) gibi 

demografik etiketler içeren uluslararası veri setleri üzerinde yürütülmüştür. Standardize 
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edilmiş değerlendirme protokolleri sunan ICDAR Handwriting Competitions veri setleri de 

farklı yöntemlerin karşılaştırılmasında yaygın biçimde kullanılmaktadır. Derin öğrenme 

tabanlı çalışmalar incelendiğinde, geleneksel yöntemlere kıyasla belirgin performans 

artışları elde edildiği görülmektedir.Palaiahnakote ve ark. (2024), MOSGF (Multi-

Orientation-Scale Gabor Response Fusion) tabanlı hibrit bir özellik çıkarımı yöntemi 

önererek 5 katmanlı bir sinir ağı mimarisiyle cinsiyet tanıma üzerine çalışmışlardır. Çalışma 

kapsamında kullanılan IAM, KHATT ve QUWI veri setlerinde kelime düzeyinde sırasıyla 

%81,5, %83,6 ve %73,6 doğruluk oranları elde edilmiştir. AL-Qawasmeh ve Suen (2022), 

el yazısından cinsiyet tahmini için transfer öğrenme yöntemini kullanarak ResNet ve 

GoogleNet mimarilerini karşılaştırmalı olarak incelemişlerdir. Yeni oluşturulan Arapça 

FSHS veri setinde ResNet modeli ile %84,9 doğruluk oranına ulaşan araştırmacılar, derin 

öğrenme tabanlı özellik çıkarımının manuel yöntemlere göre daha efektif olduğunu 

savunmuşlardır. Çalışmada ayrıca ICDAR2013 veri seti üzerinde yapılan testlerde, Arapça 

metinlerde %72,0 ve İngilizce metinlerde %66,06 başarı elde edilerek modelin diller arası 

performansı raporlanmıştır. Rabaev ve ark. (2022) önceden eğitilmiş Bilinear ResNet 

modeliyle %76,17 doğruluk rapor etmiştir. Vignesh ve ark. (2023), ICDAR 2013 veri seti 

üzerinde farklı derin mimarileri karşılaştırarak %84,75 doğruluk elde etmiş (Hassaïne ve ark. 

(2013); Xue ve ark. (2021) ise dikkat mekanizması entegre edilmiş bir mimariyle %71–76 

aralığında performans bildirmiştir. 

Türkçe el yazısına özgü çalışmalar ise literatürde oldukça sınırlı kalmaktadır. 

Erdoğmuş ve arkadaşları (2023), metin ve rakam verilerini birlikte işleyen iki kanallı bir 

evrişimsel sinir ağı mimarisi önererek %74,46 doğruluk elde etmiş; yalnızca metin verisine 

dayanan tek kanallı yapılandırmada bu oranın %72,33'e gerilediğini rapor etmiştir. Bu bulgu, 

veri temsili ve model tasarım tercihlerinin sınıflandırma performansı üzerindeki belirleyici 

rolünü somut biçimde ortaya koymaktadır. Derin öğrenme tabanlı yaklaşımların geleneksel 

yöntemlere kıyasla tutarlı biçimde daha yüksek performans sergilediği görülmektedir; ancak 

mevcut çalışmaların büyük çoğunluğu İngilizce ve Arapça veri setlerine odaklanmış olup 

Türkçe gibi eklemeli yapıya sahip diller için araştırmalar oldukça sınırlı kalmaktadır. Bu 

çalışma, söz konusu boşluğu gidermek amacıyla Türkçe el yazısına özgü bir veri seti 

üzerinde farklı CNN mimarilerini ve veri artırma stratejilerini karşılaştırmalı olarak analiz 

etmektedir. 

 

3. Veri Seti 

Bu çalışmada, Türkçe el yazısına özgü olarak gönüllü katılımcılardan toplanan özgün 

bir veri seti kullanılmıştır. Veri toplama süreci gönüllülük esasına dayalı olarak 

gerçekleştirilmiş ve tüm katılımcılardan bilgilendirilmiş onam alınmış ve veriler 

anonimleştirilerek kullanılmıştır. Veri seti, farklı yaş ve demografik özelliklere sahip 457 

bireyden elde edilen toplam 914 el yazısı görüntüsünü içermektedir. Cinsiyet dağılımı 224 

kadın (%49,0) ve 233 erkek (%51,0) olacak şekilde dengeli bir yapıdadır. Katılımcılardan 

hem sabit bir metni hem de rastgele seçilen kısa metinleri yazmaları istenerek veri çeşitliliği 

artırılmıştır. Veri toplama sürecinde çevresel değişkenlerin etkisini azaltmak amacıyla 

standart koşullar sağlanmış; tüm katılımcılara aynı tür beyaz A4 kâğıdı ve mavi tükenmez 

kalem kullanımı temin edilmiştir. Katılımcılardan doğal el yazılarını üretmeleri istenmiş, 

kontrollü yazım davranışlarından kaçınılması özellikle teşvik edilmiştir. Elde edilen belgeler 

yüksek çözünürlükte taranarak dijital ortama aktarılmış ve satır düzeyinde bölütlenerek 

8.078 el yazısı satırı model eğitimine uygun hale getirilmiştir. Çizgisiz kâğıt kullanımından 

kaynaklanan hizalama farklılıkları ve eğik yazım örüntüleri veri setine doğal varyasyon 

eklemiş, bu durum gerçek dünya koşullarındaki gürültüyü yansıtan bir faktör olarak 
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değerlendirilmiştir. Bu nedenle ilgili örnekler veri seti dışında bırakılmamış ve modelleme 

sürecine dahil edilmiştir. 

 

4. Yöntem 

4.1. Ön İşleme 

Ham el yazısı görüntüleri, derin öğrenme modellerine sunulmadan önce dört aşamalı 

bir ön işleme sürecinden geçirilmiştir. İlk olarak görüntüler gri seviye (tek kanallı) formata 

dönüştürülerek renk bilgisinden kaynaklanan gereksiz hesaplama yükü azaltılmış ve 

modelin yapısal özelliklere odaklanması sağlanmıştır. Ardından piksel değerleri float32 

formatında [0,1] aralığına normalize edilerek eğitim sürecinin sayısal kararlılığı artırılmıştır. 

Özellik çıkarımını kolaylaştırmak amacıyla renk tersleme işlemi uygulanmış ve yazı-arka 

plan kontrastı ters çevrilmiştir. Son aşamada, görüntüler orijinal en-boy oranı korunarak 64 

piksel yüksekliğe ölçeklendirilmiş ve değişken uzunluktaki satırlar 800 piksel genişliğe sıfır 

dolgu ile standardize edilmiştir. 

4.2. CNN Mimarileri 

Bu çalışmada transfer öğrenme tabanlı derin mimariler yerine sıfırdan eğitilen görece 

hafif CNN yapıları tercih edilmiştir. Bu tercih, özgün veri seti koşullarında mimari 

bileşenlerin ve veri artırma stratejilerinin etkisini izole biçimde analiz edebilmek amacıyla 

yapılmıştır. Bu doğrultuda farklı mimari karmaşıklık düzeylerini ve veri artırma stratejilerini 

temsil eden dört CNN modeli geliştirilmiş ve karşılaştırmalı olarak değerlendirilmiştir. 

Mimarilerin yapısal karşılaştırması Tablo 1’de verilmektedir. 

 

Tablo 1. CNN mimarilerinin yapısal karşılaştırması 

Özellik CNN-B CNN-H CNN-HG CNN-HGF (En İyi) 

Blok Sayısı 3 4 4 4 

Çekirdek Tipleri (3×3) (5×5), (3×3) (5×5), (3×3) (5×5), (3×3) 

Aktivasyon ReLU ReLU ReLU ReLU 

Havuzlama GAP Hibrit (GAP+ GMP) Hibrit (GAP+ GMP) Hibrit (GAP+ GMP) 

Düzenlileştirme Dropout L2+BN L2+BN L2+BN 

Geometrik Artırma — — ✓ ✓ 

Fotometrik Artırma — — — ✓ 

CNN-B: Temel CNN | CNN-H: Hibrit CNN | CNN-HG: Hibrit CNN + Geometrik 

Artırma  |  CNN-HGF: Hibrit CNN + Geometrik & Fotometrik Artırma |  BN: Batch 

Normalization   

 

Temel CNN (CNN-B), performans kıyaslaması için tasarlanan referans modeldir. Üç 

ardışık konvolüsyon bloğundan oluşan görece sığ bir yapıya sahip olan 

GlobalAveragePooling (GAP) ve Dropout (0.5) ile sonlandırılmaktadır. 

Hibrit CNN (CNN-H), dört konvolüsyon bloğundan oluşan genişletilmiş bir 

mimaridir. L2 düzenlileştirmesi ve Batch Normalization içermektedir. (GAP) uzamsal 

özniteliklerin genel dağılımını yakalarken, GlobalMaxPooling (GMP) baskın yerel 

öznitelikleri korumaktadır. El yazısının hem global ritim hem de lokal karakter özelliklerini 

temsil edebilmek amacıyla bu iki havuzlama çıktısı birleştirilerek hibrit havuzlama (GAP + 

GMP) stratejisi benimsenmiştir.  

CNN-HG (Hibrit CNN + Geometrik Artırma), CNN-H mimarisine geometrik veri 

artırma adımları eklenerek oluşturulmuştur. Eğitim verilerine rastgele döndürme (±%2), 

eksenel kaydırma (±%5) ve yakınlaştırma (±%5) işlemleri uygulanmıştır. El yazısının 
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yönelim ve oran değişikliklerine duyarlı yapısı göz önünde bulundurularak artırma aralıkları 

bilinçli olarak sınırlı tutulmuştur. 

CNN-HGF (Hibrit CNN + Geometrik & Fotometrik Artırma), geometrik artırmaya ek 

olarak fotometrik dönüşümlerin de uygulandığı nihai modeldir. Tarama kalitesi ve kâğıt 

zemin farklılıklarını tolere etmek amacıyla parlaklık (±%10) ve kontrast (±%10) değişimleri 

eklenmiştir. 

4.3. Deneysel Kurulum ve Değerlendirme 

Modellerin eğitim ve test süreçleri Python programlama dili ile TensorFlow/Keras 

kütüphaneleri kullanılarak Google Colab ortamında gerçekleştirilmiştir.  

Veri Bölünme Stratejisi: Aynı katılımcıya ait görüntülerin farklı kümelerde yer 

almasını engellemek amacıyla kişi bazlı bölünme stratejisi benimsenmiştir. Cinsiyet 

dağılımının her katta korunması için 5-katlı Tabakalı Grup Çapraz Doğrulama 

uygulanmıştır. Her katta eğitim ve doğrulama havuzu %85/%15 oranında bölünmüş; kalan 

grup test kümesi olarak ayrılmıştır. 

Eğitim Parametreleri: Tüm modeller Adam optimize edici (öğrenme hızı=0,001), 

ikili çapraz entropi kayıp fonksiyonu ve 256 batch boyutuyla en fazla 50 epok eğitilmiştir. 

Tüm deneyler tek bir sabit rastgele tohum (GLOBAL_SEED=42) ile yürütülmüş; sonuçların 

tekrarlanabilirliği güvence altına alınmıştır.  

Değerlendirme Stratejisi: Performans değerlendirmesi satır bazlı ve kişi bazlı olmak 

üzere iki strateji çerçevesinde yürütülmüştür. Kişi bazlı yaklaşımda aynı yazara ait tüm satır 

tahminlerinin olasılıkları ortalanarak yazar düzeyinde nihai karar üretilmiştir. 

Değerlendirme Metrikleri: Sınıflandırma performansını değerlendirmek için 

doğruluk, hassasiyet, duyarlılık, makro F1-skoru ve AUC-ROC metrikleri kullanılmıştır. 

Sınıf dengesizliğine duyarlı değerlendirme için makro ortalama F1-skoru temel metrik 

olarak benimsenmiştir. 

 

5. Deneysel Sonuçlar ve Tartışma 

Bu bölümde dört CNN mimarisinin sınıflandırma performansları karşılaştırmalı olarak 

sunulmaktadır. Tablo 2 sınıf bazlı hassasiyet ve duyarlılık değerlerini, Tablo 3 genel 

performans metriklerini; Şekil 1 karmaşıklık matrislerini ve Şekil 2 CNN-HGF modeline ait 

ROC eğrilerini göstermektedir.  

Tablo 2 incelendiğinde, Temel CNN (CNN-B)’nin her iki sınıf için nispeten düşük ve 

dengeli hassasiyet/duyarlılık değerleri sergilediği görülmektedir. Hibrit CNN (CNN-H)’nin 

Erkek sınıfı duyarlılık değerini 0,781’e taşıması olumlu olmakla birlikte, Kadın duyarlılık 

değerinin 0,642’ye düşmesi modelin sınıflar arası dengesizliğine işaret etmektedir. 

Geometrik veri artırmanın devreye alındığı CNN-HG ile sınıflar arası denge belirgin biçimde 

iyileşmiş; CNN-HGF ile fotometrik dönüşümlerin eklenmesi her iki sınıfta da tutarlı bir artış 

sağlamıştır. 

 

Tablo 2. Katılımcı düzeyinde sınıf bazlı hassasiyet ve duyarlılık değerleri (ortalama ± std) 

Model 
 Erkek  Kadın 

Hassasiyet Duyarlılık Hassasiyet Duyarlılık 

CNN-B 0,674 ± 0,062 0,673 ± 0,126 0,667 ± 0,075 0,656 ± 0,107 

CNN-H 0,703 ± 0,046 0,781 ± 0,182 0,773 ± 0,106 0,642 ± 0,148 

CNN-HG 0,730 ± 0,080 0,715 ± 0,070 0,705 ± 0,091 0,718 ± 0,107 

CNN-HGF 0,758 ± 0,099 0,740 ± 0,051 0,733 ± 0,056 0,750 ± 0,103 
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Tablo 3 tüm metriklerde CNN-HGF modelinin diğer mimarileri geride bıraktığını 

açıkça göstermektedir. Kişi bazlı değerlendirmenin satır (örnek) bazlı analize kıyasla her 

modelde daha yüksek doğruluk ürettiği görülmektedir; bu bulgu, birden fazla örnek 

tahmininin olasılık ortalamasının gürültüyü azaltmada etkin olduğunu doğrulamaktadır. 

CNN-HG’nin doğruluk metriğinde CNN-H’ye kıyasla marjinal bir gerileme sergilemesine 

karşın AUC-ROC değerindeki artış, geometrik veri artırmanın sınıflar arası ayrım gücünü 

iyileştirdiğine işaret etmektedir. Doğrulukta gözlemlenen bu marjinal düşüş, geometrik 

dönüşümlerin eğitim örneklerini zorlaştırarak modeli daha güçlü bir düzenlileştirme etkisine 

maruz bırakmasıyla açıklanabilir; nitekim bu tür bir kısa vadeli performans gerilemesi, 

genelleme kapasitesini artıran düzenlileştirme süreçlerinde beklenen bir davranıştır 

(Mumuni & Mumuni, 2023; Alomar et al., 2023; Yang et al., 2022) . CNN-HGF modelinin 

%74,6 katılımcı doğruluğu ve 0,776 AUC-ROC değeri, geometrik ve fotometrik 

dönüşümlerin kademeli olarak birleştirilmesinin hem sınıf dengesi hem de genel ayrım gücü 

üzerinde birbirini pekiştiren bir etki yarattığını ortaya koymaktadır. Bu sonuç, CNN-

HGF'nin temel modele (CNN-B) kıyasla katılımcı doğruluğunda yaklaşık %7 puanlık bir 

artış sağladığını göstermekte; veri artırma stratejilerinin mimari geliştirmelerin ötesinde 

belirleyici bir katkı sunduğunu doğrulamaktadır. 

 

Tablo 3. Satır ve katılımcı düzeyinde genel performans karşılaştırması (ortalama ± std) 

Model KD KM-F1 AUC-ROC SD SM- F1 

CNN-B 0,674 ± 0,045 0,664 ± 0,047 0,678 ± 0,047 0,638 ± 0,020 0,629 ± 0,025 

CNN-H 0,727 ± 0,048 0,711 ± 0,054 0,750 ± 0,045 0,678 ± 0,032 0,664 ± 0,041 

CNN-HG 0,720 ± 0,055 0,715 ± 0,061 0,762 ± 0,050 0,696 ± 0,039 0,691 ± 0,043 

CNN-HGF 0,746 ± 0,046 0,742 ± 0,048 0,776 ± 0,045 0,710 ± 0,032 0,705 ± 0,035 

 

Şekil 1’deki karmaşıklık matrisleri incelendiğinde, CNN-H modelinin Erkek sınıfını 

daha doğru tahmin ettiği ancak Kadın sınıfında görece zayıf kaldığı görülmektedir. Bu 

gözlem, CNN-H’nin doğruluk metriğindeki iyileşmenin sınıflar arası dengesizliği 

maskelediğini; karmaşıklık matrisinin bu tür durumlarda model davranışını daha şeffaf 

biçimde ortaya koyduğunu doğrulamaktadır. CNN-HGF modelinde ise her iki sınıfın doğru 

sınıflandırma oranları dengelenerek en yüksek genel performansa ulaşılmıştır. 
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Şekil 1. Dört modelin karmaşıklık matrisleri (kişi bazlı test sonuçları) (a) CNN-B  |  (b) 

CNN-H  |  (c) CNN-HG  |  (d) CNN-HGF (En İyi) 

 

Şekil 2’de sunulan ROC eğrileri, CNN-HGF modelinin 5-kat boyunca tutarlı bir ayrım 

gücüne sahip olduğunu göstermektedir. Kat 3 en yüksek AUC değerini (0,848) üretirken, 

diğer katlarda elde edilen değerler 0,741–0,792 aralığında yoğunlaşmaktadır. Kat 3'e ait 

yüksek AUC değerinin, bu kattaki test örnekleminin cinsiyet dağılımı açısından diğer katlara 

kıyasla daha ayrışık bir yapı sergilemesinden kaynaklandığı değerlendirilmektedir. Tüm 

eğrilerin rastgele sınıflandırma çizgisinin (AUC=0,5) belirgin biçimde üzerinde seyretmesi, 

modelin el yazısından cinsiyet ayırt etme kapasitesine sahip olduğunu istatistiksel olarak 

desteklemektedir. 

 

 
Şekil 2. CNN-HGF modeline ait 5-katlı ROC eğrileri Fold 1: AUC=0,750  |  Fold 2: 

AUC=0,741  |  Fold 3: AUC=0,848  |  Fold 4: AUC=0,792  |  Fold 5: AUC=0,751 ortalama 

AUC = 0,776 ± 0,045 
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Elde edilen %74,6 katılımcı doğruluğu; yalnızca el yazısı metnine dayanan, sıfırdan 

eğitilen hafif mimarilerle elde edilmesi bakımından önemli bir bulgu olarak 

değerlendirilebilir. Nitekim Erdoğmuş ve ark. (2023), metin ve rakam verilerini birlikte 

işleyen iki kanallı mimarisiyle %74,46 doğruluğa ulaşırken, yalnızca metin kullanan tek 

kanallı modellerinde bu oran %72,33’e gerilemiştir. Bu bağlamda mevcut çalışma, ek veri 

modalitesi gerektirmeksizin karşılaştırılabilir bir performans sunmakta ve kişi bazlı 

değerlendirme stratejisiyle daha güvenilir bir genelleme çerçevesi ortaya koymaktadır. 

 

6. Sonuç ve Gelecek Çalışmalar 

Bu çalışma, Türkçe el yazısından cinsiyet tahmini problemini, 457 katılımcıdan elde 

edilen özgün bir veri seti üzerinde, farklı karmaşıklık düzeylerine sahip dört CNN mimarisini 

kapsayan karşılaştırmalı bir deneysel çerçevede ele almıştır. 

Bulgular, sınırlı veri koşullarında sınıflandırma performansını belirleyen temel etkenin 

mimari derinlikten ziyade veri artırma stratejileri ve değerlendirme protokolü olduğunu 

göstermektedir. Geometrik ve fotometrik dönüşümlerin kademeli entegrasyonu sınıflar arası 

dengeyi iyileştirmiş; kişi bazlı değerlendirme yaklaşımı ise satır düzeyindeki varyasyonu 

azaltarak daha güvenilir bir genelleme ölçümü sağlamıştır. Bu bulgular, el yazısı gibi yüksek 

varyanslı biyometrik verilerde değerlendirme protokolünün performans yorumunu doğrudan 

etkilediğine işaret etmektedir. 

Bu genel çerçeve içinde, geometrik ve fotometrik artırmayı birleştiren CNN-HGF 

modeli, kişi bazlı değerlendirmede %74,6 doğruluk ve 0,776 AUC-ROC değeri ile en yüksek 

performansı elde etmiştir. Bu sonuçlar, yalnızca el yazısı görüntülerine dayalı girdiler ve 

görece düşük karmaşıklığa sahip CNN mimarileri ile anlamlı performans düzeylerine 

ulaşılabildiğini göstermektedir. Bununla birlikte, satır düzeyinde bölütleme sürecine bağlı 

olarak ortaya çıkan kısmi karakter kayıpları ve hizalama varyasyonları model performansını 

sınırlayan temel faktörler arasında değerlendirilmektedir. 

Gelecek çalışmalarda, Sobel kenar haritaları ve Yerel İkili Örüntüler gibi doku 

temsillerinin giriş kanallarına eklenerek çok kanallı mimarilerin geliştirilmesi, transfer 

öğrenme tabanlı yaklaşımların karşılaştırmalı olarak incelenmesi ve farklı giriş 

çözünürlüklerinin model performansı üzerindeki etkilerinin değerlendirilmesi 

planlanmaktadır. 
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1. SUMMARY 

Housing recovery in zones suffered armed conflict often faces delays due to different reasons 

including centralized governance systems, complex processes for procuring materials and 

lack of community participation. Those delays prolong displacement and hinder returning 

home of displaced people to with dignity. In highly constrained environments like Gaza City, 

traditional top-down models of reconstruction have failed repeatedly to provide timely and 

socially acceptable solutions for recovering housing. This research investigates Owner-

Driven Reconstruction (ODR) as a strategic method of expediting the recovery of housing 

while maintaining sustainability and social acceptability. ODR differs from the use of 

standardized housing in that it allows households to rebuild based on their local knowledge, 

labor, and material inputs thus producing solutions to recovery that are more appropriate to 

their particular contexts. The study utilizes the experience of ODR used in post-tsunami 

reconstruction efforts in Sri Lanka (2004) as a guide in determining the potentials for 

improving construction speed and reducing costs through a shift from contractor-led to 

owner driven housing delivery systems; resulting in improved satisfaction by residents. The 

employed research approach is a qualitative comparative method analysing the effectiveness 

of both centralized and owner driven reconstruction delivery systems and their relevance to 

the situation in Gaza. The results indicate that the use of ODR will reduce delays in delivery 

of housing by decentralising implementation, simplifying processes for procuring materials 

and developing local capability. The study concludes that ODR is not only an alternative 

method of reconstructing, but as such represents an essential approach to expediting a 

dignified return of people displaced by conflict through the provision of adequate housing 

recovery following a war period. 
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2. INTRODUCTION 

2.1 Problem Statement 

The reconstruction of homes after a disaster is an essential part of recovering from conflict-

sparked urban disasters that damage society, economically and institutionally. 

Reconstruction delays can lead to people staying in temporary housing longer than 

anticipated, limiting the development of community resilience (UN Habitat, 2015; Lyons, 

2009). Typically, the reconstruction process in many post-disaster situations is carried out 

under government-controlled and contractor-led systems. The intent is to enforce 

compliance with technical requirements; however, because these systems are often impeded 

by bureaucratic processes, procurement procedures, and reliance upon outside supply chains, 

delays may occur (Davidson et all, 2007; World Bank, 2021). The challenges faced by Gaza 

City as it undergoes reconstruction have magnified due to restrictions on construction 

materials, the status of the existing infrastructure, and the fragmentation of services resulting 

from multiple cycles of displacement. Consequently, many people in temporary shelters are 

unable to transition back into permanent housing. 

2.2 Research Aim 

One of the topics investigated in this paper is the use of Owner-Driven Reconstruction 

(ODR) as a way of speeding up recovery from disaster-related housing damage in Gaza City. 

The research draws upon lessons learned from the post-tsunami reconstruction effort in Sri 

Lanka and will examine how decentralized approaches to reconstruction, similar to Owner-

Driven Reconstruction, can help reduce delays and provide access to safe and appropriate 

housing. Additionally, one measure of whether or not a reconstruction effort is successful 

will be based not just on completion of the project(s) but also on the length of time it takes 

for individuals who have lost their homes to regain residence in a suitable dwelling unit. 

2.3 Research Importance 

The example of post-tsunami reconstruction in Sri Lanka has shown that ODR (owner-

driven housing) completed faster, cost less, and provided greater long-term social acceptance 

than standardized systems of housing construction (Barenstein, 2006)(World Bank, 2006). 

Given that Gaza is experiencing the same issues of material shortages, extended periods of 

displacement from homes, and numerous delays in reconstructing housing, promoting ODR 

as an essential method of rebuilding more quickly and sustainably will be critical for after-

the-war housing recovery in Gaza. 

2.4 Research Methodology 

This research uses a comparative qualitative method and examines previous literature and 

collected information based on reconstructed places that experienced disasters. The 

comparison will be focused on two geographical areas: Sri Lanka's reconstruction after being 

struck by the 2004 Indian Ocean Tsunami and the difficulties faced currently by Gaza City 

following the Israeli-Palestinian Conflict. The focus will be on a comparison of two types of 

reconstruction methods used, such as Centralized and Owner Direct Reconstruction (ODR), 

which were also studied in the literature, as well as various types of academic sources, and 

other types of literature related to housing recovery studies on previously reconstructed and 

newly constructed places after experiencing a disaster. The research will also focus on issues 

related to delays in construction, procurement systems used by agencies, reliance on 

materials, how well community participation occurred during the construction process, and 

the overall housing recovery strategies employed. The research will draw on lessons from 

Sri Lanka's post-tsunami reconstruction to derive lessons that can be used during the 

reconstruction process in Gaza City through comparative analysis techniques. From the 

results of this work, the author proposes an Owner Driven Reconstruction framework 
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designed to expedite the availability of either minimum acceptable or desirable housing for 

families in Gaza City. 

 

3. RESEARCH AND FINDINGS 

3.1 Literature Review 

3.1.1 Centralized Reconstruction Failure 

Typically, post-disaster housing recovery employs centralized reconstruction models that 

have governments, international agencies, and contractors controlling all areas of planning, 

funding, procurement, and implementation. The goal is to have a technical accountable 

monitoring system; however, studies demonstrate that centralized reconstruction models 

frequently cause significant delays in restoration, particularly in places that have a lack of 

resources or areas affected by conflict (Davidson etal., 2007; World Bank, 2021). A 

significant issue when utilizing a centralized reconstruction model is the lengthy 

administrative process prior to starting construction. There are multiple levels of approvals 

needed to procure funding, and conditions placed on donor funding can all contribute to 

delays in the construction process; after the pre-construction phase is complete, the length 

of the pre-construction phase can often exceed the amount of time necessary for actual 

construction to occur (Puri etal., 2025; World Bank, 2021). Another obstacle is the reliance 

on imported materials and outside supply chains. Gaza is an example of how restrictions of 

imported materials can often disrupt reconstruction schedules and raise overall costs. Also, 

many standardized models do not capture the social practices in the community or the needs 

of families within the community, leading to informal modifications to their homes, delayed 

occupancy of homes, or complete abandonment of built housing (Rahmayanti & Rukmana, 

2024; Apil et al., 2025). Centralized reconstruction does not often allow for quick and 

dignified housing recovery from prolonged conflict in places like Gaza City. 

3.1.2 Owner-Driven Reconstruction Theory 

After disaster events, many people are left homeless and displaced because of the loss, 

destruction, or damage to their homes. There are many different ways in which people can 

get their houses re-built after such events - some are done centrally and some are 

decentralised. One option is to use Owner-Driven Reconstruction (ODR), which is a 

decentralised approach to house-building and gives people the ability to directly participate 

(as opposed to relying on central authorities) in determining how their house will be built 

(e.g., the design and layout) and then using the resources available to that individual (or 

group of individuals) to build their house. So while ODR will typically provide individuals 

with consistent technical information (e.g., plans) and financial assistance (e.g., cash) in both 

types of approaches to rebuilding; in the ODR approach, individuals and families play a 

larger role in making decisions about the final product (i.e., their house). By empowering 

people to build their houses in a parallel fashion according to their priorities and available 

resources, ODR provides a way for individuals and families to secure access to the most 

basic form of shelter (i.e., habitable housing) sooner than they would normally have been 

able. ODR enhances social acceptance by allowing families to build their house based on 

their culture, social values and capacity to build it simply as a function of the resources they 

have available. Because participatory housing models are created by families, there is a 

stronger sense of ownership, which results in more significant long-term residential 

satisfaction than with a contractor-led, standardised house-building process (Davidson et al., 

2007; Brown and Kelman, 2024). Economically, ODR facilitates local economies through 

the use of local labour and local knowledge, and through the provision of locally sourced 

materials. Therefore, ODR is not simply a method of constructing a house but rather is a 
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governance concept that significantly enhances community-based resiliency in densely 

populated urban environments, such as Gaza City. 

3.2 Sri Lanka Case Study: Success of Owner-Driven Reconstruction After the 2004 

Tsunami 

The 2004 Indian Ocean Tsunami destroyed houses and displaced large numbers of people in 

Sri Lanka. The earliest reconstruction efforts focused on centralized and contractor-driven 

housing programs, but many of the standardized housing projects did not take into account 

local climate, culture and household needs resulting in low levels of occupancy and 

significant informal modifications (Barenstein, 2006; Kennedy et al., 2008). Consequently, 

the reconstruction process started to shift gradually towards an owner-driven approach for 

housing (ODH) where the affected households had more control over how they rebuilt their 

homes. Families were involved in decisions about the house design, materials to be used and 

other related aspects, whilst institutions maintained its role by providing financial and 

technical support (Fig. 1). The ODH approach incorporated the indigenous building 

knowledge and incremental construction methods with which the communities were 

familiar.  

 
Figure 1 Local residents participating directly in post-tsunami housing 

reconstruction in Sri Lanka, demonstrating owner-driven rebuilding through local 

labor, self-help construction, and community participation. Source: Author’s 

previous publication (Ewiss & Hajismail, 2026), with original reference from 

World Bank (2006). 

Using materials sourced locally, such as timber, brick, clay tiles, and lime-based finishes, 

helped reduce reliance on external supply chains and allowed for quicker construction times 

(see Fig. 2). The use of semi-open verandas, courtyards, and flexible living arrangements 

has enabled families to better adapt to their environment; hence these types of housing have 

had greater social acceptance and lead to longer periods of residency than conventional 

housing models (see fig. 3). Owner-driven housing construction was found to be much more 

productive than contractor-driven construction solutions economically. Constructing houses 

in an incremental manner provided less financial burden to families while employing local 

workforce created jobs and assisted communities retain their rehabilitation funding locally. 

The World Bank found that in Sri Lanka, owner-driven housing had quicker completion 
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times and lower total costs compared to centrally funded housing. Based on the Sri Lankan 

experience, the success of rehousing is dictated not only by the quality of engineering; 

success is also dependent upon communities having the ability to directly participate in the 

rebuilding of their housing. 

 
Figure 2 Climate-responsive post-tsunami housing in Sri Lanka using vernacular 

design principles, local materials, natural ventilation, and traditional roofing 

systems. Source: Author’s previous publication (Ewiss & Hajismail, 2026), with 

original reference from Dezeen (2013). 

 
Figure 3 Semi-open courtyard and flexible living spaces in post-tsunami housing in 

Sri Lanka, reflecting culturally responsive design and family-centered spatial 

organization. Source: Author’s previous publication (Ewiss & Hajismail, 2026), 

with original reference from Dezeen (2013). 

 

 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

639 
 

3.3 Gaza Context Analysis: Why Gaza Needs Owner-Driven Reconstruction 

In the post-war reconstruction environment of Gaza City, the landscape is filled with 

political, economic and institutional constraints that are debilitating enough to hinder 

housing recovery in addition to all areas of destructive physical damage. Repeatedly 

occurring conflicts, restrictions on construction materials (cement, steel, finishing materials) 

have interrupted supply chains and delayed the schedule of housing construction, while the 

deterioration of damaged infrastructure and prolonged periods of displaced residents have 

increased the structural difficulty of being able to achieve housing recovery through a 

centralized model of reconstruction. The dependency of the reconstruction program in Gaza 

on imported construction (cement, steel, finishing materials) is one of the many obstacles to 

using an effective housing recovery process. The restricted supply of construction materials 

frequently interrupts supply chain logistics creating delays in housing construction schedules 

due to the inability to procure housing construction materials/obtain required multi-level 

approvals to start housing construction. Extreme urban density combined with limited 

available land to support housing reconstruction contributes to the challenge of executing 

housing reconstruction in the most populated area of the Gaza Strip, where housing 

reconstruction typically must be conducted in a very dense residential setting and the 

potential for relocating to new sites to perform housing reconstruction is not available. As a 

result, the most effective method for housing reconstruction in Gaza will be through the use 

of flexible, incremental housing solutions instead of standardised mass housing solutions 

(see Fig. 4). 

 
Figure 4 Spatial concentration of refugee camps and extreme population density in 

Gaza illustrate the limited land availability and reconstruction constraints that 

require incremental and owner-driven housing recovery approaches. Source: 

Adapted from Anera, map data from PASSIA. 
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Housing reconstruction in Gaza needs to account for privacy, family-grounded spatial 

organization and culturally appropriate ways of living when rebuilding homes there. The use 

of standard housing that does not address these considerations will often result in people 

doing modifications to their new homes because they were unhappy with their long-term 

experience living in a "standard" way. Local households have also demonstrated a great 

ability to incrementally build their own homes through Owner-Driven Reconstruction 

(ODR), which makes ODR compatible with local building practices. As such, it is very 

possible that ODR will be a very viable option for changing housing conditions in Gaza. By 

reducing dependence on the procurement of housing through centralization and increasing 

local knowledge and labour in the area of construction, ODR will be able to provide quicker 

access to minimally habitable housing and eliminate or reduce the amount of time that people 

prolong their experience of homelessness in post-war reconstructing housing conditions in 

Gaza. For this reason, ODR should not be viewed only as one choice in the way to obtain 

housing post-war, but rather, as a key method for the recovery of housing conditions in Gaza 

City after the conclusion of hostilities in Gaza. 

3.4 Comparative Discussion: Applying Lessons from Sri Lanka to Gaza 

There are critical similarities between the recovery of housing after war in Gaza and the 

rebuilding of Sri Lanka after the tsunami; however, there are obvious differences in the 

political and humanitarian context in which these two events occurred. In both situations the 

original centralized housing models failed to deliver adequate and timely recovery, and in 

both instances the housing created by standardized contractor-driven models failed to meet 

the local needs and customs of the affected communities. In Sri Lanka, the transition to 

Owner-Driven Reconstruction showed that rebuilding homes with an Owner-Driven 

approach is substantially more effective when households have a role in the rebuilding of 

their homes. The use of local labour and materials as well as culturally appropriate spatial 

arrangements during the Owner-Driven Reconstruction process resulted in a reduction of 

time (to complete) and cost (to implement), as well as an increased level of satisfaction for 

the households that have moved into these new homes. This is a significant lesson for Gaza 

which continues to experience structural delays in the way that housing is being repaired. 

One of the important lessons learned from Sri Lanka's program was the decentralization of 

the authority to implement housing repairs to individual households. An Owner-Driven 

Reconstruction program (like in Sri Lanka), allows multiple households the opportunity to 

reconstruct simultaneously rather than all waiting on a centralized procurement and 

contractor-driven project. Another important lesson is to use of local materials and 

incremental construction. In Gaza, the ability to reuse construction debris, utilise local 

construction methods, and rebuild incrementally will reduce the need for imported materials 

and thus expedite the overall process of reconstruction. 

The importance of social legitimacy is also a key point in both cases. In both Gaza and Sri 

Lanka, the recovery of housing is tied to issues such as privacy, a person's family structure, 

and the continuity of cultural & tradition. By including the household in defining their own 

way of living, the use of ODR increases social legitimacy. However, the characteristics of 

the Sri Lankan model must be adapted to fulfill the current reality of prolonged instability 

and limited governance capacity in Gaza. As such, ODR implementation in Gaza will require 

the support of simplified approval processes, technical assistance, and flexible funding. 

Ultimately, reconstructing quickly is not just about building quickly, but also about 

eliminating the structural obstacles that prevent communities from rebuilding for 

themselves. 
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3.5 Proposed Framework: Owner-Driven Reconstruction Framework for Gaza 

Following an analysis of the situations in Sri Lanka and Gaza, this research proposes an 

Owner-Driven Reconstruction (ODR) framework for housing recovery after conflict in Gaza 

City. This framework prioritises improving people's access to safe, secure and dignified 

housing as soon as possible rather than concentrating merely on completing the entire 

project. 

The ODR framework includes three interconnected pillars: decentralized implementation, 

local material integration, and incremental culturally responsive housing design. 

3.5.1 Decentralized Implementation 

This pillar aims to decentralize reconstruction authority from central authorities to both 

families and/or community members. Rather than relying exclusively on contractor-

managed projects, affected families should receive direct funding as well as technical 

assistance or services with simplified processes for obtaining approvals so they can carry out 

the work themselves. This approach reduces the time taken in completing procurement, 

reduces the administrative burden for families and/or communities in obtaining approvals 

for their homes, allows for many families/community members to rebuild at the same time 

and increases ownership and accountability among families/community members. 

3.5.2 Local Material Integration and Debris Reuse 

Pillar two focuses on Gaza's reliance on imported construction materials and emphasizes the 

use of available local materials such as recycled debris and reuseable aggregates. The use of 

circular reconstruction strategies can aid in reducing procurement delays, decreasing 

construction costs, and developing stronger local supply chains over time due to continued 

restrictions placed on Gaza. 

3.5.3 Incremental and Culturally Responsive Housing 

The third concept emphasizes a flexible and phased approach to housing design instead of 

designing a single, rigid standard prototype. Each housing unit should be designed in such a 

way that, as a family develops over time, and as resources become available, the dwelling 

can be expanded or “phased” to meet those family needs. This includes meeting the 

minimum basic requirements of habitability, and when the initial design doesn’t provide 

certain social requirements, the ability to add-on the additional rooms needed to meet those 

requirements will help with both long-term stability and less need for retro-fits to the 

property after occupancy. 

3.5.4 Measuring Success: Time-to-Minimum-Habitable Return 

Conventional reconstruction measurement models are focused on metrics such as total 

project construction time or the number of housing units built. This research will introduce 

another way of measuring reconstruction success: Time-to-Minimum-Habitable Return 

(TMHR). The TMHR will create measurable outputs for all families who had to leave their 

homes, to eventually return to safe and dignified living conditions, prior to the completion 

of the entire reconstruction project. This definition of TMHR establishes a shift in the 

priorities of reconstruction from the final delivery of the project to a focus on early recovery 

for those people displaced by the natural disaster; therefore, reducing the recovery time for 

the victims. The application of TMHR follows the current thesis framework for how to 

define acceleration in the construction and delivery of housing, by defining accelerating as 

not just a speed of construction, but reducing delays associated with the governance aspect, 

the material supplies, and the implementation of the various processes involved in providing 

housing. Consequently, the ODR framework seeks to provide an effective and actionable 

method for providing faster and socially acceptable housing recovery for those displaced by 

Protracted Conflict and Structural Constraints in Gaza. 

4. CONCLUSION 
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Post-disaster housing reconstruction in urban areas affected by conflict is a technical 

undertaking, but also poses various social and institutional challenges. In constrained 

environments such as Gaza City, centralized reconstruction processes frequently do not 

facilitate timely or socially acceptable housing recovery due to procured delays, shortages 

in materials, or extended periods of displacement for households. The research examined 

Owner-Driven Reconstruction (ODR), an alternative approach to expedite housing recovery 

through transferring authority from centralized institutions to individuals and local 

communities for implementation of housing solutions. By examining the best practices of 

Sri Lanka's post-tsunami recovery experience through comparative analysis, Owner-Driven 

Reconstruction (ODR) has shown that owner-driven housing projects can provide the same 

or better housing solutions in a relatively faster time frame with lower costs and increased 

social acceptance than contractor-built housing. 

The results of the Gaza case analysis confirmed the elements necessary for an ODR scheme 

are already present, i.e., local experience in incremental self-building, and a need for more 

flexible reconstruction systems. The framework proposed (developed) is based on the 

following: providing a degree of decentralized implementation, enabling the integration of 

local materials in reconstruction, and enabling the design of incremental culturally 

responsive housing. Additionally, a new measure of TMHR (Time to Minimum Habitable 

Return) was proposed as an indicator, focusing on the time required for a person to have 

dignified occupancy of their completed residence rather than the time required to complete 

the development of the entire project. In conclusion, the authors have shown that the manner 

in which reconstruction systems are designed to be developed (in terms of being People-

Driven) will increase the speed at which people recover with honour/dignity, and ultimately 

will lead to a more dignified way of recovering from trauma, than if reconstruction was based 

on a project-to-be-completed method. 

The focus of future research is to develop practical strategies for implementing Owner-

Driven Reconstruction (ODR) within Gaza City. Research should include developing and 

experimenting with pilot projects that allow for community-led construction to take place 

through the establishment of simple approval systems and technical guidelines that support 

decentralized housing recovery processes within post-war conditions. Additional studies 

could also look into ways to reuse debris from construction, identify local building materials 

that can be used for housing recovery, and design scalable, incremental types of housing that 

are less reliant on imported resources and can be constructed with more flexibility. Finally, 

there needs to be future investigations into how NGOs, local agencies, and international 

organizations will support ODR through providing financial help, technical oversight, and 

training programs for communities. In addition to the recommendations made above, this 

research suggests that future field-based studies should be conducted to determine the 

continued social, economic, and environmental impacts of Owner-Driven Reconstruction on 

Gaza and other urban areas recovering from conflict. 
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Özet 

Bu tez çalışmasında, çevrimiçi sosyal ağlarda paylaşılan kısa metinlerden stres durumunun 

otomatik olarak sınıflandırılması amaçlanmıştır. Bu amaçla, sosyal medya tabanlı stres 

tespiti için yayımlanmış Twitter Full veri kümesi Türkçeye çevrilmiş, gereksiz sütunlar 

çıkarılmış ve Türkçe olmayan kelimeler ile boş satırlar temizlenmiştir. Son temizlik 

aşamasından sonra veri kümesi 8.892 örnekten oluşmuş; örneklerin 4.533’ü stresli, 4.359’u 

stressiz sınıfında yer almıştır. Deneysel uygulamada, Türkçe metin sınıflandırmada yaygın 

olarak kullanılan BerTurk modeli, TF-IDF tabanlı Destek Vektör Makineleri ve derin 

öğrenme tabanlı bir boyutlu Evrişimsel Sinir Ağı modeli karşılaştırılmıştır. Modeller, sınıf 

dağılımı korunarak beş katlı çapraz doğrulama yöntemiyle değerlendirilmiş; doğruluk, 

kesinlik, hassasiyet, F1-skor ve makro F1 metrikleri raporlanmıştır. Deney sonuçlarına göre 

BertTurk modeli 0,8657 doğruluk ve 0,8656 F1-skor değerine ulaşmış, Destek Vektör 

Makineleri modeli 0,8054 doğruluk ve 0,8123 F1-skor değerine ulaşmış, Evrişimsel Sinir 

Ağı modeli ise 0,7386 doğruluk ve 0,7587 F1-skor elde etmiştir. Bulgular, çeviri yoluyla 

oluşturulan ve kısa sosyal medya metinlerinden oluşan veri kümesinde BerTurk modelinin 

daha dengeli ve daha başarılı sonuç verdiğini göstermiştir. 

Anahtar kelimeler: doğal dil işleme, çevrimiçi sosyal ağlar, stres tespiti, makine öğrenmesi, 

derin öğrenme. 
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DETECTION OF STRESS LEVELS OF TURKISH ONLINE SOCIAL NETWORK 

USERS USING MACHINE LEARNING AND DEEP LEARNING METHODS 

 

 

 

 

Abstract 

In this thesis, it is aimed to automatically classify stress levels from short texts shared on 

online social networks. For this purpose, the publicly available Twitter Full dataset, 

commonly used for social media-based stress detection, was translated into Turkish. 

Irrelevant columns were removed, and non-Turkish words as well as empty rows were 

cleaned during preprocessing. After the final cleaning stage, the dataset consisted of 8,892 

samples, of which 4,533 were labeled as stressful and 4,359 as non-stressful. In the 

experimental study, the BerTurk model, which is widely used for Turkish text classification, 

TF-IDF-based Support Vector Machines, and a deep learning-based one-dimensional 

Convolutional Neural Network model were compared. The models were evaluated using 

five-fold cross-validation while preserving class distribution, and performance metrics 

including accuracy, precision, recall, F1-score, and macro F1-score were reported. 

According to the experimental results, the BerTurk model achieved 0.8657 accuracy and 

0.8656 F1-score, while the Support Vector Machines model achieved 0.8054 accuracy and 

0.8123 F1-score. The Convolutional Neural Network model obtained 0.7386 accuracy and 

0.7587 F1-score. The findings indicate that the BerTurk model provides more balanced and 

superior performance on a dataset composed of translated and short social media texts. 

Keywords: natural language processing, online social networks, stress detection, machine 

learning, deep learning. 
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1. GİRİŞ 

 

            Stres, bireyin çevresiyle etkileşimi sonucu ortaya çıkan ve sık yaşandığında fiziksel ile 

zihinsel sağlığı olumsuz etkileyen önemli bir psikolojik durumdur. Sürekli stresin yol açtığı 

sorunlar göz önünde bulundurulduğunda, stresi erken aşamada azaltmaya yönelik önleyici 

yaklaşımlar büyük önem taşımaktadır (Cohen, Miller ve Rabin, 2001). Psikolojik stres, modern 

yaşamın hızlanması, artan iş yükü ve teknolojik gelişmeler nedeniyle günümüzde her kesimi 

etkileyen yaygın bir sorun hâline gelmiştir. Günlük yaşamın doğal bir parçası olsa da, uzun süreli 

ve yoğun stres bireylerin hem fiziksel hem de zihinsel sağlığını ciddi biçimde olumsuz 

etkilemektedir. Bu durum, stresin erken ve güvenilir şekilde tespit edilmesini gerekli kılmaktadır 

(Rajendar ve ark., 2022). Özellikle iş hayatı ve sosyal baskılar, stresin yaygınlaşmasında önemli 

bir rol oynamaktadır. Yapılan çeşitli araştırmalar, son yıllarda insanların büyük bir kısmının stres 

seviyelerinde belirgin bir artış yaşadığını ortaya koymaktadır. Klinik depresyon, uyku 

bozuklukları ve intihar riski bu etkilerin yol açtığı sorunlardır. Özellikle genç nüfus üzerinde 

stresin yıkıcı sonuçlar doğurabildiği ve intihar vakalarıyla güçlü bir ilişkisi olduğu bilinmektedir. 

Bu durum, stresin erken aşamada tespit edilmesinin ne denli kritik olduğunu göstermektedir. 

Ancak geleneksel stres tespit yöntemleri çoğunlukla uzmanlar tarafından yürütülen yüz yüze 

görüşmelere dayanmakta olup, zaman alıcı ve ölçeklenebilirliği sınırlı yaklaşımlar sunmaktadır. 

Bu nedenle, daha hızlı, otomatik ve geniş kitlelere uygulanabilir stres tespit yöntemlerine duyulan 

ihtiyaç giderek artmaktadır (Lin ve ark., 2014). 

 

1.1. Çevrimiçi Sosyal Ağlar 

 

            Sosyal ağlar, bireylerin günlük yaşamlarını ve ruh hâllerini yansıttıkları önemli dijital 

platformlar hâline gelmiştir. Bu platformlardan elde edilen veriler, kullanıcı davranışlarının analiz 

edilmesi ve psikolojik durumların modellenmesi açısından yeni fırsatlar sunmaktadır. Makine 

öğrenmesi ve derin öğrenme yöntemleri, hem sosyal medya içerikleri hem de sensör verileri 

üzerinden stres tespitinde etkili araçlar olarak öne çıkmaktadır (Rajendar ve ark., 2022). 

Günümüzde sosyal medya, bireylerin ruh hâllerini ve stres durumlarını dolaylı olarak yansıttıkları 

önemli bir veri kaynağı hâline gelmiştir. Her ne kadar sosyal medya verileri temsil gücü açısından 

sınırlılıklar içerse de, birçok çalışma bu platformlar üzerinden çeşitli psikolojik durumların tespit 

edilebildiğini göstermektedir (Guntuku ve ark., 2019). Sosyal medya platformlarında paylaşılan 

içerikler, kullanıcıların stres durumlarını yalnızca metinle değil; görseller, emojiler ve sosyal 

etkileşimler aracılığıyla da yansıttığını göstermektedir. Farklı sosyal ağların yapısal çeşitliliği, 

stres ifadelerinin bütüncül olarak analiz edilmesini zorlaştırmakta ve yalnızca metin tabanlı 

yaklaşımların yetersiz kalmasına yol açmaktadır. Mevcut makine öğrenmesi ve duygu analizi 

yöntemleri belirli başarılar sunsa da, gerçek zamanlı ve bağlam duyarlı stres tespiti açısından 

sınırlılıklar içermektedir. Bu nedenle, stresin erken aşamada tespit edilebilmesi için çoklu veri 

kaynaklarını birlikte ele alan bilgi tabanlı ve bütünleşik sistemlere ihtiyaç duyulmaktadır (Ali ve 

ark., 2019).   

           

1.2.Stresin Çevrimiçi Sosyal Ağlarda Tespiti 

 

İnternet ortamında, kullanıcıların kendilerini tanımlayarak her kültürden farklı kullanıcı ile 

iletişime geçtiği, bunun yanında normal sosyal yaşamda kullanılan jest ve mimik hareketlerini 

simgeleyen sembollerle duygu ve düşüncelerini sanal olarak ifade ettiği, bu şekilde sosyal iletişim 
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kurduğu ortamlar “sosyal ağ” olarak tanımlanmaktadır. Bugün sosyal ağlar dediğimizde en büyük 

örnek olarak karşımıza Facebook, Instagram, Twitter ve LinkedIN gibi web siteleri çıkmaktadır. 

Sosyal ağlar, bireyleri internet üzerinde toplum yaşamı içinde kendilerini tanımlayarak yine 

insanlara internet iletişim metodları ile iletişime geçmek için ve aynı zamanda normal sosyal 

yaşamda yapılan çeşitli jestleri simgeleyen sembolik hareketleri göstererek insanların yarattığı 

sanal ortamdaki sosyal iletişim kurmaya yarayan ağlara verilen genel isim olup, sosyal ağ giderek 

yayılmakta ve kullanımı bireyler, toplumlar için gerekli hale gelmektedir (Wellman, 2001). 

Nüfusun yüzde 66.2’si yani 5.35 milyar kişi internet kullanıcısıyken sosyal ağlardaki toplam 

kullanıcı kimliği sayısı da 5.04 milyara ulaşmıştır. Nüfusun neredeyse üçte ikisi sosyal medya 

platformlarını aktif kullanmaktadır. DataReportal'ın Meltwater ve We Are Social ortaklığıyla 

hazırladığı Dijital 2024 isimli son rapor, sosyal medya kullanımından çevrimiçi zamana, platform 

tercihlerinden içerik tüketimine kadar dijitalin mevcut ve gelecekteki durumunu anlamamıza 

yardımcı olabilecek zengin veri ve öngörüleri ortaya koymaktadır. Toplamı 550 sayfayı geçen 

rapordan ilginç veriler şöyledir: Raporun en etkileyici başlıklarından biri, sosyal medya 

kullanımının dünya genelinde 5 milyar kullanıcıya ulaşarak yeni bir rekora ulaşması; bu da dünya 

nüfusunun neredeyse üçte ikisinin artık sosyal medya platformlarında aktif olduğu anlamına 

gelmektedir. Bu, geçen yıla göre yüzde 8'lik bir artışla 370 milyon yeni kullanıcının eklenmesi 

anlamına gelmektedir (URL-2).    

1.3.Çalışma Hakkında 

 

          Sosyal medya platformları, kullanıcıların düşüncelerini, duygularını ve günlük 

yaşamlarındaki olayları paylaştıkları bir mecra haline gelmiştir. Bu çalışmanın amacı, makine 

öğrenmesi ve derin öğrenme tekniklerini kullanarak Türk çevrimiçi sosyal ağ kullanıcılarının stres 

seviyelerini tespit etmek ve ruh hallerini analiz etmektir. Böylece, bireylerin stresli dönemlerinde 

farkındalık kazanmalarına yardımcı olunabilir ve gerektiğinde profesyonel destek almaları teşvik 

edilebilir. Sağlık kurumlarının ve yetkili kuruluşların toplumun stres seviyesini dikkate alarak 

politika ve uygulamalar geliştirmesine yardımcı olabilir. Ayrıca, bu tür bir sistem, sosyal medya 

platformlarının kullanıcı dostu ve sağlıklı bir dijital ortam sunmalarına katkıda bulunabilir.  

1.4.Literatür Taraması 

 

Sosyal medyanın yükselişi insan yaşamının çeşitli alanlarını etkilemektedir. Bunlardan 

biride sağlık alanıdır. Sosyal ağlardan elde edilen bilgilerle yapılan çalışmalar sağlıklı yaşam 

araştırmalarını da desteklemektedir. Bu çalışmalarda kullanılan Twitter gibi sosyal ağların 

gelişmesiyle birlikte, giderek daha fazla insan günlük olaylarını ve ruh hallerini paylaşmaya ve 

sosyal ağlar aracılığıyla arkadaşlarıyla etkileşime girmeye istekli olmaktadır.  Bu sosyal medya 

verileri, kullanıcıların gerçek hayattaki durumlarını ve duygularını zamanında yansıttığından, 

büyük ölçekli sosyal ağlar aracılığıyla kullanıcıların davranış kalıplarını temsil etmek, ölçmek, 

modellemek ve araştırmak için yeni fırsatlar ortaya çıkmaktadır. Örneğin, stresli kullanıcıların 

sosyal olarak daha az aktif olma ihtimalinin daha yüksek olduğu ve son zamanlarda zihinsel ve 

fiziksel sağlık hizmetleri araçları geliştirmek için sosyal medya verilerinden yararlanmaya yönelik 

araştırma çabalarının olduğu görülmüştür (Cohen ve ark., 1985).  

        Surya ve ark., (2022) ise sistem kullanıcılarının stres durumunun sosyal medyadaki 

arkadaşlarıyla yakından ilişkili olduğunu tespit etmiştir ve kullanıcıların stres durumları ile sosyal 

etkileşimlerinin korelasyonunu sistematik olarak incelemek için gerçek dünyadaki sosyal 

platformlardan büyük ölçekli bir veri kümesi kullanmıştır. Sistem ilk olarak çeşitli açılardan stresle 

ilgili bir dizi metinsel, görsel ve sosyal öznitelik tanımlamakta ve ardından stres tespiti için tweet 
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içeriği ve sosyal etkileşim bilgilerinden yararlanmak üzere Evrişimsel Sinir Ağı ile birleştirilmiş 

bir faktör grafiği modeli olan yeni bir hibrit model öneriyor. Deneysel sonuçlar, önerilen modelin 

algılama performansını F1-skorunda %6-9 oranında artırabildiğini göstermiştir. Sosyal etkileşim 

verilerini daha fazla analiz ederek, stresli kullanıcıların seyrek bağlantılarının sosyal yapılarının 

sayısının stresli olmayan kullanıcılara göre yaklaşık %14 daha yüksek olduğunu ve stresli 

kullanıcıların arkadaşlarının sosyal yapısının stresli olmayan kullanıcılara göre daha az bağlantılı 

ve daha az karmaşık olma eğiliminde olduğunu gösteren birkaç ilginç durum bu çalışmada 

keşfedilmiştir. 

          Ying ve ark., (2013) ise, riskli davranışları ve depresif durumları belirlemek için standart 

Arapça lehçeleri içeren bir veri seti üzerinde analiz gerçekleştirmiştir. Çalışma Orta Doğu ve 

Kuzey Afrika'daki depresif davranış ve kendine zarar verme faaliyetlerine odaklanmaktadır. 

Ayrıca, tweet'lerde dilsel kalıpların çıkarılması ve duygu analizinin gerçekleştirilmesi için çeşitli 

doğal dil işleme (NLP) araçları ve teknikleri kullanılmıştır. Metodoloji, Destek Vektör Makinesi 

(SVM), Derin Sinir Ağı (DNN) gibi bir makine öğrenimi yaklaşımının kullanımını içerir. Bu, riskli 

davranışları tanımlar ve aynı zamanda insan davranışını açıklamak için öngörüler sağlar. Ancak 

bu çalışma güvenlik sorunlarını ve ilgili çözümleri belirtmede başarısız olmuştur.  

         Soong ve ark., (2019) stres tespiti için gönderilerin duygu analizini kullanan bir model 

önermişlerdir. Bu model öncelikle veri toplama ve elde etme aşamasından sonra veri ön işleme 

adımlarını içermektedir. Ardından fikirleri, görüşleri ve inançları içeren duygu tespiti için özellik 

çıkarımı yapılmıştır. Ortaya çıkan duygular ve sonuç grafikler şeklinde gösterilmiştir. Çalışma da 

Karar Ağacı (KA), KNN, SVM, Naive Bayes (NB), Rastgele Orman (RF) ve ANN gibi farklı 

algoritmalar duygu analizi bağlamında kullanılmıştır. Önerilen model genelleştirilmiş olmasına 

rağmen, yalnızca makine öğrenimi yöntemleriyle uyumludur. Bu nedenle, diğer yöntemler için 

gerekli olan farklı çerçeveleri sağlayamamaktadır. Ayrıca, farklı yaklaşımların ve algoritmaların 

genel sınıflandırma üzerinde doğrudan etkileri olduğu tespit edilmiştir. 

         Başka bir çalışmada bilim insanları, tweetlerden bir dizi düşük seviyeli özellik elde ederek 

psikolojik stresi tespit etmek için üç seviyeli bir çerçeve oluşturmuşlardır. İlk seviyede, metinler, 

resimler, yorumlar, retweetler ve favoriler gibi düşük seviyeli özellikler çıkarılmaktadır. Orta 

seviye, psikolojik ve sanat teorilerine dayalı olarak tanımlanmış ve inşa edilmiştir. Son seviye ise 

stres kategorilerini öğrenmeye yardımcı olan Derin Seyrek Sinir Ağı'nı (DSSA) tasarlar. Önerilen 

sistem, sosyal ağlardan psikolojik stresi otomatik olarak tespit etmeye yardımcı olmaktadır. 

Önerilen yaklaşım %82'lik bir doğruluk sağlamaktadır. Çapraz medya mikroblog verilerini 

kullandığı için verimlidir. Ancak sistem psikolojik stresi tespit etmek için Facebook verilerini 

kullanmamıştır (Nie ve ark., 2015).  Dreaddit (Turcan ve McKeown, 2019) insan etiketli bir stres 

algılama veri seti. Yazarlar, üyelerin stresli konuları tartışmasının muhtemel olduğu üç ana konuya 

ait beş alan seçiyor: finansal ihtiyaç, akıl hastalığı ve kişiler arası çatışmalar. Daha sonra evsizler 

ve TSSB gibi gönderileri toplamak için on ilgili alt dizin kullanılıyor. Veri seti 3553 gönderi 

içeriyor; her biri konuşmacının duygularını belirten çok cümleli bir monologdan oluşuyor ve her 

gönderi stresli olup olmadığına göre etiketleniyor. Ek açıklama süreci Amazon Mechanical Turk,  

kullanılarak gerçekleştirilir; burada çalışanların, her gönderi en az 5 çalışan tarafından etiketlenene 

kadar 5 gönderiyi stres, stres değil ve bilinmeyen olarak etiketlemesi gerekir. Son olarak, her 

gönderinin etiketi oylamayla belirlenir ve etiketi bilinmeyenler elenir (Cohen and Wills, 1985). 

Gopalakrishna, (2021) tarafından yapılan tez çalışmasında sosyal medyadaki psikolojik stres 

ifadelerini tespit edip analiz etmektedir. TensiStrength, sosyal medyada stres ve rahatlama puanları 

için kullanılan bir sözlüktür. Kelime-vektör bazlı kelime anlamı belirsizliğini giderme yöntemi 

kullanılarak TensiStrength sözlüğü, aynı kelimenin farklı anlamlarının vurgu puanlarını içerecek 
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şekilde değiştirilmiştir. Stresle ilgili belirsiz kelimeler içeren 1000 tweetlik veri setinde, 

değiştirilmiş TensiStrength'in doğruluğu %4,3 artmıştır. Bu tez aynı zamanda her biri havayolları, 

kişisel etkinlikler, Birleşik Krallık siyaseti ve Londra trafiği için 3000 tweet olmak üzere 12000 

tweet'ten oluşan çok alanlı bir stres veri kümesinin özelliklerini bulur ve rapor eder. Tweetlerdeki 

stres etkenlerini belirlemek için iki adımlı bir yöntem uygulandı. İlk adımda, bir dizi stres etkeni 

türünü (örneğin, gecikme, kaza) bulmak için LDA konu modellemesi ve k-ortalama kümelemesi 

kullanıldı. İkinci olarak, her tweet'teki stres etkenlerini tespit etmek için üç kelime vektörü tabanlı 

yöntem (maksimum kelime benzerliği, bağlam vektör benzerliği ve küme vektör benzerliği) 

kullanıldı. Küme vektörü benzerlik yönteminin, doğruluk, kesinlik, geri çağırma ve f-ölçüsü 

performans ölçümlerine dayalı olarak, dört alanın tamamındaki tweetlerdeki stres etkenlerini 

makine öğrenimi sınıflandırıcılarından daha iyi tanımladığı bulunmuştur. Küfür ve alaycılık da 

sırasıyla Evrişimsel Sinir Ağı ve Çok Katmanlı Perceptron kullanılarak dört alandan yüksek stresli 

ve stressiz veri kümelerinde analiz edildi. Tüm alanlarda, yüksek stresli tweetlerde, stressiz 

tweetlere göre küfür ve alaycılığın varlığı daha yüksekti. Her alanda daha yüksek oranda küfür 

veya alaycılık içeren stres etkenleri belirlendi. Ayrıca, yüksek stresli tweetlerdeki zamansal 

sınıfların (geçmiş, şimdiki zaman, gelecek ve zaman dışı) dağılımı bir topluluk sınıflandırıcı 

kullanılarak bulunmuştur. Dağılım alana ve stres etkenlerine bağlıydı. Bu çalışma, sosyal medya 

metinlerindeki vurgu puanlarının belirlenmesi için değiştirilmiş ve geliştirilmiş bir sözlüğe katkıda 

bulunmaktadır. Stres etkenlerini belirlemeye yönelik iki adımlı yöntem, üzerinde çalışılan 

alanların dışındaki alanlar için kullanılabilecek genel bir çerçeveyi takip eder. Farklı alanlara ait 

yüksek vurgulu tweetlerin küfür, alaycılık ve zamansal sınıflarının varlığı ilk kez tespit edilmiş ve 

geleneksel psikolojinin bulgularıyla karşılaştırılmıştır. Algoritmalar ve bilgiler, uygun eylemi 

gerçekleştirmek için stresli olayları tanımlaması gereken seyahat, politik ve kişisel yaşam 

sistemleri için yararlı olabilir (Gopalakrishna, 2021). Faryal ve ark., (2021) Twitter Uygulama 

Programlama Arayüzünü (API) kullanarak Twitter'dan yaklaşık 33.162 tweet indirmiştir. Veri ön 

işleme ve temizleme uygulandıktan sonra yaklaşık 16.581 tweet’e elde edilmiştir. Makine 

öğrenimi algoritmaları kullanılarak tweetlerden tutumlar hesaplanıyor ve analiz ediliyor. NB RF, 

Regression ve DVM dahil olmak üzere makine öğrenimi algoritmalarını uygulanmıştır. Sonuçlar, 

kısaltmaları genişletmek ve ihmali değiştirmek için ön işleme yöntemlerini kullanırken 

sınıflandırma doğruluğunun Twitter F1 sıralamasını iyileştirdiğini göstermektedir. İşlev çıkarma 

yöntemlerinin Makine Öğrenimi algoritmalarıyla birleştirildiğinde % 92 ile en yüksek doğruluğa 

sahip olduğu görülmüştür. 

 

2. MATERYAL VE METOT  

      

2.1.Sınıflandırma Performans Metrikleri 

 

Tez çalışmamızda kullandığımız metrikler, bir modelin doğruluğunu ve genel performansını 

ölçmek amacıyla kullanılmaktadır. Bu metrikler hakkında aşağıda detaylı açıklamalar ve formüller 

verilmiştir. 

Doğruluk (Accuracy) : Modelin doğru tahminlerinin toplam tahminlere oranını vermektedir. Bu 

metrik, sınıfların dengesiz veri kümelerinde yanıltıcı olmakla beraber dengeli veri kümelerinde iyi 

çalışır.  
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𝑨𝒄𝒄𝒖𝒓𝒂𝒄𝒚 =
𝑻𝑷+𝑻𝑵

𝑻𝑷+𝑭𝑷+𝑭𝑵+𝑻𝑵
                                                                                                 (2.1) 

 

             Kesinlik (Precision) :  Modelin pozitif tahminlerinin ne oranda doğru olduğunu 

ölçmektedir. Yüksek oranlı kesinlik, yanlış pozitiflerin az olduğu anlamına gelmektedir, bu şekilde 

özellikle yanlış pozitiflerin maliyetli olduğu durumlarda önem taşımaktadır. 

 

𝑷𝒓𝒆𝒄𝒊𝒔𝒊𝒐𝒏 =
𝑻𝑷

𝑻𝑷+𝑭𝑷
                                                                                                             (2.2) 

 

            Hassasiyet (Recall) : Modelin gerçek pozitifleri ne derece iyi tanımlayabildiğini 

göstermektedir. Bu metrik, özellikle kaçırılan pozitiflerin maliyetli olduğu durumlarda önem 

taşımaktadır. 

 

𝑹𝒆𝒄𝒂𝒍𝒍 =
𝑻𝑷

𝑻𝑷+𝑭𝑵
                                                                                                                   (2.3) 

 

            F1-Skor (F1-Score) : Kesinlik ve duyarlılığı dengeleyen harmonik ortalamayı 

göstermektedir. Bu metrik, dengesiz olan veri kümelerinde performansı daha iyi ölçmektedir. 

 

𝑭 − 𝟏 𝒔𝒄𝒐𝒓𝒆 =
𝟐∗𝑷𝒓𝒆𝒄𝒊𝒔𝒊𝒐𝒏∗𝑹𝒆𝒄𝒂𝒍𝒍

𝑷𝒓𝒆𝒄𝒊𝒔𝒊𝒐𝒏+𝑹𝒆𝒄𝒂𝒍𝒍
                                                                                         (2.4) 

 

2.2. Veri Seti 

 

Bu çalışmada kullanılan veri kümesi, sosyal medya metinlerinden stres tespitine yönelik 

olarak yayımlanan Twitter Full veri kümesinin Türkçeye çevrilmiş ve temizlenmiş son sürümüdür. 

Orijinal veri kümesi, Twitter ve Reddit üzerinde stres tespitine yönelik dört farklı veri seti 

oluşturan Rastogi, Liu ve Cambria (2022) çalışmasında araştırma topluluğunun kullanımına 

sunulmuştur. İlgili çalışmada etiketler ikili yapıda tanımlanmış olup 1 değeri stres içeren, 0 değeri 

ise stres içermeyen örnekleri ifade etmektedir. 

Veri kümesinin tez çalışmasına uygun hâle getirilmesi sürecinde hashtag sütunu çıkarılmış, 

metinler Türkçeye çevrilmiş, boş çeviriler ve yoğun gürültü içeren satırlar elenmiş, Türkçe 

olmayan kelimeler temizlenmiş ve yalnızca metin ile sınıf etiketi alanları korunmuştur. Son veri 

kümesi iki sütundan oluşmaktadır: text sütunu Türkçe metni, label sütunu ise sınıf etiketini 

göstermektedir. Temizlik sonrasında 8.892 örnek değerlendirmeye alınmıştır. Bu örneklerin 

4.533’ü stresli, 4.359’u stressiz olarak etiketlenmiştir. Sınıf dağılımının birbirine yakın olması, 

doğruluk metriğinin yorumlanmasını kolaylaştırmakla birlikte, hassasiyet ve F1-skor gibi 

metriklerin de birlikte raporlanması tercih edilmiştir. 

Veri kümesinin doğrudan Türk kullanıcılarından toplanmamış olması çalışmanın önemli 

bir sınırlılığıdır. Bu nedenle elde edilen sonuçlar, Türkçeye çevrilmiş sosyal medya metinleri 

üzerinde stres sınıflandırma başarısını göstermektedir; doğrudan Türk sosyal medya 

kullanıcılarının dil alışkanlıklarını tamamen temsil ettiği varsayılmamalıdır. Buna karşın, Türkçe 

stres sınıflandırması için başlangıç düzeyinde bir modelleme ve karşılaştırma zemini sunması 

açısından veri seti kullanışlı bir deney materyali sağlamaktadır. 
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Tablo 2.2. Veri setinin sınıf dağılımı 

Sınıf etiketi Sınıf açıklaması Örnek sayısı Oran (%) 

0 Stressiz 4.359 49,02 

1 Stresli 4.533 50,98 

Toplam - 8.892 100,00 

 

2.3. Türkçe doğal dil işleme ve metin sınıflandırma yaklaşımı 

 

Doğal dil işleme, insan dilinin bilgisayar ortamında çözümlenmesi, dönüştürülmesi ve 

modellenmesini konu alan bir araştırma alanıdır. Metin sınıflandırma ise verilen bir metnin 

önceden tanımlanmış sınıflardan hangisine ait olduğunu tahmin etmeyi amaçlayan temel doğal dil 

işleme görevlerinden biridir. Sosyal medya metinleri, kısa oluşları, yazım hataları, kısaltmalar, 

emojiler, hashtagler ve bağlam eksikliği nedeniyle klasik metinlere göre daha fazla gürültü 

içermektedir. Bu nedenle sosyal medya temelli stres tespitinde veri ön işleme, özellik çıkarımı ve 

sınıflandırıcı seçimi model başarısını doğrudan etkilemektedir (Sebastiani, 2002; Manning ve ark., 

2008). 

Türkçe, eklemeli yapısı nedeniyle doğal dil işleme açısından özel zorluklar 

barındırmaktadır. Aynı kökten çok sayıda ekli biçim türetilebilmesi, kelime dağarcığının yüzey 

biçimlerde genişlemesine ve veri seyrekliğine yol açabilmektedir. Bu durum kısa sosyal medya 

metinlerinde daha belirgin hâle gelmektedir. Oflazer (2014), Türkçenin biçimbilimsel 

zenginliğinin dil işleme sistemlerinde çözümleme ve temsil aşamalarını önemli ölçüde etkilediğini 

vurgulamaktadır. Bu çalışmada, söz konusu zorlukları azaltmak amacıyla metinler temizlenmiş, 

gürültülü ve Türkçe olmayan kelimeler ayıklanmış, ardından kelime tabanlı TF-IDF temsili ve 

derin öğrenme tabanlı kelime dizisi temsili kullanılmıştır. 

 

2.4. Veri ön işleme 

 

Veri ön işleme aşaması, sınıflandırma modellerine verilecek metinlerin daha düzenli ve 

anlamlı hâle getirilmesini amaçlamaktadır. Bu çalışmada ilk olarak kullanılmayan hashtag sütunu 

çıkarılmıştır. Ardından boş metinler, çeviri sonrasında anlamsız kalan satırlar ve Türkçe olmayan 

kelimeler temizlenmiştir. URL, kullanıcı etiketi, gereksiz noktalama kalıntıları ve fazla boşluklar 

veri setinden uzaklaştırılmıştır. Son aşamada boş kalan satırlar veri setinden silinmiş ve label 

sütunu tamsayı biçiminde korunmuştur. 

Ön işleme sonucunda metinlerin sınıflandırma için daha uygun bir biçime getirilmesi 

hedeflenmiştir. Bununla birlikte, çok agresif ön işlemenin anlam kaybına yol açabileceği dikkate 

alınmıştır. Bu nedenle etiket bilgisini etkileyecek biçimde sınıf dengesini bozacak bir örnekleme 

yapılmamış; yalnızca boş veya anlamsal katkısı olmayan örnekler çıkarılmıştır. Deneylerde 

sınıflar korunmuş ve çapraz doğrulama sırasında her katmanda sınıf dağılımının benzer kalmasına 

dikkat edilmiştir. 

 

2.5. Özellik çıkarımı 

 

Makine öğrenmesi tabanlı model için metinler TF-IDF yöntemi ile sayısal vektörlere 

dönüştürülmüştür. TF-IDF, bir kelimenin belirli bir dokümanda ne kadar sık geçtiğini ve bütün 

veri kümesinde ne kadar ayırt edici olduğunu birlikte dikkate alan yaygın bir metin temsil 

yöntemidir. Bu çalışmada kelime tabanlı tekli terimler kullanılmış; en az iki dokümanda geçen 
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terimler dikkate alınmış, özellik sayısı en fazla 12.000 ile sınırlandırılmış ve terim sıklığında 

sublinear ölçekleme uygulanmıştır. Bu tercih, kısa sosyal medya metinlerinde nadir ve gürültülü 

kelimelerin etkisini azaltmak amacıyla yapılmıştır. 

Derin öğrenme tabanlı model için metinler kelime dizilerine dönüştürülmüştür. Eğitim 

katmanında yalnızca eğitim verisindeki kelimelerden bir sözlük oluşturulmuş, en sık geçen 5.000 

kelime korunmuş, her metin en fazla 35 kelimelik bir dizi olarak temsil edilmiştir. Daha kısa 

metinler sıfırlarla doldurulmuş, sözlükte bulunmayan kelimeler bilinmeyen kelime etiketiyle 

temsil edilmiştir. Böylece modelin kelime sırası ve yerel ifade örüntülerinden yararlanması 

sağlanmıştır. 

 

2.6. Sınıflandırma yöntemleri 

 

Bu çalışmada Türkçe metin sınıflandırmada yaygın olarak kullanılan iki farklı yaklaşım 

tercih edilmiştir. Birinci yöntem klasik makine öğrenmesi tabanlı Destek Vektör Makineleri, ikinci 

yöntem ise derin öğrenme tabanlı bir boyutlu Evrişimsel Sinir Ağı modelidir. Böylece, TF-IDF ile 

seyrek metin temsiline dayalı güçlü bir doğrusal sınıflandırıcı ile kelime dizileri üzerinden yerel 

örüntü öğrenen sinir ağı yaklaşımı karşılaştırılmıştır. 

 

2.6.1. Destek vektör makineleri 

 

Destek Vektör Makineleri, iki sınıflı sınıflandırma problemlerinde sınıfları ayıran en uygun 

karar sınırını bulmayı amaçlayan denetimli öğrenme yöntemlerinden biridir. Temel yaklaşım, 

sınıflar arasındaki marjı en büyükleyecek hiper-düzlemin belirlenmesidir (Cortes ve Vapnik, 

1995). Metin sınıflandırmada veri çoğunlukla yüksek boyutlu ve seyrek olduğundan, doğrusal 

DVM modelleri güçlü bir temel yöntem olarak yaygın biçimde kullanılmaktadır. Joachims (1998), 

DVM’nin çok sayıda ilgili özelliğin bulunduğu metin sınıflandırma problemleri için uygun 

olduğunu göstermiştir. 

Bu çalışmada DVM modeli, TF-IDF özellikleri üzerinde doğrusal çekirdekli LinearSVC 

sınıflandırıcısı ile uygulanmıştır. Modelde düzenlileştirme parametresi C=1,0 olarak alınmış, 

maksimum yineleme sayısı 2.000 olarak belirlenmiş ve deneylerin tekrarlanabilirliği için 

rastgelelik değeri 42 olarak sabitlenmiştir. 

 

2.6.2. Evrişimsel sinir ağı 

 

Evrişimsel Sinir Ağları, başlangıçta görüntü işleme alanında yaygınlaşmış olmakla birlikte, 

metin sınıflandırma görevlerinde de kelime dizilerindeki yerel n-gram benzeri örüntüleri 

öğrenebilmesi nedeniyle kullanılmaktadır. Kim (2014), basit bir CNN mimarisinin cümle 

sınıflandırma görevlerinde güçlü sonuçlar üretebildiğini göstermiştir. Bu tez çalışmasında 

kullanılan CNN modeli, kelime gömme katmanı, farklı pencere boyutlarına sahip bir boyutlu 

evrişim katmanları, maksimum havuzlama, dropout ve tam bağlantılı çıkış katmanından 

oluşmaktadır. 

CNN modelinde sözlük büyüklüğü 5.000 kelime, maksimum dizi uzunluğu 35 kelime, 

gömme boyutu 32, filtre sayısı 32 ve pencere boyutları 3, 4 ve 5 olarak belirlenmiştir. Dropout 

oranı 0,40, öğrenme oranı 0,003, batch boyutu 512 ve eğitim epoch sayısı 4 olarak kullanılmıştır. 

Model Adam optimizasyon algoritması ve çapraz entropi kayıp fonksiyonu ile eğitilmiştir. 

 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

653 
 

2.6.3.  BerTurk Model 

 

          BERTurk, Türkçe doğal dil işleme görevleri için geliştirilmiş, Transformer mimarisine 

dayanan ön-eğitimli bir dil modelidir. Model, Google tarafından önerilen BERT mimarisini temel 

almakta olup yalnızca encoder katmanlarından oluşmaktadır. BERT mimarisi, çift yönlü bağlam 

öğrenme yaklaşımı sayesinde kelimelerin anlamını hem sol hem de sağ bağlamı dikkate alarak 

temsil edebilmekte ve bu yönüyle önceki tek yönlü dil modellerinden ayrılmaktadır. BERTurk ise 

bu mimarinin Türkçe metinler üzerinde geniş ölçekli ön-eğitim sürecinden geçirilmiş 

uyarlamasıdır. 

          BERTurk, Türkçenin eklemeli dil yapısını dikkate alarak WordPiece tabanlı alt birim 

tokenizasyonu kullanmaktadır. Türkçede kök ve ek birleşimleri sonucunda çok sayıda farklı 

kelime formu ortaya çıkabilmektedir. Alt birim temelli tokenizasyon yaklaşımı, kelimeleri daha 

küçük parçalara ayırarak nadir veya eğitim verisinde bulunmayan sözcüklerin temsil edilmesini 

mümkün kılmaktadır. Bu özellik, özellikle sosyal medya metinleri gibi dilsel çeşitliliğin yüksek 

olduğu veri kümelerinde önemli bir avantaj sağlamaktadır. 

 

2.7. Deneysel düzenek ve çapraz doğrulama 

 

Modellerin performansını güvenilir biçimde değerlendirmek amacıyla beş katlı tabakalı 

çapraz doğrulama uygulanmıştır. Tabakalı çapraz doğrulama, her katmanda stresli ve stressiz 

sınıfların yaklaşık aynı oranda temsil edilmesini sağlar. Bu yaklaşım, sınıf dağılımının 

değerlendirme sürecinde korunmasına yardımcı olur. Çapraz doğrulama yöntemleri, model 

başarımının tek bir eğitim-test bölünmesine bağlı kalmadan daha güvenilir biçimde tahmin 

edilmesini sağladığı için sınıflandırma çalışmalarında yaygın olarak kullanılmaktadır (Kohavi, 

1995). 

Deneylerde doğruluk, kesinlik, hassasiyet, F1-skor ve makro F1-skor metrikleri 

hesaplanmıştır. Stres tespiti probleminde stresli sınıfın kaçırılmaması önemli olduğundan 

hassasiyet değeri özellikle dikkate alınmıştır. Bununla birlikte, yanlış stres tahminlerinin 

artmaması için kesinlik ve F1-skor değerleri de birlikte yorumlanmıştır. Deneyler Python 

ortamında yürütülmüş; klasik makine öğrenmesi modeli için scikit-learn kütüphanesi, derin 

öğrenme modeli için PyTorch kullanılmıştır. Scikit-learn, denetimli ve denetimsiz öğrenme 

algoritmalarını içeren yaygın bir makine öğrenmesi kütüphanesidir (Pedregosa ve ark., 2011). 

 

Tablo 2.3. Deneysel parametreler 

Bileşen Kullanılan ayar 

Çapraz doğrulama 5 katlı tabakalı çapraz doğrulama 

Rastgelelik değeri 42 

DVM özellik çıkarımı 
TF-IDF, unigram, min_df=2, 

max_features=12.000, sublinear_tf=True 

DVM sınıflandırıcı LinearSVC, C=1,0, max_iter=2.000 

CNN sözlük büyüklüğü 5.000 kelime 

CNN dizi uzunluğu 35 kelime 

CNN mimarisi 
Embedding=32, filtre=32, pencere=3/4/5, 

dropout=0,40 

CNN eğitim ayarları Adam, lr=0,003, batch=512, epoch=4 
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3. BULGULAR VE TARTIŞMA 

 

Bu bölümde, Türkçeye çevrilmiş ve temizlenmiş sosyal medya stres veri kümesi üzerinde 

yürütülen sınıflandırma deneylerinin sonuçları sunulmaktadır. Bulgular, beş katlı çapraz 

doğrulama sonucunda elde edilen ortalama performans değerleri, kat bazlı sonuçlar ve karışıklık 

matrisleri üzerinden değerlendirilmiştir. 

 

3.1. Veri seti bulguları 

 

Veri seti son hâliyle 8.892 metin içermektedir. Sınıf dağılımı incelendiğinde stresli sınıfın 

4.533, stressiz sınıfın ise 4.359 örnekten oluştuğu görülmektedir. Sınıflar arasında belirgin bir 

dengesizlik bulunmaması, modellerin yalnızca çoğunluk sınıfına yönelmesini engelleyen olumlu 

bir durumdur. Bununla birlikte, sosyal medya metinlerinin kısa, bağlamsız ve kimi zaman çeviri 

kaynaklı düzensiz yapısı sınıflandırma görevini zorlaştırmaktadır. 

 

3.2. Destek vektör makineleri sonuçları 

 

DVM modeli, TF-IDF özellikleri üzerinde beş katlı çapraz doğrulama ile 

değerlendirilmiştir. Modelin kat bazlı performans değerleri Tablo 3.1’de verilmiştir. Bulgular, 

DVM modelinin her katmanda yaklaşık 0,79 ile 0,81 arasında doğruluk değerleri ürettiğini 

göstermektedir. 

 

Tablo 3.1. DVM modeline ait beş katlı çapraz doğrulama sonuçları 

Kat Doğruluk Kesinlik Hassasiyet F1-skor Makro F1 

1 0,8128 0,7965 0,8501 0,8224 0,8123 

2 0,7898 0,7838 0,8115 0,7974 0,7895 

3 0,8054 0,7975 0,8291 0,8130 0,8051 

4 0,8060 0,8059 0,8157 0,8108 0,8058 

5 0,8133 0,8126 0,8234 0,8180 0,8131 

Ortalama 0,8054 0,7993 0,8259 0,8123 0,8052 

Std. sapma 0,0095 0,0109 0,0151 0,0095 0,0095 

          Tablo 3.2. DVM modeline ait birleştirilmiş karışıklık matrisi 

Gerçek / Tahmin Stressiz (0) Stresli (1) 

Stressiz (0) 3.418 941 

Stresli (1) 789 3.744 

 

3.3. Evrişimsel sinir ağı sonuçları 

 

CNN modeli, kelime dizileri üzerinden yerel örüntüleri öğrenmek amacıyla uygulanmıştır. 

Modelin kat bazlı performans değerleri Tablo 3.3’te verilmiştir. CNN modeli stresli sınıfı 

yakalamada görece yüksek hassasiyet göstermesine karşın, stressiz sınıfa ait bazı örnekleri stresli 

olarak sınıflandırma eğilimi göstermiştir. Bu durum karışıklık matrisinde yanlış pozitif sayısının 

DVM’ye göre daha yüksek olmasıyla da görülmektedir. 
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Tablo 3.3. CNN modeline ait beş katlı çapraz doğrulama sonuçları 

Kat Doğruluk Kesinlik Hassasiyet F1-skor Makro F1 

1 0,7504 0,7207 0,8335 0,7730 0,7479 

2 0,7285 0,6931 0,8390 0,7591 0,7240 

3 0,7351 0,7104 0,8115 0,7576 0,7328 

4 0,7402 0,7252 0,7892 0,7558 0,7391 

5 0,7390 0,7366 0,7594 0,7478 0,7387 

Ortalama 0,7386 0,7172 0,8065 0,7587 0,7365 

Std. sapma 0,0080 0,0164 0,0329 0,0091 0,0088 

 

Tablo 3.4. CNN modeline ait birleştirilmiş karışıklık matrisi 

Gerçek / Tahmin Stressiz (0) Stresli (1) 

Stressiz (0) 2.912 1.447 

Stresli (1) 877 3.656 

 

3.4. BerTürk Model Sonuçları 

 

           Çalışma kapsamında stres tespiti içineğitilen BerTurk modelinin performans değerleri 

tablo 3.6.’da gösterilmiştir. 

Tablo 3.5. BerTurk modeline ait birleştirilmiş karşıklık matrisi 

Gerçek / Tahmin Stressiz (0) Stresli (1) 

Stressiz (0) 757 115 

Stresli (1) 124 783 

 

 

Tablo 3.6. BerTurk modeline ait çapraz doğrulama sonuçları 

Gerçek / Tahmin Kesinlik Hassasiyet F1-skor Destek 

Stressiz 0,8593 0,8681 0,8637 872 

Stresli 0,8719 0,8633 0,8676 907 

     

Doğruluk(Accuracy)   0,8657 1779 

Makro Ortalama 0,8656 0,8657 0,8656 1779 

Ağırlıklı Ortalama 0,8657 0,8657 0,8657 1779 

 

 

3.5. Modellerin karşılaştırılması 

 

DVM, CNN ve BerTurk modellerinin ortalama sonuçları Tablo 3.7’de karşılaştırılmıştır. 

BerTurk model 0,8657 doğruluk ve 0,8656 F1-skor ile DVM ve CNN modellerinden daha yüksek 

başarı göstermiştir. DVM modeli ise 0,8054 doğruluk ve 0,8123 F1-skor ile CNN modelinden 

daha yüksek başarı göstermiştir. CNN modeli stresli sınıf için 0,8065 hassasiyet değerine ulaşmış 

olsa da kesinlik değerinin 0,7172’de kalması, modelin stressiz bazı metinleri stresli olarak 

etiketlediğini göstermektedir. 

Sonuç olarak, elde edilen bulgular doğrultusunda BerTurk modelinin stres tespiti görevinde 

diğer modellere kıyasla daha başarılı ve dengeli bir performans sergilediği görülmektedir. DVM 

modeli, CNN modeline göre daha iyi sonuçlar üretmiş olsa da BerTurk modelinin gerisinde 
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kalmıştır. CNN modelinin özellikle stresli sınıfı yakalamada görece yüksek hassasiyet değerine 

sahip olmasına rağmen, kesinlik değerinin düşük kalması yanlış pozitif oranının yüksek olduğunu 

ortaya koymaktadır. Bu durum, modelin genelleme yeteneğini sınırlamakta ve sınıflandırma 

performansını olumsuz etkilemektedir. Dolayısıyla, metin tabanlı stres tespiti çalışmalarında derin 

öğrenme temelli dil modellerinin, özellikle BerTurk gibi önceden eğitilmiş modellerin, daha etkili 

ve güvenilir sonuçlar sunduğu sonucuna ulaşılmıştır. 

 

Tablo 3.7. Modellerin ortalama performans karşılaştırması 

Model Doğruluk Kesinlik Hassasiyet F1-skor Makro F1 

DVM + TF-

IDF 

0,8054 ± 

0,0095 

0,7993 ± 

0,0109 

0,8259 ± 

0,0151 

0,8123 ± 

0,0095 

0,8052 ± 

0,0095 

CNN 
0,7386 ± 

0,0080 

0,7172 ± 

0,0164 

0,8065 ± 

0,0329 

0,7587 ± 

0,0091 

0,7365 ± 

0,0088 

BerTurk 0,8657 
0,8656 ± 

0,8657 

0,8657 ± 

0,8657 

0,8656 ± 

0,8657 
- 

 

3.6. Bulguların literatürle karşılaştırılması 

 

Literatürde sosyal medya üzerinden stres tespiti çalışmalarında hem klasik makine 

öğrenmesi hem de derin öğrenme yaklaşımlarının kullanıldığı görülmektedir. Turcan ve 

McKeown (2019), Dreaddit veri kümesi üzerinde geleneksel ve sinirsel modelleri karşılaştırarak 

sosyal medya metinlerinin stres tespiti için kullanılabileceğini göstermiştir. Rastogi ve ark. (2022) 

ise Twitter ve Reddit tabanlı veri kümeleri üzerinde sözcüksel, gömme tabanlı ve önceden 

eğitilmiş dil modeli tabanlı yöntemleri değerlendirmiştir. Bu çalışmanın bulguları, özellikle kısa 

ve gürültülü metinlerde klasik yöntemlerin güçlü bir başlangıç noktası olabildiğini 

desteklemektedir. 

          BerTurk modelinin DVM ve CNN modellerine kıyasla daha yüksek başarı göstermesi, 

önceden eğitilmiş dil modellerinin bağlamsal anlamı yakalama konusundaki üstünlüğü ile 

açıklanabilir. DVM modelinin CNN modelinden daha başarılı olması ise veri setinin görece sınırlı 

büyüklüğü ve metinlerin çeviri yoluyla elde edilmiş olmasıyla ilişkilendirilebilir. CNN modeli, 

kelime dizilerindeki yerel örüntüleri öğrenebilmesine karşın daha fazla veri ve daha uzun eğitim 

süresi gerektirmektedir. Ayrıca, önceden eğitilmiş kelime gömmeleri kullanılmadığında model, 

Türkçe sözcüklerin anlamsal ilişkilerini yalnızca mevcut veri kümesinden öğrenmeye çalışmakta 

ve bu durum performansı sınırlayabilmektedir. Buna karşılık TF-IDF temsili, veri setindeki ayırt 

edici kelimeleri doğrudan öne çıkararak DVM modeline daha kararlı bir karar yüzeyi sağlamıştır. 

Bununla birlikte, BerTurk modeli geniş ölçekli ön eğitim süreci sayesinde dilin bağlamını daha iyi 

kavrayarak hem doğruluk hem de F1-skor açısından daha dengeli ve yüksek bir performans 

sergilemiştir. 

 

3.7. Sınırlılıklar 

 

Bu çalışmanın en önemli sınırlılığı, kullanılan veri setinin doğrudan Türk kullanıcılarından 

toplanmamış olmasıdır. Veri seti İngilizce kaynaklı bir sosyal medya stres veri kümesinin 

Türkçeye çevrilmesiyle oluşturulduğu için Türkçe sosyal medya dilindeki argo, deyim, yerel ifade, 

bağlam ve kültürel özellikleri tam olarak temsil etmeyebilir. Ayrıca, sosyal medya metinleri 
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yalnızca metin içeriği üzerinden değerlendirilmiş; kullanıcı profili, paylaşım zamanı, sosyal 

etkileşim, görsel içerik ve bağlamsal bilgiler modele dâhil edilmemiştir. 

Bir diğer sınırlılık, etiketlerin klinik tanıya dayalı olmamasıdır. Bu nedenle model çıktıları 

psikolojik ya da tıbbi tanı olarak yorumlanmamalıdır. Elde edilen sınıflandırma sonuçları, yalnızca 

sosyal medya metinlerinde stres ifadesi bulunup bulunmadığına ilişkin otomatik bir tahmin 

niteliğindedir. Bu tür sistemler, erken uyarı veya araştırma desteği sağlamak için kullanılabilir; 

ancak bireysel ruh sağlığı değerlendirmelerinde uzman görüşünün yerini alamaz. 

 

4. SONUÇ VE ÖNERİLER 

 

Bu tez çalışmasında, çevrimiçi sosyal ağlarda paylaşılan Türkçe metinlerde stres 

durumunun otomatik olarak sınıflandırılması amaçlanmıştır. Bu amaç doğrultusunda, Twitter Full 

veri kümesi Türkçeye çevrilmiş, gürültülü metinler temizlenmiş ve text-label yapısına sahip 8.892 

örnekten oluşan son veri seti hazırlanmıştır. Veri setinde stresli ve stressiz sınıflar yaklaşık dengeli 

dağıldığından, modellerin performansı doğruluk yanında kesinlik, hassasiyet, F1-skor ve makro 

F1 ile değerlendirilmiştir. 

Deneysel sonuçlar, BerTurk modelinin 0,8657 doğruluk ve 0,8656 F1-skor ile DVM ve 

CNN modellerine kıyasla en yüksek performansı sergilediğini göstermiştir. TF-IDF tabanlı DVM 

modeli 0,8054 doğruluk ve 0,8123 F1-skor ile CNN modelinden daha başarılı olurken, CNN 

modeli 0,7386 doğruluk ve 0,7587 F1-skor elde etmiştir. CNN modelinin stresli sınıfı yakalama 

eğilimi yüksek olmakla birlikte yanlış pozitif sayısının DVM modeline göre daha fazla olduğu 

görülmüştür. Bu bulgular, kısa ve gürültülü sosyal medya metinlerinde klasik makine öğrenmesi 

yöntemlerinin hâlâ güçlü ve yorumlanabilir bir çözüm sunduğunu; ancak önceden eğitilmiş dil 

modellerinin bağlamsal anlamı yakalama konusunda belirgin bir üstünlük sağladığını ortaya 

koymaktadır. 

Gelecek çalışmalarda doğrudan Türk kullanıcılarından, etik izin süreçleri tamamlanmış ve 

anonimleştirilmiş sosyal medya verilerinin toplanması önerilmektedir. Ayrıca BerTurk (Schweter, 

2020), multilingual BERT ve Türkçe için eğitilmiş diğer transformer tabanlı modellerle daha 

kapsamlı ve karşılaştırmalı deneyler yapılabilir. Kullanıcıların zaman içindeki paylaşım örüntüleri, 

sosyal etkileşimleri, emoji kullanımı ve görsel içerikleri modele dâhil edilerek çok kipli stres 

tespiti çalışmaları yürütülebilir. Böylece metin tabanlı sınıflandırma sistemlerinin gerçek dünya 

koşullarında daha güvenilir ve bağlam duyarlı hâle getirilmesi mümkün olabilir. 

Son olarak, stres tespit sistemlerinin etik kullanımına özel önem verilmelidir. Sosyal medya 

verilerinden ruh hâli çıkarımı, kişisel mahremiyet ve yanlış sınıflandırma riskleri barındırmaktadır. 

Bu nedenle geliştirilecek sistemlerin bireysel tanı amacıyla değil, toplu eğilim analizi, araştırma 

desteği ve farkındalık oluşturma amaçlarıyla kullanılması daha uygun olacaktır. 
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Özet 

Geleneksel tıpta yaygın olarak kullanılan bitkilerin biyolojik aktiviteleri, yetiştikleri bölgenin 

ekolojik koşullarına, kullanılan bitki kısmına ve ekstraksiyon yöntemine bağlı olarak değişiklik 

gösterebilmektedir. Bu nedenle, farklı lokalitelerden elde edilen tıbbi bitkilerin antimikrobiyal, 

antioksidan ve DNA koruyucu potansiyellerinin deneysel olarak ortaya konulması önem 

taşımaktadır. Bu doğrultuda literatürde henüz incelenmemiş lokasyonlardan elde edilen damar 

otunun, (Plantago lanceolata L.) yapraklarından elde edilen ekstraktın antimikrobiyal, antioksidan 

ve DNA koruyucu aktivitelerinin in vitro koşullarda değerlendirilmesi amaçlanmıştır. Bitki 

materyali kurutulup öğütüldükten sonra ekstrakte edilmiş; elde edilen ekstraktın antimikrobiyal 

etkisi Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923 ve Candida 

dubliniensis NCPF 3949 suşları üzerinde disk difüzyon yöntemiyle belirlenmiştir. Antioksidan 

aktivite FRAP ve DPPH yöntemleriyle, DNA koruyucu/kırıcı etki ise pBR322 plazmit DNA ve 

Fenton reaktifi kullanılarak araştırılmıştır. Çalışma sonucunda damar otu yaprak ekstraktının E. 

coli üzerinde 10,54±0,11 mm, S. aureus üzerinde ise 7,08±0,07 mm inhibisyon zonu oluşturduğu; 

buna karşılık C. dubliniensis üzerinde antimikrobiyal etki göstermediği belirlenmiştir. Antioksidan 

analizlerde ekstraktın FRAP ve DPPH aktivitelerinin standart madde olarak kullanılan troloksa 

kıyasla düşük düzeyde kaldığı tespit edilmiştir. DNA koruma analizlerinde ise ekstraktın 0,5 ve 1 

mg/mL konsantrasyonlarında plazmit DNA üzerinde doğrudan zarar verici bir etki göstermediği, 

ancak Fenton reaktifiyle oluşturulan oksidatif DNA hasarına karşı belirgin bir koruyucu etki 

sergilemediği saptanmıştır. Sonuç olarak, Plantago lanceolata L. yaprak ekstraktının özellikle E. 

coli üzerinde sınırlı düzeyde antimikrobiyal etki gösterdiği, ancak antioksidan ve DNA koruyucu 

aktivitesinin beklenen düzeyde olmadığı değerlendirilmiştir. Bitkinin biyolojik etkinliğinin daha 

kapsamlı ortaya konulabilmesi için farklı ekstraksiyon yöntemleri, çözücüler, konsantrasyonlar ve 

mikroorganizma suşları kullanılarak yeni çalışmalar yapılması önerilmektedir. 

Anahtar kelimeler: Plantago lanceolata, Antibakteriyel, Antioksidan, DNA koruma 

  

mailto:merve.balaban@siirt.edu.tr
mailto:sulezengin@siirt.edu.tr
mailto:eakkemik@siirt.edu.tr


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

661 
 

INVESTIGATION OF THE ANTIMICROBIAL, ANTIOXIDANT, AND DNA 

PROTECTIVE ACTIVITIES OF LEAF EXTRACT OF DAMAR OTU (Plantago 

lanceolata) UNDER IN VITRO CONDITIONS 

 

 

 

Abstract 

Biological activities of plants widely used in traditional medicine may vary depending on the 

ecological conditions of the region where they grow, the plant part used, and the extraction method 

applied. Therefore, experimentally revealing the antimicrobial, antioxidant, and DNA-protective 

potentials of medicinal plants obtained from different localities is of great importance. 

Accordingly, this study aimed to evaluate the antimicrobial, antioxidant, and DNA-protective 

activities of the leaf extract obtained from ribwort plantain (Plantago lanceolata L.) collected from 

locations that have not yet been investigated in the literature under in vitro conditions. After the 

plant material was dried and ground, it was extracted, and the antimicrobial activity of the obtained 

extract was determined by the disk diffusion method against Escherichia coli ATCC 25922, 

Staphylococcus aureus ATCC 25923, and Candida dubliniensis NCPF 3949 strains. Antioxidant 

activity was investigated using FRAP and DPPH methods, while DNA-protective/damaging 

activity was evaluated using pBR322 plasmid DNA and Fenton reagent. The results showed that 

the ribwort plantain leaf extract formed inhibition zones of 10.54±0.11 mm against E. coli and 

7.08±0.07 mm against S. aureus, whereas it did not exhibit antimicrobial activity against C. 

dubliniensis. In antioxidant analyses, the FRAP and DPPH activities of the extract were found to 

be lower than those of Trolox, which was used as the standard compound. In DNA protection 

analyses, the extract did not show any direct damaging effect on plasmid DNA at concentrations 

of 0.5 and 1 mg/mL; however, it did not exhibit a significant protective effect against oxidative 

DNA damage induced by Fenton reagent. In conclusion, Plantago lanceolata L. leaf extract 

showed limited antimicrobial activity, particularly against E. coli, whereas its antioxidant and 

DNA-protective activities were not at the expected level. Further studies using different extraction 

methods, solvents, concentrations, and microorganism strains are recommended to more 

comprehensively reveal the biological activity of this plant. 

 

Keywords: Plantago lanceolata, Antibacterial, Antioxidant, DNA protective 
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GİRİŞ 

Farklı toprak tiplerinde kolaylıkla yetişebilen hem insan hem de hayvan beslemede kullanılabilen 

Sinirotunun (Plantago) fitokimyasal kompozisyonunda bol miktarda bulunan biyolojik aktif 

bileşenler bitkiyi sağlık açısından önemli kılmaktadır (Kara, 2016). Plantago, Plantaginaceae 

familyasının en önemli cinsidir ve dünya genelinde geleneksel tıpta farklı amaçlarla 

kullanılmaktadır. Türkiye’de geleneksel tıpta en yaygın kullanılan Plantago türleri ise Plantago 

coronopus, Plantago major, Plantago media ve Plantago lanceolata’dır (Aşkin Çelik ve 

Aslantürk, 2006). Plantago lanceolata L. da değişik toprak şartlarında kolaylıkla gelişebilen, 

Plantaginaceae familyasının çok yıllık bir bitki türüdür (Orhan, 2024). Bu bitki türü (Plantago 

lanceolata L.), ılıman iklim bölgelerindeki otlaklarda yaygın olarak bulunan; yaprağı, otlayan 

hayvanlar için oldukça lezzetli ve mineral bakımından zengin bir yem kaynağıdır. Tür, çok çeşitli 

tarım topraklarında hızlı bir şekilde yetişir ve kuraklığa, birçok yaygın hastalığa ve zararlıya karşı 

dayanıklıdır (Stewart, 1996). Halk arasında Belgpanık, Belhevzar, Giyamambel, Mambel, İlan 

dili, Zimanugmari, Siyilliyaprak, Sinirotu, Kırksinir, Yedidamar otu, Yara otu, Kesik otu, Sinirli 

ot, Badik otu, Çitlek otu, Dar yapraklı sinir otu, Paga yaprağı, Bobvitsa, Damarlı ot, Bağcı yaprağı, 

Kırkdamar otu, Siğil otu olarak da bilinmektedir (Dalar vd., 2012).  

Damarotu (P. lanceolata), öksürük ve astım hastaları için çay, şurup veya hap şeklinde kullanılır; 

bitkinin yapraklarından elde edilen merhemler ise göz tahrişini yatıştırmak ve kaşıntıyı gidermek 

amacıyla kullanılmaktadır (Tukel vd., 2005, Can vd., 2021). Bitkinin farklı kısımlarının 

antienflamatuvar, antibakteriyel, antimikrobiyal, antioksidan, idrar söktürücü, antiastmatik, 

anestezik, antiviral, antihelmintik, analjezik, analeptik, antihistaminik, antirematik, antitümör, 

antiülser, anti-mitotik ve anti-genotoksik, diüretik ve hipotansif özelliklere sahip olduğu 

bildirilmiştir (Aşkin Çelik ve Aslantürk, 2006; Kuranel, 2012; Kara, 2016; Rahamooz-Haghighi 

vd., 2021; Akbalık vd., 2021). Yaprakları geleneksel tıpta apse olgunlaştırma, kesiklerin hızlı 

iyileşmesi, mide rahatsızlığı, rahim kanseri, yara iyileştirme, sivilce, çıban, tüberküloz, astım ve 

bronşitte kullanılmaktadır (Dalar vd., 2012). Çok yıllık geniş bir yayılışa sahip olan Plantago 

lanceolata bitkisi çeşitli kötü huylu hastalıkların tedavisinde ve bağışıklık, solunum, sindirim, 

üriner ve üreme sistemlerini güçlendirmek amacıyla kullanılmaktadır (Al-Mosawie ve Al-Maliky, 

2023).  

Plantago lanceolata L. ekstraktlarında bulunan önemli tıbbi bileşikler; flavonoidler, glikozid 

iridoidler ve fenoller olmak üzere üç ana sınıfa aittir. Bu bileşikler arasında apigenin, katalpol ve 

gallik asit yer almaktadır. 6000’den fazla farklı flavonoid arasında apigenin, en yaygın bulunan ilk 

beş flavonoid türünden biridir (Rahamooz-Haghighi vd., 2021).  

Geleneksel tıpta yaygın olarak kullanılan bitkilerin biyolojik aktiviteleri; bitkinin yetiştiği 

bölgenin ekolojik özellikleri, toprak yapısı, kullanılan bitki kısmı, ekstraksiyon yöntemi ve test 

edilen mikroorganizma türlerine bağlı olarak değişiklik gösterebilmektedir (Dalar vd., 2012; 

Akbalık vd., 2021). Bu durum, aynı bitki türüne ait ekstraktların farklı lokalitelerde farklı 

antimikrobiyal, antioksidan ve DNA koruyucu etkiler sergileyebilmesine neden olmaktadır. 

Literatürde Plantago lanceolata L. türünün çeşitli biyolojik aktivitelerine ilişkin çalışmalar 

bulunmakla birlikte (Aşkin Çelik ve Aslantürk, 2006; Kuranel, 2012; Rahamooz-Haghighi vd., 

2021; Akbalık vd., 2021), Siirt bölgesinden elde edilen damar otu yaprak ekstraktının 

antimikrobiyal, antioksidan ve DNA koruyucu/kırıcı etkilerini birlikte değerlendiren çalışmaların 

sınırlı olduğu görülmektedir. Bu nedenle, bölgesel ekolojik koşullarda yetişen P. lanceolata 

yaprak ekstraktının biyolojik etkinliğinin deneysel olarak ortaya konulması önemli bir araştırma 

problemi olarak değerlendirilmektedir. Bu çalışmada söz konusu eksiklikten hareketle, Siirt 

Üniversitesi Kezer Kampüsü’nden toplanan damar otu yaprak ekstraktının bazı 
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mikroorganizmalar üzerindeki antimikrobiyal etkisi ile antioksidan ve DNA koruyucu/kırıcı 

aktivitelerinin in vitro koşullarda araştırılması amaçlanmıştır. 

 

2. MATERYAL VE YÖNTEM 

2.1. Bitki Materyali ve Özütleme Prosedürü 

Çalışmada kullanılan Plantago lanceolata bitkisi Siirt Üniversitesi Kezer kampüsünden 

toplanmıştır. Yıkanıp temizlendikten sonra kurutularak öğütülen Plantago lanceolata 

yapraklarından ekstrakt hazırlanmasında Balaban vd. (2025) tarafından bildirilen yöntem 

uygulanmış; elde edilen kuru madde %10 (v/v) DMSO ile çözülerek antimikrobiyal çalışmalar için 

13,08 mg/mL, antioksidan çalışmalar için ise 1 mg/mL olacak şekilde hazırlanmış ve gerekli 

seyreltmeler saf su ile gerçekleştirilmiştir (Balaban vd., 2025). 

2.2. Antimikrobiyal Aktivite Analizi 

Antimikrobiyal aktivite, Böke vd. (2022)’nin yönteminde küçük modifikasyonlar yapılarak disk 

difüzyon tekniği ile belirlenmiştir. Bu kapsamda 0,5 McFarland standardına ayarlanan E. coli 

ATCC 25922, S. aureus ATCC 25923 suşu Mueller–Hinton Agar yüzeyine Candida dubliniensis 

NCPF 3949 suşu ise Sabouraud Dextrose agar yüzeyine 100 µL inoküle edilmiş; damar otu 

ekstraktı steril boş disklere 10 µL olacak şekilde emdirilip agar yüzeyine yerleştirilmiştir. Pozitif 

kontrol olarak bakteriler için amikasin (30 µg), mayalar için ise Nystatin (NY 100 μg) negatif 

kontrol olarak %10 DMSO emdirilmiş diskler kullanılmıştır. Plaklar 37°C’de 24 saat inkübe 

edildikten sonra oluşan inhibisyon zonları dijital kumpasla ölçülmüştür. 

2.3. Demir İndirgeyici Antioksidan Güç (FRAP) 

FRAP yönteminde ferrik iyonlarını (Fe3+) ferröz iyonlarına (Fe2+) indirgeme kuvveti ilkesine 

dayanarak antioksidan aktivite belirlenmiştir (Benzie vd., 1996; Benzie ve Szeto, 1999). 0,3 M’lık 

Asetik asit tamponu (pH: 3,6) hazırlanmıştır. 40 mM’lık HCl hazırlanır ve 100 mL’si 2,4,6-tris(2-

piridil)-s-triazin (TPTZ) hazırlamada kullanılmıştır. 10 mM’lık TPTZ 40 mM’lık 100 mL HCl 

içinde çözündürülmüştür. 20 mM’lık FeCl3 hazırlanmıştır. FRAP Reaktifinin Hazırlanması: 10 

hacim 0,3 M’lık asetik asit tamponu, 1 hacim 10 mM’lık TPTZ ve 1 hacim 20 mM’lık FeCl3.6H2O 

çözeltisinden oluşmaktadır. 10 µL örnek (1 mg/mL) üzerine 112,5 µL FeCl3, 112,5 µL FRAP 

reaktifi eklenip son hacim 225 µL’ye tampon ile tamamlanmıştır. Pipetlemenin ardından 20 dk 

karanlıkta inkübasyon sonrasında 593 nm dalga boyunda absorbans ölçümü yapılarak % demir 

indirgeme değerleri belirlenmiştir. Standart olarak 0,2 mg/mL Troloks kullanılmıştır. 

2.4. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) 

DPPH yöntemi ile antioksidan aktivite tayininde Benvenuti ve ark., (2004) tarafından önerilen 

yöntem modifiye edilerek (Gülçin ve Alwasel, 2023) kullanılmıştır. Yöntem, DPPH radikalinin 

inhibisyonu sonucunda renginde oluşan azalmaların 517 nm dalga boyunda ölçülmesine dayanır. 

10 µL örnek (1 mg/mL) üzerine, 140 µL etanol eklenmiş ve 100 µL 0,5 mM DPPH radikali ilave 

edilerek karanlık ortamda oda sıcaklığında 30 dakika inkübasyona bırakılmıştır. Pipetleme 3 

tekrarlı olarak 96 kuyucuklu plate kullanılarak yapılmıştır. Örneklerin 517 nm dalga boyunda 

Multiskan Go spektrofototometre cihazında absorbans değerleri kaydedilmiştir. Standart olarak 

0,2 mg/mL Troloks kullanılmıştır. 

2.5. DNA Koruyucu Aktivite 

Damar otu yaprak ekstraktının pBR322 plazmit DNA üzerindeki koruma/kırma etkinliği H2O2 

radikali barındıran Fenton reaktifi kullanılarak gerçekleştirilmiştir (Akkemik vd., 2022). Her bir 

özüt için 1 mg/mL ve 0,5 mg/mL konsantrasyonda çalışılmıştır. Tüm reaksiyon ortamlarında 

plazmit DNA mevcuttur ve reaksiyon son hacmine saf suyla tamamlanmıştır. Yalnızca plazmit 

içeren ortam negatif kontrol; Fenton ve plazmit DNA içeren ortam ise pozitif kontrol olarak 
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adlandırılmıştır. Özütlerin DNA koruma etkisini belirlemek için ortamda Fenton mevcutken; 

özütlerin DNA kırma potansiyelinin olup olmadığını belirlemek için Fenton eklenmemiştir. 

Reaksiyon ortamı 3 µL pBR322 plazmit DNA, 5 µL Fenton solüsyonu (30 mM H2O2, 50 mM, 

askorbik asit ve 80 mM FeCl3) ve 5 µL (1 mg/mL ve 0,5 mg/mL) bitki ekstraktlarından oluşarak 

20 μL’ye saf suyla tamamlanmıştır. 37°C’de 30 dakika inkübasyonun sonunda EtBr (Etidyum 

bromür) ile işaretli agaroz jel elektroforezi (Major Science) ile 100 voltta 60 dakika yürütülmüştür.  

 

3. SONUÇ VE DEĞERLENDİRME 

Çalışma sonucunda, damar otu yaprak ekstraktının C. dubliniensis’e karşı antimikrobiyal etki 

göstermediği, ancak E. coli üzerinde 10,54±0,11 mm, S. aureus üzerinde ise 7,08±0,07 mm 

inhibisyon zonu oluşturduğu belirlenmiştir. Buna göre ekstraktın E. coli üzerinde S. aureus’a 

kıyasla daha etkili olduğu görülmüştür. Çalışmamızın aksine, Bitlis yöresinde (Bitlis Merkez, 

Tatvan, Mutki ve Adilcevaz) yetişen Plantago lanceolata bitkisinin antimikrobiyal etkisinin 

araştırıldığı bir çalışmada, E. coli ATCC 35218’e karşı tüm lokalitelerden elde edilen bitki 

ekstraktlarının etkisiz olduğu bildirilmiştir. Ayrıca Bitlis yöresinden toplanan bitki örneklerinin E. 

aerogenes ATCC 13048, A. baumannii, P. aeruginosa ATCC 27853, E. coli ATCC 35218 ve E. 

faecalis ATCC 29212 üzerindeki antimikrobiyal etkilerinin lokaliteye bağlı olarak farklılık 

gösterdiği; Adilcevaz’dan alınan örneklerin ise incelenen tüm mikroorganizmalar üzerinde etkisiz 

olduğu belirtilmiştir. Bu farklılıkların, bitkinin yetiştiği bölgenin toprak özellikleri ve ekolojik 

koşullarından kaynaklanabileceği düşünülmektedir (Akbalık vd., 2021). 

Çalışmamız kapsamında P. lanceolata özütünün 2,5, 5,0, 10,0 ve 15,0 µg konsantrasyonlarındaki 

FRAP aktiviteleri sırasıyla %6,38, %10,22, %14,46 ve %19,09 olarak belirlenmiştir. Buna 

karşılık, standart madde olarak kullanılan troloks için 0,5 ve 1 µg konsantrasyonlarında bu etkinin 

%45,13–%58,77 aralığında olduğu tespit edilmiştir. DPPH radikal giderim aktivitesinde ise P. 

lanceolata özütünün 5,0–10,0 µg konsantrasyonlarında %2,06–%12,54 aralığında aktivite 

gösterdiği; troloksun 0,5, 1 ve 2 µg konsantrasyonlarında ise sırasıyla %50,19, %83,27 ve %91,95 

oranında radikal giderim aktivitesi sergilediği belirlenmiştir. Bu bulgular, bitki özütünün hem 

FRAP hem de DPPH radikal giderim aktivitelerinin standart maddeye kıyasla düşük düzeyde 

kaldığını göstermektedir. P. lanceolata bitki örneklerinin antioksidan aktivitelerinin 

değerlendirildiği farklı bir çalışmada, DPPH inhibisyon oranı ve EC50 değerlerinin lokaliteye bağlı 

olarak farklılık gösterdiği bildirilmiştir. Belirtilen çalışmada Tatvan örneklerinde %62,47, Bitlis 

örneklerinde %37,47 Adilcevaz örneklerinde %18,17, Mutki örneklerinde ise %13,89 DPPH 

inhibisyonu belirlenmiştir. Elde edilen bulgular doğrultusunda, Tatvan’dan alınan örneklerin diğer 

lokalitelerden elde edilen örneklere kıyasla daha yüksek antioksidan aktivite sergilediği ortaya 

konulmuştur (Akbalık vd., 2021). P. lanceolata bitkisinin yaprak, gövde, çiçek, meyve, kök ve 

tüm bitki kısımlarından elde edilen ekstraktlarının demir indirgeme antioksidan gücü (FRAP) ve 

oksijen radikali emme kapasitesi (ORAC) değerlendirildiğinde, P. lanceolata ekstraktlarının 

Malva neglecta ekstraktlarına kıyasla anlamlı düzeyde daha yüksek antioksidan kapasite 

gösterdiği bildirilmiştir. FRAP değerlerinin 130,4±11,5 µmol Fe²⁺/g kuru ağırlık ile gövde 

ekstraktında en düşük, 369,1±19,4 µmol Fe²⁺/g kuru ağırlık ile yaprak ekstraktında en yüksek 

düzeyde olduğu belirlenmiştir. Bu değerlerin, Malva neglecta ekstraktlarında belirlenen 

değerlerden yaklaşık 1,9–2,6 kat daha yüksek olduğu ifade edilmiştir. Her iki bitkide de yaprak 

ekstraktlarının en yüksek toplam indirgeme kapasitesine sahip olduğu; P. lanceolata 

ekstraktlarında FRAP değerleri bakımından yaprakları sırasıyla çiçek, kök, meyve ve gövde 

ekstraktlarının takip ettiği bildirilmiştir (Dalar vd., 2012). 
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Plantago lanceolata L. bitki ekstresinin, plazmit DNA (pBR322) üzerinde Fenton reaktifi ile 

oluşturulan hasarın giderimine yönelik çalışmanın bulunmaması çalışmamızın özgünlüğünü ortaya 

koymaktadır. Deney sonucunda plazmit DNA (pBR322) üzerinde, Plantago lanceolata 

ekstraktının koruyucu etkisinin beklenen düzeyde olmadığı belirlenmiştir. Ekstraktın 0,5 ve 1 

mg/mL konsantrasyonlarında doğrudan zarar verici bir etkisi tespit edilmemiş; ancak Fenton 

reaktifine karşı koruyucu etki göstermediği saptanmıştır (Şekil 1). 

 
Şekil 1.  Agaroz jel elektroforez görüntüsü a. Agaroz jel üzerinde plazmit DNA formları 

(Mohammad vd., 2024). b. 1. Negatif kontrol (Plazmit DNA) 2. Pozitif kontrol (Plazmit 

DNA+Fenton), 3. Damar otu 1 mg/mL, 4. Damar otu 0,5 mg/mL, 5. Damar otu 1 mg/mL+Fenton 

6. Damar otu 0,5 mg/mL+Fenton. c. Agaroz jel üzerinde farklı formlardaki DNA’nın Image J 

programı ile hesaplanan bant yoğunluk yüzdeleri 

Sonuç olarak, bu bitkinin farklı mikroorganizmalar ve alternatif ekstraksiyon yöntemleri 

kullanılarak yeniden değerlendirilmesinin, biyolojik etkinliğinin artırılmasına katkı 

sağlayabileceği düşünülmektedir. 
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Özet 

Dünya genelinde ve Türkiye’de bitkisel protein kaynağı olarak stratejik bir öneme sahip olan nohut 

(Cicer arietinum L.), üretim sezonu boyunca çeşitli biyotik ve abiyotik stres faktörlerinin baskısı 

altındadır. Bu çalışma, Kırıkkale ili ekolojik koşullarında yaygın olarak üretilen "Azkan" nohut 

çeşidinde, tuz stresi (50 ve 100 mM NaCl) ile Fusarium oxysporum f. sp. ciceris’in (Foc) en yüksek 

patojeniteye sahip formu olan Irk 2A’nın neden olduğu biyotik ve abiyotik stres 

kombinasyonlarına karşı silisyumun koruyucu etkilerini belirlemek amacıyla yürütülmüştür. 

Deneme, iklim odasında kontrollü koşullar altında (25±2 °C), petri kaplarında yürütülmüştür. 

Silisyum kaynağı olarak ticari bir potasyum silikat (K2SiO3) preparatı (50 ve 100 ppm Si) tercih 

edilmiştir. Laboratuvar ortamında, petri kaplarında gerçekleştirilen deneme süresince tohumlar 

günlük olarak fotoğraflanmış; çimlenme oranları ve radikula (kökçük) uzunlukları dijital görüntü 

analiz yazılımı aracılığıyla hassas bir şekilde ölçülmüştür. Elde edilen veriler; en şiddetli stres 

faktörü olan Foc Irk 2A inokülasyonunun ve 100 mM NaCl uygulamasının radikula uzunluğu, 

çimlenme oranı ve vigor indeksi parametrelerini tamamen durdurarak (total süpresyon) bitki 

gelişimini engellediğini göstermiştir. Kontrol grubunda 179.9 olarak hesaplanan Vigor İndeksi, 

Foc varlığında sıfıra inmiş; 100 mM NaCl uygulamasında ise 7.5 değerine gerileyerek anlamlı bir 

düşüş göstermiştir. Araştırma bulguları, potasyum silikat takviyesinin tüm stres 

kombinasyonlarında iyileştirici bir rol oynadığını kanıtlamıştır. Özellikle 50 mM NaCl baskısı 

altında sadece %20 seviyesinde kalan çimlenme oranı, 100 ppm Si ilavesiyle %60'a yükselmiştir. 

En agresif patojen olan Irk 2A ve tuz stresinin eş zamanlı uygulandığı en zorlu gruplarda dahi 

silisyum varlığı, durma noktasına gelen çimlenme ve kökçük gelişimini yeniden başlatmıştır. 

Sonuç olarak silisyumun, Azkan nohut çeşidinde şiddetli stres faktörlerine karşı fizyolojik bir 
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bariyer oluşturarak çimlenme kapasitesini koruduğu ve radikula gelişimini morfolojik düzeyde 

desteklediği belirlenmiştir. 

Anahtar Kelimeler: Azkan Nohut, Fusarium oxysporum f. sp. ciceris Irk 2A, Potasyum Silikat, 

Tuz Stresi, Vigor İndeksi, Stres Hafifletme 
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THE EFFECTS OF POTASSIUM SILICATE APPLICATION ON GERMINATION 

PARAMETERS OF AZKAN CHICKPEA CULTIVAR (Cicer arietinum L.) UNDER 

SALT AND FUSARIUM OXYSPORUM F. SP. CICERIS STRESS IN KIRIKKALE 

CONDITIONS 

 

 

Abstract 

Chickpea (Cicer arietinum L.), which has strategic importance as a plant-based protein source 

worldwide and in Türkiye, is under the pressure of various biotic and abiotic stress factors 

throughout the production season. This study was conducted to evaluate the protective effects of 

silicon against the combined biotic and abiotic stresses caused by salinity (50 and 100 mM NaCl) 

and the most virulent form of Fusarium oxysporum f. sp. ciceris (Foc), Race 2A, in the "Azkan" 

chickpea cultivar commonly grown in the ecological conditions of Kırıkkale. The experiment was 

conducted under controlled climate conditions (25±2 °C) in petri dishes. A commercial potassium 

silicate (K2SiO3) formulation was preferred as the silicon source at concentrations of 50 and 100 

ppm Si. During the experiment carried out in petri dishes under laboratory conditions, seeds were 

photographed daily; germination rates and radicle lengths were precisely measured using digital 

image analysis software. The data obtained revealed that inoculation with Foc Race 2A, the most 

severe stress factor, and the application of 100 mM NaCl completely arrested (total suppression) 

the radicle length, germination rate, and vigor index parameters, thereby inhibiting development. 

The vigor index, calculated as 179.9 in the control group, dropped to zero in the presence of Foc; 

under 100 mM NaCl treatment, it decreased to 7.5, indicating a significant reduction. The research 

findings proved that potassium silicate supplementation played a restorative role across all stress 

combinations. Specifically, the germination rate, which remained at only 20% under 50 mM NaCl 

pressure, increased to 60% with the addition of 100 ppm Si. Even in the most challenging groups 

where the aggressive pathogen Race 2A and salt stress were applied simultaneously, the presence 

of silicon restarted the germination and radicle development that had come to a standstill. In 

conclusion, it was determined that silicon forms a physiological barrier against severe stress factors 

in the Azkan chickpea cultivar, preserving germination capacity and supporting radicle 

development at the morphological level. 

Keywords: Azkan Chickpea, Fusarium oxysporum f. sp. ciceris Race 2A, Potassium Silicate, 

Salt Stress, Vigor Index, Stress Mitigation 
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Giriş 

Nohut (Cicer arietinum L.), Fabaceae familyasına ait, yüksek protein içeriği ve zengin besin 

değeri ile küresel gıda güvencesinde stratejik öneme sahip tek yıllık bir serin iklim yemeklik tane 

baklagilidir (Swamy, 2023). Kurak ve yarı kurak iklim koşullarına adaptasyon yeteneği yüksek 

olan bu kültür bitkisinin üretiminde Hindistan dünya lideri konumundadır. Türkiye ise yıllık 

yaklaşık 520.000 tonluk üretimi ve 187 milyon dolarlık ihracat hacmiyle (2022 yılı verilerine göre) 

küresel pazarın en önemli aktörlerinden biri olup; Rusya ve Meksika gibi ülkelere yönelik yoğun 

bir ihracat potansiyeline sahiptir (TÜİK, 2022; FAS, 2023). Ancak, küresel iklim değişikliği ve 

monokültür tarım uygulamaları, nohut üretim alanlarında hem abiyotik hem de biyotik stres 

faktörlerinin baskısını her geçen gün artırmaktadır. 

Nohut yetiştiriciliğini sınırlandıran en kritik biyotik faktörlerin başında, Fusarium 

oxysporum’un nohuta özelleşmiş formu olan toprak kökenli vasküler fungus Fusarium oxysporum 

f. sp. ciceris (Foc)’in neden olduğu Fusarium solgunluğu gelmektedir (Bayraktar ve Dolar, 2012; 

Kocalar ve ark., 2020). Patojen, bitkinin su ve besin elementi iletimini sağlayan ksilem dokusunu 

bloke ederek genel sararma, solgunluk ve iletim demetlerinde karakteristik nekrozlara yol 

açmaktadır (Tullu, 1996). Tohum kökenli yayılım gösterme yeteneğine sahip olan Foc, 

epidemiyolojik koşullarda %100’e varan verim kayıplarına neden olabilmektedir ( Farahani ve 

ark., 2015; Bhar ve ark., 2021). Türkiye’deki nohut ekim alanlarının yaklaşık %40’ının bu 

patojenle bulaşık olduğu bildirilmektedir (Dolar, 2020). Ege, İç Anadolu ve Orta Anadolu 

havzalarında (Eskişehir, Uşak, Yozgat, Kırıkkale, Kırşehir) yürütülen epidemiyolojik 

çalışmalarda, toplanan izolatların büyük kısmının yüksek virulensli olduğu ve özellikle Irk 2’nin 

(ve alt kemotiplerinin) yaygın olarak ekonomik zarara yol açtığı tespit edilmiştir (Bayraktar ve 

Dolar, 2009; Başbağcı ve Dolar, 2020; Endes, 2023). 

Biyotik baskının yanı sıra, küresel kuraklaşmaya bağlı olarak ortaya çıkan toprak tuzluluğu 

(tuz stresi), nohut tarımını baltalayan en önemli abiyotik stres faktörlerinden biridir. Baklagiller, 

genel morfolojileri itibarıyla tuza karşı oldukça duyarlı (glikofit) bitkilerdir (Munns ve Tester, 

2008). Ortamdaki yüksek NaCl konsantrasyonu, tohum çimlenmesi ve erken fide döneminde 

osmotik dengeyi bozarak su alımını engellemekte, iyon toksisitesine yol açarak hücresel düzeyde 

oksidatif stres meydana getirmekte ve nihayetinde çimlenme vigorunu baskılamaktadır. 

Ekosistemde bu iki stres faktörünün (Foc + tuz) eş zamanlı veya ardışık olarak bulunması, bitkisel 

üretimi geri dönüşümsüz hasarlarla karşı karşıya bırakmaktadır. 

Son yıllarda sürdürülebilir ve çevre dostu tarımsal üretim stratejileri kapsamında, biyo-

uyarıcı (biostimulant) elementlerin kullanımı öne çıkmaktadır. Bu bağlamda silisyum (Si), bitkiler 

için mutlak esansiyel bir element olmamakla birlikte, stres koşullarında mekanik ve fizyolojik 

bariyer oluşturma yeteneğiyle bilinmektedir (Epstein, 1999). Silisyum uygulamaları, hücre 

duvarlarında silika birikimini artırarak patojen penetrasyonunu fiziksel olarak engellemekte 

(antifungal bariyer); aynı zamanda antioksidan savunma enzimlerini uyararak osmotik ayarlamayı 

optimize etmekte ve bitkinin tuz toleransını artırmaktadır (Fawe ve ark., 2001; Ma ve Yamaji, 

2006; Gao ve ark., 2012; Zhu ve Gong, 2014). 

Bu çalışmanın temel amacı; Kırıkkale ili ekolojik koşullarında yaygın olarak kültürü yapılan 

ve stratejik bir yerli genotip olan Azkan nohut (Cicer arietinum L.) çeşidinde, tuz stresi (NaCl) ile 

Fusarium oxysporum f. sp. ciceris (Foc) IRK 2A patojeninin birlikte oluşturduğu kombine (biyotik 

+ abiyotik) stres koşullarına karşı potasyum silikat (Si) uygulamalarının koruyucu ve iyileştirici 

etkilerini laboratuvar ortamında belirlemektir. 

Bu genel amaç doğrultusunda şu spesifik hedeflere odaklanılmıştır: 
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i. Tuz stresi ve fungal patojenin tekli ve kombine etkileri altında Azkan nohut 

tohumlarının çimlenme oranı, çimlenme hızı ve radikula (kökçük) uzaması üzerindeki 

baskılayıcı etkilerini kantitatif olarak ortaya koymak, 

ii. Farklı konsantrasyonlardaki silisyum uygulamalarının ekstrem stres 

varyasyonları altındaki tohum bütünlüğünü, vigor indeksini ve morfolojik gelişim 

parametrelerini yeniden başlatma/sürdürme kapasitesini ölçmek, 

iii. Silisyumun Foc IRK 2A üzerindeki potansiyel antifungal ve engelleyici 

rolünü analiz ederek, bu biyo-uyarıcı etki mekanizmasının tuz stresi varlığında nasıl bir 

fizyolojik değişim sergilediğini karakterize etmektir. 

 

Materyal ve Yöntem 

Bu çalışma, Kırıkkale Üniversitesi Delice Meslek Yüksekokulu, Bitkisel ve Hayvansal 

Üretim Bölümü laboratuvarlarında yürütülmüştür. 

2.1. Bitkisel ve fungal materyal 

Denemede bitkisel materyal olarak, Kırıkkale ili ekolojik koşullarında yaygın olarak 

kültürü yapılan ve bölgedeki yerel üreticilerden temin edilen Azkan nohut (Cicer arietinum 

L.) çeşidine ait tohumlar kullanılmıştır(Şekil 2a). Biyotik stres etmeni olarak kullanılan 

Fusarium oxysporum f. sp. ciceris (Foc) IRK-2A izolatı, Gaziantep Üniversitesi Fen Edebiyat 

Fakültesi Biyoloji Bölümü öğretim üyesi Prof. Dr. Canan Can’ın kültür koleksiyonundan 

temin edilmiştir (Şekil 1). Patojen, deneme öncesinde Patates Dekstroz Agar (PDA) besi 

ortamında alt kültüre alınarak taze souch'lar elde edilmiştir(Şekil 2). 

 

 
Şekil 1. Patates Dekstroz Agar (PDA) ortamında alt kültüre alınmış Fusarium oxysporum f. 

sp. ciceris (FOC) IRK-2A izolatlarının koloni morfolojisi; a: Petri kaplarının ön yüzü (üstten 

görünüm), b: Petri kaplarının ters yüzü (alttan görünüm). 

Figure 1. Colony morphology of Fusarium oxysporum f. sp. ciceris (FOC) RACE-2A 

isolates subcultured on Potato Dextrose Agar (PDA) medium; a: Obverse view of Petri dishes (top 

view), b: Reverse view of Petri dishes (bottom view). 

 

2.2. Kimyasal ajanlar ve stres dozları 

Çalışmada abiyotik stres etmeni olarak iyotsuz kaya tuzu (NaCl) kullanılmış ve 50 mM ile 

100 mM olmak üzere iki farklı konsantrasyon hazırlanmıştır. Koruyucu/biyo-uyarıcı ajan olarak 
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ise potasyum silikat (K2SiO3) tercih edilmiş, silisyum (Si) dozları 50 ppm ve 100 ppm olarak 

ayarlanmıştır (Çizelge 1). 

2.3. Yüzey sterilizasyonu ve deneysel kurulum 

Patojen inokülasyonu ve ekim süreçlerinde kontaminasyon riskini minimize etmek amacıyla 

tüm işlemler laminer akış kabininde, steril koşullar altında gerçekleştirilmiştir (Kılınç ve ark., 

2025). 

Nohut tohumları ekim öncesinde sodyum hipoklorit (NaOCl) çözeltisi ile yüzey 

sterilizasyonuna tabi tutulmuş, ardından steril kurutma kağıtları üzerinde kurutulmuştur (Şekil 2) 

 

 
Şekil 2. Deneme aşamalarına ait genel görünümler; a: Çalışmada bitkisel materyal olarak 

kullanılan Azkan çeşidi nohut tohumları, b: Tohumların sodyum hipoklorit (NaOCl) ile yüzey 

sterilizasyonu, c: Steril edilen tohumların kurutma kağıtları üzerinde kurutulması, d: Eksojen 

olarak uygulanan silisyum kaynağı (Potasyum silikat – K2SiO3), e: Fungal patojenin saflaştırılması 

ile tuz ve silisyum dozlarının hazırlanma aşamaları. 

Figure 2. Overview of the experimental stages; a: Chickpea seeds (cv. Azkan) used as plant 

material in the study, b: Surface sterilization of seeds using sodium hypochlorite (NaOCl), c: 

Drying of sterilized seeds on filter papers, d: Exogenous silicon source used in the study 

(Potassium silicate - K2SiO3), e: Purification of the fungal pathogen and preparation stages of 

salinity and silicon doses. 

 

Deneme, Tesadüf Parselleri Deneme Deseni’ne uygun olarak, 18 farklı uygulama grubu ve 

3 tekerrürlü olacak şekilde kurgulanmıştır. Toplamda 54 adet steril Petri kabı kullanılmış ve her 

bir Petri kabına 10 adet homojen nohut tohumu yerleştirilmiştir (Şekil 3). Tohumlar, Çizelge 1'de 

belirtilen kombinasyonlara göre hazırlanan solüsyonlarla muamele edildikten sonra Petri kapları 

parafilmlenmiş ve 25 °C sıcaklığa ayarlı inkübatörde 13 gün süreyle inkübasyona bırakılmıştır. 
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Çizelge 1. Denemede kurulan varyasyonlar ve uygulanan stres/silisyum kombinasyon grupları.  

Table 1. Combinations of experimental groups and applied stress/silicon treatments. 

Grup 

Tuz 

Konsantrasyonu 

(mM) 

Fusarium 

oxysporum 

Silisyum 

Konsantrasyonu (ppm) 

Kontrol Grubu 0 Yok 0 

Silisyum Grubu 1 0 Yok 50 

Silisyum Grubu 2 0 Yok 100 

Tuz Grubu 1 50 Yok 0 

Tuz Grubu 2 100 Yok 0 

Fusarium Grubu 0 Var 0 

Tuz + Fusarium Grubu 1 50 Var 0 

Tuz + Fusarium Grubu 2 100 Var 0 

Silisyum (50 ppm) + Tuz 1 50 Yok 50 

Silisyum (50 ppm) + Tuz 2 100 Yok 50 

Silisyum (100 ppm) + Tuz 1 50 Yok 100 

Silisyum (100 ppm) + Tuz 2 100 Yok 100 

Silisyum (50 ppm) + 

Fusarium 
0 Var 50 

Silisyum (100 ppm) + 

Fusarium 
0 Var 100 

Silisyum (50 ppm) + Tuz + 

Fusarium 1 
50 Var 50 

Silisyum (50 ppm) + Tuz + 

Fusarium 2 
100 Var 50 

Silisyum (100 ppm) + Tuz + 

Fusarium 1 
50 Var 100 

Silisyum (100 ppm) + Tuz + 

Fusarium 2 
100 Var 100 
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Şekil 3. Petri kaplarında nohut denemesinin kurulumu ve tohumların inkübasyon odasında 

(25 °C) inkübe edilmesi aşamaları. 

Figure 3. Setup of the chickpea experiment in Petri dishes and incubation stages of the seeds 

in the incubation chamber (25 °C). 

 

2.4. İncelenen parametreler ve hesaplamalar 

13 günlük inkübasyon periyodu boyunca Petri kapları günlük olarak kontrol edilmiş ve 

aşağıdaki büyüme parametreleri kaydedilmiştir: 

Çimlenme sayısı: inkübasyon süresi boyunca ve sonunda, tohum kabuğunu yırtarak en az 2 

mm uzunluğunda radikula (kökçük) çıkışı sergileyen tohumlar çimlenmiş kabul edilerek 

sayılmıştır. 

Çimlenme oranı (%): Her bir tekerrürdeki toplam tohum miktarına oranla çimlenen 

tohumların yüzdesi aşağıdaki formüle göre hesaplanmıştır: 

 

Çimlenme Oranı (%)=Çimlenen Tohum Sayısı/Toplam Tohum Sayısı×100  

 

Radikula uzunluğu (cm): Çimlenen tohumlarda radikula uzaması, milimetrik cetvel 

yardımıyla radikulanın çıkış (başlangıç) noktasından uç meristem kısmına kadar ölçülmüş ve 

değerler santimetre (cm) cinsinden kaydedilerek ortalamaları alınmıştır. 

Vigor indeksi (tohum canlılık indeksi): Tohumların erken büyüme dönemindeki gücünü 

ve canlılık düzeyini belirlemek amacıyla, çimlenme oranı ile ortalama radikula uzunluğu verileri 

kullanılarak aşağıdaki formül uyarınca vigor indeksi hesaplanmıştır: 

 

Vigor İndeksi=Çimlenme Oranı (%)×Ortalama Radikul Uzunlu (cm) 

 

2.5. İstatistiksel Analizler 

Elde edilen veriler, varyans analizi (ANOVA) ile değerlendirilecektir. Gruplar arasındaki 

farklar, p<0.05 düzeyinde istatistiksel olarak anlamlı kabul edilmiştir. 

 

3. Bulgular ve Tartışma 

Bu çalışmada, nohut tohumlarında tuz stresi (NaCl) ve Fusarium oxysporum f. sp. ciceris 

(FOC) patojeninin tekil ve kombine etkileri ile bu stres faktörlerine karşı eksojen silisyum (Si) 
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uygulamalarının (50 ve 100 ppm) çimlenme parametreleri, radikula uzaması ve Vigor İndeksi 

üzerindeki koruyucu ve teşvik edici (priming) rolleri Petri kabı denemeleriyle incelenmiştir. 

Deneme sonundaki genel görünüm ve uygulama gruplarına ait Petri kabı fotoğrafları Şekil 1’de 

sunulmuştur. 

 

 
Şekil 4. İnkübasyon periyodu sonunda farklı uygulama gruplarına ait Petri kabı genel 

görünümleri ve çimlenme varyasyonları.  

Figure 4. General views of Petri dishes and germination variations across different treatment 

groups at the end of the incubation period. 

 

3.1. Silisyumun çimlenme parametreleri ve radikula uzaması üzerindeki doğrudan 

teşvik edici (priming) etkisi 

Herhangi bir stres faktörü içermeyen kontrol grubu ile tek başına 100 ppm Si uygulanan 

tohumlar karşılaştırıldığında; silisyumun çimlenme sayı ve oranını, radikula uzunluğunu belirgin 

şekilde artırdığı saptanmıştır. Tek başına 100 ppm Si uygulaması, çimlenme sayısını 8’e, çimlenme 

oranını %80’e ulaştırmış ve radikula uzunluğundaki artışla birlikte Vigor İndeksini en yüksek 

seviye olan 260.8’e taşımıştır (Şekil 5a, 5b; Şekil 6; Şekil 7). Uygulamalar arasındaki bu fark 

istatistiksel olarak anlamlı bulunmuştur (P<0.05). 

Bu durum, silisyumun tohumun su alımı (imbibisyon) aşamasından itibaren osmotik 

potansiyeli ve hidrolitik enzim aktivitelerini pozitif yönde modüle ederek embriyo büyümesini 

doğrudan teşvik ettiğini göstermektedir. Literatürde, farklı silisyum formatları ile yapılan tohum 

priming uygulamalarının çimlenme yüzdesi, radikula uzunluğu, fide biyokütlesi ve vigor indeksini 

artırırken ortalama çimlenme süresini kısalttığı bilinmektedir. Elde ettiğimiz bulgular, silisyumun 

tohum canlılığı ve çimlenme gücü üzerindeki teşvik edici etkisinin farklı bitki türlerinde rapor 

edildiği çalışmalar ile uyum içerisindedir (Debona ve ark. 2007; Khan ve ark., 2019; Zhou ve ark., 

2018; Sun ve ark., 2021; de Souza Junior ve ark., 2025). 

      

kontrol 50 ppm Si 100 ppm Si 50 mM NaCl 100 mM NaCl FOC 

      

50 mM NaCl+50 ppm 

Si 

50 mM NaCl+100 

ppm Si 

100mM NaCl+50 

ppm Si 

100 mM NaCl+100 

ppm Si 

FOC+50 ppm Si FOC+100 ppm Si 

   
 

  

FOC+50mM NaCl FOC+100mM NaCl FOC+50mM NaCl+50 

ppm Si 

FOC+50mM 

NaCl+100 ppm Si 

FOC+100mM 

NaCl+50 ppm Si 

FOC+100mM 

NaCl+100ppm Si 

 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

677 
 

 
Şekil 5. Farklı uygulama gruplarında deneme sonunda saptanan; a: Ortalama çimlenme sayısı, b: 

Yüzde çimlenme oranı (%) 

Figure 5. Parameters recorded across different treatment groups at the end of the experiment; a: 

Mean germination number, b: Percentage germination rate (%). 

 

 
Şekil 6. Farklı uygulama gruplarında deneme sonunda ölçülen ortalama radikula uzunlukları 

(cm).  

Figure 6. Mean radicle length (cm) measured across different treatment groups at the end of 

the experiment. 
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3.2. Tuz stresinin (NaCl) çimlenme ve radikula büyümesi üzerindeki baskılayıcı etkisi 

Ortama artan konsantrasyonlarda (50 ve 100 mM) NaCl ilavesi, kontrol grubuna kıyasla 

çimlenme oranı ve hızında istatistiksel olarak anlamlı düşüşlere yol açmıştır (P<0.05). Tuz stresi 

uygulanan gruplarda çimlenme parametrelerindeki gerilemenin yanı sıra radikula uzunluğu ve 

Vigor İndeksinde (50 mM NaCl'de 9.2; 100 mM NaCl'de 7.5) anlamlı bir azalma kaydedilmiştir. 

Özellikle 100 mM NaCl dozunda tohumların çimlenme döngüsünü başlatabilmesine rağmen (%30 

çimlenme oranı), radikula uzamasının 0.25 cm gibi son derece kısıtlı bir seviyede kalması dikkat 

çekici bulunmuştur (Şekil 5b). 

Tuzun ortamda yarattığı yüksek osmotik baskı, tohumların su absorbsiyonunu mekanik 

olarak engellemiş ve iyon toksisitesi radikula hücre uzamasını durdurmuştur. Nitekim, artan NaCl 

düzeylerinin baklagillerde osmotik stres ve iyon toksisitesine bağlı olarak çimlenme kapasitesini 

ve radikula morfolojisini negatif etkilediği, yüksek konsantrasyonlarda vigor indeksinin çöktüğü 

Debona ve ark. (2007) ve Bagartee ve ark. (2025) tarafından da desteklenmektedir. 

3.3. Fusarium oxysporum f. sp. ciceris (FOC) patojenitesinin silisyum tarafından bloke 

edilmesi 

Petri koşullarında tek başına FOC inokulasyonu yapılan varyasyonda, patojenin radikula 

gelişimini tamamen sekteye uğrattığı, yoğun nekrotik lezyonlara yol açtığı ve tüm çimlenme 

parametreleri ile Vigor İndeksinin 0.0 değerine gerilemesine neden olduğu saptanmıştır. Buna 

karşın, patojen baskısı altındaki ortama 100 ppm Si eklendiğinde, çimlenme oranı %30’a 

yükselmiş, Vigor İndeksi ise 36.0 olarak kaydedilmiştir (Şekil 5b, Şekil 7). 

 

 
Şekil 7. Farklı uygulama gruplarında deneme sonunda hesaplanan ortalama tohum vigor 

(canlılık) indeksi değerleri.  

Figure 7. Mean seed vigor index values calculated across different treatment groups at the 

end of the experiment. 

 

FOC’un salgıladığı hücre duvarını sökücü enzimler ve toksinler tohum dokularını hızla 

sürveye ederek çimlenmeyi tamamen durdururken, eksojen silisyumun bu penetrasyonu 

sınırlandırdığı görülmüştür. Silisyumun bitki dokularında birikerek mekanik bir bariyer 
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oluşturması ve tohumun erken dönem antifungal savunma yanıtlarını uyarması bu korumadaki 

temel faktördür. Bulgularımız, Fusarium solgunluk etmeninin yüksek patojenitesi nedeniyle nohut 

tohumlarında çimlenmeyi baskıladığını ancak potasyum silikat uygulamalarının erken dönem 

antifungal koruma sağlayabildiğini bildiren Mart ve ark. (2021) ile Muche ve Yemata (2022)’nın 

çalışmalarıyla örtüşmektedir. 

3.4. Kombine stres koşullarında (NaCl + FOC) silisyumun çift yönlü hafifletici rolü 

Çalışmanın en kritik ve çarpıcı verisi, hem patojen enfeksiyonunun (FOC) hem de yüksek 

tuz konsantrasyonunun (100 mM NaCl) eş zamanlı uygulandığı kombine stres gruplarında elde 

edilmiştir. Silisyum içermeyen kombine stres grubunda çimlenme tamamen durmuşken (0.0), 

ortama 100 ppm Si uygulamasının dahil edilmesiyle çimlenme oranı %20’de, Vigor İndeksi ise 

12.0 seviyesinde tutulabilmiştir (Şekil 4 ve Şekil 5). 

Biyotik ve abiyotik streslerin bir arada bulunması bitki fizyolojisinde multiplike (katlanmış) 

bir yıkıcı etki yaratmaktadır. Silisyum, bu kombine baskı altında hem hücre duvarını mekanik 

olarak sağlamlaştırmış hem de osmotik dengenin korunmasına katkı sunarak çift yönlü bir 

hafifletici (alleviation) rol oynamıştır. Literatürde silisyumun, tuzluluk ve patojen stresinin eş 

zamanlı olarak uyardığı oksidatif hasarı, antioksidan mekanizmaları uyararak ve iyon 

homeostazını optimize ederek dindirebildiği; hücre duvarındaki silisyum birikiminin bu süreci 

desteklediği bildirilmektedir (Ranjan ve ark., 2021; Mir ve ark., 2022; Nanditha ve ark., 2025). 

Denememizde elde edilen kombine stres altındaki hayatta kalma verileri, bu bütüncül savunma 

teorisini pratik olarak kanıtlamaktadır. 

 

Sonuçlar 

Elde edilen in vitro veriler; potasyum silikat (K2SiO3) uygulamalarının, Azkan nohut 

çeşidinde tuz stresi ile bölgedeki en yüksek patojenisite ve virülens kabiliyetine sahip Fusarium 

oxysporum f. sp. ciceris Irk 2 (2A) kombinasyonunun yıkıcı etkilerini tohum çimlenmesi 

aşamasında başarıyla hafiflettiğini kanıtlamaktadır.  

Nitekim incelenen tüm parametrelerde (çimlenme sayısı/oranı, radikula uzunluğu ve vigor 

indeksi), 100 ppm Si dozunun 50 ppm Si dozuna kıyasla istatistiksel açıdan çok daha kararlı ve 

yüksek bir koruma sağladığı saptanmıştır.  

Bu doğrultuda bulgular, sürdürülebilir tarım stratejileri kapsamında, kombine stres altındaki 

nohut yetiştiriciliğinde tohum aşamasından itibaren silisyum kullanımının son derece güçlü ve 

potansiyel bir girdi olabileceğini ortaya koymaktadır.  

Laboratuvarda en patojenik ırka karşı elde edilen bu başarının saksı ve tarla koşullarında test 

edilmesi, gelecekteki çalışmalar için büyük önem arz etmektedir.  

Ayrıca, silisyumun bu saldırgan patojen ırkına karşı tetiklediği moleküler ve biyokimyasal 

savunma yollarının (gen ekspresyonları) haritalandırılması; pratik tarımsal üretim için potasyum 

silikat bazlı 'tohum priming' veya 'tohum kaplama' protokollerinin geliştirilmesi ve bu silisyum 

kalkanının bölgede ekonomik öneme sahip diğer tescilli nohut çeşitlerinde de denenmesi 

önerilmektedir. 

 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

680 
 

Kaynaklar 

Bagartee, D., Sahoo, S., & Bihari, B. K. (2025). Impact of salt stress on seed germination and 

seedling growth of Cicer arietinum L. Journal of Biology and Nature, 17(2), 518–528. 

Başbağcı, G., & Dolar, S. (2020). The Journal of Turkish Phytopathology, 49(2), 35-39. 

Bayraktar, H., & Dolar, F. (2009). Genetic diversity of wilt and root rot pathogens of chickpea, as 

assessed by RAPD and ISSR. Turkish Journal of Agriculture and Forestry, 33(1), 1–10. 

Bayraktar, H., & Dolar, F. S. (2012). Pathogenic variability of Fusarium oxysporum f. sp. ciceris 

isolates from chickpea in Turkey. Pakistan Journal of Botany, 44, 821–823. 

Bhar, A., Jain, A., & Das, S. (2021). Soil pathogen, Fusarium oxysporum induced wilt disease in 

chickpea: A review on its dynamicity and possible control strategies. Proceedings of the 

Indian National Science Academy, 87(2), 260-274. 

Debona, D., Rodrigues, F. A., & Datnoff, L. E. (2017). Silicon's role in abiotic and biotic plant 

stresses. Annual Review of Phytopathology, 55, 85-107. 

de Souza Junior, J. P., Kadyampakeni, D. M., Shahid, M. A., de Mello Prado, R., & Fajardo, J. L. 

P. (2025). Mitigating abiotic stress in citrus: the role of silicon for enhanced productivity and 

quality. Plant Stress, 16, 100837. 

Dilmaç, M., Dinler, H., & Kaki, B. (2020). Nonpatojen Fusarium spp.'lerinin nohutta Fusarium 

solgunluğuna karşı in vitro koşullarda antagonist etkilerinin belirlenmesi. Türk Tarım ve 

Doğa Bilimleri Dergisi, 7(3), 775-792. 

Dolar, F. S. (2001). Nohutlarda solgunluğa neden olan Fusarium oxysporum f. sp. ciceris'in 

Türkiye'deki mevcut patotiplerinin Random Amplified Polymorphic DNA (RAPD) yöntemi 

ile saptanması (Doktora tezi/Proje Raporu). 

Dolar, F. S. (2006). Nohutlarda solgunluğa neden olan Fusarium oxysporum f.sp. ciceris’in 

Türkiye’deki mevcut patotiplerinin Random Amplified Polymorphic DNA (RAPD) yöntemi 

ile saptanması (Ankara Üniversitesi Bilimsel Araştırma Projeleri Kesin Raporu). 

Endes, A. (2023). Yozgat Kırşehir ve Kırıkkale illerinde nohut kök çürüklük ve solgunluk 

hastalığının oluşumu ve dağılımı. Çukurova Tarım ve Gıda Bilimleri Dergisi, 38(2), 284-

298. 

Epstein, E. (1999). Silicon. Annual Review of Plant Physiology and Plant Molecular Biology, 

50(1), 641-664. 

Farahani, S., Morid, B., Maleki, M., & Saberi, S. (2015). Using SCAR molecular marker to detect 

resistance genes to Fusarium oxysporum f. sp. ciceris in chickpea cultivars and lines. 

Biological Forum – An International Journal, 7(1), 1369-1376. 

FAS Office of Global Market Analysis. (2023). Spotlight: Global chickpea exports rise 

(International Agricultural Trade Report). Prepared by Reed Blauer. Retrieved from 

https://fas.usda.gov/data/spotlight-global-chickpea-exports-rise 

Fawe, A., et al. (2001). Role of silicon in plant disease resistance. Journal of Phytopathology, 

149(11-12), 757-764. 

Gao, Z., et al. (2012). Effects of silicon on the resistance of plants to diseases caused by Fusarium 

oxysporum. Journal of Plant Disease and Protection, 119(6), 266-272. 

Jiménez-Gasco, M. M., et al. (2004). Fusarium oxysporum f. sp. ciceris in chickpea: Molecular 

approaches for pathogen differentiation and monitoring in soil. Phytopathology, 94(4), 409-

415. 

Khan, A., Khan AL, Muneer, S., Kim, Y. H., Al-Rawahi, A., & Al-Harrasi, A. (2019). Silicon and 

salinity: Crosstalk in crop-mediated stress tolerance mechanisms. Frontiers in Plant Science, 

10, 1429. https://doi.org/10.3389/fpls.2019.01429 

https://fas.usda.gov/data/spotlight-global-chickpea-exports-rise
https://www.google.com/search?q=https://doi.org/10.3389/fpls.2019.01429


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

681 
 

Kılınç, B., Güldür, M. E., & Dikilitaş, M. (2025). Bitkilerde ekonomik kayıplara neden olan 

Neoscytalidium novaehollandiae türüne karşı bazı fungisitlerin etkinliğinin belirlenmesi. 

ISPEC Journal of Agricultural Sciences, 9(1), 22-35. 

Kocalar, H., Kafadar, F. N., Ozkan, A., Talapov, T., Demirel, O., Anay, A., ... & Can, C. (2020). 

Türkiye’de Fusarium oxysporum f. sp. ciceris’in güncel dağılımı ve virulansı. Baklagil 

Araştırması: Uluslararası Dergi, 43(5). 

Ma, J. F., & Yamaji, N. (2006). Silicon uptake and accumulation in higher plants. Trends in Plant 

Science, 11(8), 392-397. 

Mart, D., Türkeri, M., Akın, R., Atmaca, E., Yücel, D., Karaköy, T., ... & Can, C. (2021). Doğu 

Akdeniz bölgesinde ileri çıkmış nohut (Cicer arietinum L.) hatlarında kışlık ekimde verim 

ve kalite özelliklerinin değerlendirilmesi. Çukurova Tarım ve Gıda Bilimleri Dergisi, 36(2), 

345–356. 

Mir, R. A., Bhat, B. A., Yousuf, H., Islam, S. T., Raza, A., Rizvi, M. A., Charagh, S., Albaqami, 

M., Sofi, P. A., & Zargar, S. M. (2022). Multidimensional role of silicon to activate resilient 

plant growth and to mitigate abiotic stress. Frontiers in Plant Science, 13, 819658. 

https://doi.org/10.3389/fpls.2022.819658 

Muche, M., & Yemata, G. (2022). Epidemiology and pathogenicity of vascular wilt of chickpea 

(Cicer arietinum L.) caused by Fusarium oxysporum f. sp. ciceris, and the host defense 

responses. South African Journal of Botany, 151, 339–348. 

Munns, R., & Tester, M. (2008). Mechanisms of salinity tolerance. Annual Review of Plant 

Biology, 59, 651-681. 

Nanditha, M., Ramya, V., Ameer Basha, S., & Pushpavalli, S. N. C. V. L. (2025). Isolation, 

purification and pathogenicity of Fusarium oxysporum f. sp. ciceris causing chickpea wilt. 

Journal of Experimental Agriculture International, 47(8), 611–619. 

https://doi.org/10.9734/jeai/2025/v47i83702 

Özkan, R., Bayhan, M., Muhammet, Ö., Yorulmaz, L., & Akıncı, C. (2021). Farklı EMS dozlarıyla 

oluşturulan mutasyonların nohutta (Cicer arietinum L.) çimlenme özelliklerine etkisi. MAS 

Journal of Applied Sciences, 6(2), 234-239. 

Padwick, G. W. (1940). The genus Fusarium. A critical study of the fungus causing wilt of gram 

(Cicer arietinum L.) and the related species of the subsection Orthocera with special relation 

to the variability of key characteristics. Indian Journal of Agricultural Science, 10, 241-284. 

Ranjan, A., Sinha, R., Bala, M., Pareek, A., Singla-Pareek, S., & Singh, A. (2021). Silicon-

mediated abiotic and biotic stress mitigation in plants: Underlying mechanisms and potential 

for stress resilient agriculture. Plant Physiology and Biochemistry, 163, 15–25. 

Sun, Y., Xu, J., Miao, X., Lin, X., Liu, W., & Ren, H. (2021). Effects of exogenous silicon on 

maize seed germination and seedling growth. Scientific Reports, 11(1), 1014. 

Swamy, K. R. M. (2023). Origin, domestication, taxonomy, botanical description, genetics and 

cytogenetics, genetic diversity and breeding of chickpea (Cicer arietinum L.). International 

Journal of Development Research, 13(06), 63107–63127. 

Tekeoğlu, M., Özkılınç, H., Tunalı, B., & Küsmenoğlu, İ. (2017). Mediterranean Agricultural 

Sciences, 30(1), 27-33. 

Tullu, A. (1996). Genetics of Fusarium wilt resistance in chickpea (Doctoral dissertation, 

Washington State University, Department of Crop and Soil Sciences). UMI Number: 

9806745. 

TÜİK. (2022). Bitkisel üretim istatistikleri, 2022 (Haber Bülteni). Türkiye İstatistik Kurumu. 

https://www.tuik.gov.tr 

https://doi.org/10.3389/fpls.2022.819658
https://doi.org/10.9734/jeai/2025/v47i83702
https://www.google.com/search?q=https%3A%2F%2Fwww.tuik.gov.tr


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

682 
 

Yildirim, Ü. A., & Güldür, M. E. (2019). Determination of Fusarium resistance in registered 

chickpea cultivars. 

Yücel, S., & Güncü, M. (1991). Fungal diseases determined on food legumes in Mediterranean 

region. Plant Protection Bulletin, 31(1). 

Zhou, X., Shen Y., Fu, X., & Wu, F. (2018). Application of sodium silicate enhances cucumber 

resistance to Fusarium wilt and alters soil microbial communities. Frontiers in Plant 

Science, 9, 624. https://doi.org/10.3389/fpls.2018.00624 

Zhu, Y., & Gong, H. (2014). Beneficial effects of silicon on salt and drought tolerance in plants. 

Agronomy for Sustainable Development, 34(2), 455-472. 

 

  

https://www.google.com/search?q=https%3A%2F%2Fdoi.org%2F10.3389%2Ffpls.2018.00624


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

683 
 

İMALATTA İŞLEM SIRASI TAHMİNİ İÇİN YAPAY ZEKA TABANLI 

YÖNTEMLERİN İNCELENMESİ  

 

Rümeysa Şahin 

Yildiz Technical University, Faculty of Engineering, Department of Industrial Engineering, 

İstanbul-Türkiye 

Email: rumeysa.sahin1@std.yildiz.edu.tr 

Orcid: https://orcid.org/0009-0003-7796-4510 

 

Prof. Dr. Alev Taşkın 

Yildiz Technical University, Faculty of Engineering, Department of Industrial Engineering, 

İstanbul-Türkiye 

Email: ataskin@yildiz.edu.tr 

Orcid: https://orcid.org/0000-0003-1803-9408 

 

 

Özet 

Bu çalışma, imalat sektöründe parça özelliklerine bağlı olarak üretim operasyonlarının sıralanması 

ve işlem dizilerinin tahmin edilmesi problemine odaklanmaktadır. Günümüzde ürün çeşitliliğinin 

artması ve üretim süreçlerindeki karmaşıklık, geleneksel yöntemlerin yetersiz kalmasına neden 

olmaktadır. Aynı zamanda, üretim sistemlerindeki gelişmelerin hız kazanması ve veri erişiminin 

artması, süreç planlama problemlerinin daha gelişmiş veri odaklı yöntemlerle ele alınmasını 

mümkün kılmıştır. Bu nedenle, üretim süreçlerinin veri temelli yaklaşımlarla ele alınması ve işlem 

sıralamalarının makine öğrenmesi ve derin öğrenme teknikleri ile modellenmesi önemli bir 

araştırma alanı haline gelmiştir. Literatürdeki çalışmalar, bu yöntemlerin üretim verilerinden 

anlamlı örüntüler öğrenebildiğini göstermektedir. Bu sayede işlem sıraları başarılı bir şekilde 

tahmin edilebilmiştir. Parça özellikleri ile üretim adımları arasındaki ilişki önemlidir. Bu ilişki 

modellendiğinde süreç planlama daha anlaşılır olur. Aynı zamanda daha düzenli bir yapı oluşur 

ve süreçler daha esnek hale gelir. İncelenen yöntemler, veri odaklı modellerin işlem sırası 

tahmininde daha başarılı olduğunu göstermiştir. Daha doğru ve tutarlı sonuçlar elde edilmiştir. Bu 

çalışma; imalat, süreç planlama, makine öğrenmesi ve derin öğrenme alanlarını ele almaktadır. 

Güncel yaklaşımlar incelenmiştir. İşlem sırası tahmini problemi veri temelli yöntemlerle 

değerlendirilmiştir. Sonuçlar, bu yöntemlerin karar verme sürecini desteklediğini göstermektedir. 

Ayrıca üretimde verimliliği artırma potansiyeli bulunmaktadır. Bu alandaki gelişmelerin 

gelecekte daha akıllı ve uyum sağlayabilen üretim sistemlerinin geliştirilmesine katkı sağlayacağı 

öngörülmektedir. 

Anahtar Kelimeler: İmalat, Makine Öğrenmesi, Derin Öğrenme, Süreç Planlama 
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A REVIEW OF ARTIFICIAL INTELLIGENCE-BASED METHODS FOR 

OPERATION SEQUENCE PREDICTION IN MANUFACTURING 

 

 

 

Abstract 

This study focuses on sequencing production operations and predicting process steps based on part 

features in the manufacturing sector. Today, increasing product variety and complex production 

processes make traditional methods insufficient. At the same time, faster developments in 

production systems and easier access to data allow the use of advanced data-driven methods in 

process planning. For this reason, data-based approaches and machine learning and deep learning 

techniques have become important in modeling production processes and operation sequences. 

Studies in the literature show that these methods can learn meaningful patterns from production 

data. As a result, operation sequences can be predicted successfully. The relationship between part 

features and production steps is important. When this relationship is modeled, process planning 

becomes clearer. It also creates a more organized structure and makes processes more flexible. 

The reviewed methods show that data-driven models perform better in sequence prediction. They 

provide more accurate and consistent results.  This study covers manufacturing, process planning, 

machine learning, and deep learning. Recent approaches are examined. The sequence prediction 

problem is evaluated using data-based methods. The results show that these methods support 

decision-making. They also have the potential to increase efficiency in production. Future 

developments in this field are expected to contribute to smarter and more adaptive manufacturing 

systems. 

Keywords: Manufacturing, Machine Learning, Deep Learning, Process Planning 
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Giriş 

İmalat sektöründe ürün çeşitliliğinin artması, özel üretim taleplerinin çoğalması ve üretim 

sürelerinin kısalması, süreç planlama problemlerini giderek daha karmaşık bir hale getirmektedir. 

Bu koşullar altında, parçaların özelliklerine göre üretim adımlarının belirlenmesi ve uygun işlem 

sıralarının oluşturulması, üretim verimliliği açısından kritik bir rol oynamaktadır. Geleneksel 

süreç planlama yaklaşımları büyük ölçüde uzman görüşlerine dayanmakta ve bu durum, özellikle 

karmaşık üretim ortamlarında esnek ve ölçeklenebilir çözümler geliştirilmesini zorlaştırmaktadır. 

Bu nedenle yapay zeka tabanlı yöntemler, üretim süreçlerinin modellenmesi ve operasyon 

sıralama problemlerinin çözümünde güçlü bir alternatif olarak öne çıkmaktadır. Günümüzde 

yapılan çalışmalarda grafik sinir ağları, pekiştirmeli öğrenme ve transformer 

tabanlı yöntemler gibi çeşitli yapay zeka tekniklerinin süreç planlaması sorunlarında 

olumlu sonuçlar verdiği gözlemlenmektedir. Bu araştırma, imalat süreçlerindeki operasyon 

sıralama sorunlarına yönelik yapay zeka esaslı yaklaşımları inceleyerek literatürdeki 

güncel gelişmeleri ele almakta ve veri odaklı yöntemlerin üretim 

planlama sorunlarına sağladığı katkıları değerlendirmektedir (Hussong ve ark., 2025). 

Son yıllarda, üretim süreçlerinde veri odaklı yöntemlerin kullanılması ve parçaların işlem 

dizilerinin yapay zeka tabanlı tekniklerle modellenmesi giderek daha fazla önem taşımaktadır. 

Araştırmalarda, üretim verilerinden elde edilen kalıplar aracılığıyla süreç akışlarının tahmin 

edilmesi ve alternatif işlem planları oluşturulmasına yönelik çeşitli veri destekli yöntemler 

geliştirilmiştir. Bu çalışmalar, üretim planlaması sorunlarının daha sistematik ve genişletilebilir 

bir şekilde ele alınabileceğini göstermektedir.  (Han ve ark., 2023). 

Bu çerçevede, mevcut literatür incelenmiş ve parçaların işlem sıralarının tahminine yönelik 

yöntemler değerlendirilmiştir. 

 

Gelişme 

Literatür Taraması 

Literatürde, imalat süreçlerinde işlem sırası tahmini problemlerine yönelik çalışmaları 

belirlemek amacıyla “manufacturing”, “process planning”, “machine learning” ve “deep learning” 

anahtar kelimeleri Scopus ve ScienceDirect veri tabanları üzerinden araştırılmıştır. Elde edilen 

çalışmalar nitel olarak değerlendirilmiştir. Anahtar kelimeler için literatür araştırması Tablo 1 ve 

Tablo 2’de verilmiştir; 
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Tablo 1“Manufacturing (İmalat)”, “Machine Learning (Makine Öğrenmesi)”, 

“Process Planning (Süreç Planlama)” Anahtar Kelimeleri için Literatür Araştırması 

Adımları 
“Manufacturing (İmalat)”, “Machine 

Learning (Makine Öğrenmesi)”, “Process 

Planning (Süreç Planlama)” Anahtar 

Kelimeleri için Literatür Araştırması 

Adımları 

Scopus ScienceDirect 

Anahtar kelimelerin aranması sonucu 

oluşan doküman sayısı 

 

111 1881 

2016–2026 yılları arasında yayımlanan 

çalışmaların filtrelenmesi 

 

101 1556 

Doküman türünün “Makale (Article)” 

olarak filtrelenmesi 

 

Doküman dilinin “İngilizce” olarak 

filtrelenmesi 

 

“Açık erişim (Open Access)” filtresi 

uygulanması 

59 

 

 

57 

 

 

25 

1420 

 

 

1420 

 

 

616 

 

Tablo 2“Manufacturing (İmalat)”, “Deep Learning (Derin Öğrenme)”, “Process 

Planning (Süreç Planlama)” Anahtar Kelimeleri için Literatür Araştırması Adımları 
“Manufacturing (İmalat)”, “Deep 

Learning (Derin Öğrenme)”, “Process 

Planning (Süreç Planlama)” Anahtar 

Kelimeleri için Literatür Araştırması 

Adımları 

Scopus ScienceDirect 

Anahtar kelimelerin aranması sonucu 

oluşan doküman sayısı 

 

82 847 

2016–2026 yılları arasında yayımlanan 

çalışmaların filtrelenmesi 

 

82 845 

Doküman türünün “Makale (Article)” 

olarak filtrelenmesi 

 

Doküman dilinin “İngilizce” olarak 

filtrelenmesi 

 

“Açık erişim (Open Access)” filtresi 

uygulanması 

61 

 

 

57 

 

 

21 

779 

 

 

779 

 

 

289 

 

      Literatür taramaları sonucunda, Manufacturing (İmalat)”, “Machine Learning (Makine 

Öğrenmesi)”, “Process Planning (Süreç Planlama)” anahtar kelimelerinden filtrelemeler 

sonucunda Scopus’ta 25, ScienceDirect’te 616 dokümana ulaşılmıştır. Manufacturing (İmalat)”, 

“Deep Learning (Derin Öğrenme)”, “Process Planning (Süreç Planlama)” anahtar kelimelerinden 

Scopus’ta 21, ScienceDirect’te 289 dokümana ulaşılmıştır. Tüm dokümanlar değerlendirilip içerik 

olarak uygun olanlar incelenmiştir.                                                                                         
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Literatürdeki Çalışmaların İncelenmesi 

Hussong, ve ark., (2023) tarafından yapılan çalışmada imalat süreçlerindeki temel operasyon 

sıralama problemi yapay zeka tabanlı metotlarla ele alınmaktadır. Klasik yöntemlerde operasyon 

sıralamaları genellikle kural tabanlı yaklaşımlar veya matematiksel optimizasyon modelleri ile 

oluşturulmaktadır. Ancak bu yöntemler, özellikle karmaşık üretim ortamlarında yüksek düzeyde 

ön bilgi gerektirmekte ve esneklik açısından bazı kısıtlar barındırmaktadır. Bu çalışmada, geçmiş 

süreç planları ile CAD (Computer-Aided Design – Bilgisayar Destekli Tasarım) verileri 

kullanılarak hibrit bir derin öğrenme modeli geliştirilmiştir. CNN (Convolutional Neural Networks 

– Konvolüsyonel Sinir Ağları) ve LSTM (Long Short-Term Memory – Uzun Kısa Süreli Bellek) 

yapılarını bir arada kullanan bu mimari, doğrudan veriden öğrenme yaklaşımına dayanmaktadır. 

Elde edilen bulgular, modelin veri içerisindeki örüntüleri etkili bir şekilde öğrenerek operasyon 

sıralamalarını başarılı biçimde tahmin edebildiğini göstermektedir. Ayrıca modelin, geleneksel 

kural tabanlı yöntemlere ihtiyaç duymadan çalışabilmesi önemli bir avantaj olarak 

değerlendirilmektedir. Genel olarak bu çalışma, operasyon sıralama problemlerinin veri odaklı 

yöntemlerle daha esnek ve etkin bir şekilde çözülebileceğini göstermektedir. Ayrıca derin öğrenme 

tabanlı yaklaşımların süreç planlama alanında güçlü bir alternatif sunduğunu ortaya koymaktadır. 

Mevcut literatürde, bu alanda kullanılan geleneksel metotların büyük ölçüde kural tabanlı 

sistemler, genetik algoritmalar ve optimizasyon tekniklerine dayandığı, ancak bu yaklaşımların 

karmaşık imalat senaryolarında esneklik ve adaptasyon yeteneği bakımından yetersiz kaldığı 

gözlemlenmektedir. Bunun aksine, yapay sinir ağları ve derin öğrenme yöntemlerinin geçmiş 

üretim verilerinden öğrenerek işlem sıralarını tahmin edebildiği literatürde sıkça belirtilmektedir. 

Bu yaklaşım süreç planlama problemlerine daha veri temelli bir bakış açısı kazandırmaktadır. 

CNN (Convolutional Neural Networks – Konvolüsyonel Sinir Ağları) ve LSTM (Long Short-

Term Memory – Uzun Kısa Süreli Bellek) gibi modeller, üretim verilerindeki önemli özellikleri 

yakalayabilmektedir. Bu sayede işlem sıralarının daha doğru şekilde temsil edilmesi mümkün 

olmaktadır. Bu durum karar verme süreçlerini de desteklemektedir. Genel olarak yapay zeka 

tabanlı yöntemler, işlem sıralama problemlerinde kullanılabilecek güçlü ve ölçeklenebilir bir 

alternatif olarak görülmektedir. Zhang ve ark., (2023) tarafından yapılan çalışmada ise imalat 

sistemlerinde artan karmaşıklık ve değişken üretim koşulları ele alınmıştır. Bu kapsamda dijital 

ikiz (Digital Twin) ve derin pekiştirmeli öğrenme (Deep Q-Learning) tabanlı bir yöntem 

önerilmiştir. Bu yapıda üretim ekipmanlarından elde edilen veriler dijital ikiz sistemi üzerinden 

anlık olarak işlenmektedir. Karar verme süreci bu veri akışı ile yürütülmektedir. Model, farklı 

üretim senaryolarında hem planlama hem de çizelgeleme problemlerini birlikte 

değerlendirebilmektedir. Pekiştirmeli öğrenme tabanlı yaklaşım, değişken üretim ortamlarına 

uyum sağlayabilmektedir. Özellikle kişiye özel üretim ve sürekli üretim hatlarında daha başarılı 

sonuçlar verdiği görülmektedir. Sonuç olarak bu çalışma, yapay zeka tabanlı yöntemlerin imalat 

sistemlerinde uygulanabilir olduğunu göstermektedir. Ayrıca derin öğrenme ve pekiştirmeli 

öğrenme tekniklerinin süreç planlama problemlerinde önemli bir potansiyele sahip olduğu 

görülmektedir. Zhang ve ark., (2026), imalat süreçlerinde ortaya çıkan karmaşık ve 

yapılandırılmamış verilerin işlenmesi için üretken yapay zekâ tabanlı hibrit bir mimari 

önermektedir. Bu yapı LLM/VLM (Large Language Model / Vision Language Model – Büyük Dil 

Modeli / Görsel Dil Modeli), pekiştirmeli öğrenme ve bilgi grafiği tabanlı çıkarım yöntemlerini 

birleştirmektedir. Sistem, mühendislik çizimlerinden doğrudan operasyon sıraları ve üretim 

rotaları oluşturabilmektedir. Farklı veri türleri tek bir platformda toplanarak karar verme süreci 

daha bütünleşik hale getirilmektedir. Bu yapı üretim planlamasında hem doğru hem de 

açıklanabilir sonuçlar üretmektedir. Genel olarak çalışma, büyük ölçekli modeller ile uzman 
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sistemlerin birlikte kullanılmasının akıllı üretim sistemleri için önemli bir potansiyel sunduğunu 

göstermektedir. Benardos ve ark., (2026) ise bilgisayar destekli süreç planlama (CAPP – Computer 

Aided Process Planning) problemini büyük dil modelleri (LLM – Large Language Model) 

üzerinden incelemektedir. Bu yaklaşımda üretim bileşenleri özel bir kodlama sistemi ile temsil 

edilmektedir. Süreç sıraları ise belirteç tabanlı diziler olarak modellenmektedir. Üretim akışı GPT-

2 (Generative Pre-trained Transformer 2) mimarisi ile otomatik olarak oluşturulmaktadır. Model, 

az veri ile bile yüksek doğruluk gösterebilmekte ve veri eksikliği sorununa karşı güçlü bir 

genelleme performansı sunmaktadır. Ayrıca LLM tabanlı yaklaşımın, RNN (Recurrent Neural 

Network – Tekrarlayan Sinir Ağı) tabanlı yöntemlere göre daha iyi sonuç verdiği belirtilmektedir. 

Sonuç olarak çalışma, doğal dil modelleme yaklaşımlarının üretim süreç planlamasında 

kullanılabileceğini göstermektedir. Bu da yapay zekâ tabanlı operasyon sıralama problemlerine 

yeni bir bakış açısı kazandırmaktadır Azab, Osman ve Baki (2024), dijital ikiz teknolojisini yapay 

zekâ tabanlı hibrit yöntemlerle birleştirerek akıllı üretim sistemlerinde süreç planlama, zamanlama 

ve operasyon sıralama problemlerini incelemektedir. Önerilen CAPP-GPT metodolojisi, CAD 

(Computer-Aided Design – Bilgisayar Destekli Tasarım) verilerini analiz ederek üretim süreç 

planlarının otomatik oluşturulmasını sağlamaktadır. Bu süreçte büyük dil modelleri ve makine 

öğrenimi teknikleri birlikte kullanılmaktadır. Ayrıca üretim ortamındaki belirsizlikleri azaltmak 

için optimizasyon, makine öğrenimi ve operasyon araştırması yöntemleri birlikte 

uygulanmaktadır. Bu sayede süreç planlama ve zamanlama problemleri daha bütünleşik bir yapı 

içinde ele alınmaktadır. Dijital ikiz ile desteklenen bu sistem, üretim ortamlarında gerçek zamanlı 

uyarlanabilirlik sağlar. Aynı zamanda karar verme süreçlerini de güçlendirir. Bu yönüyle Endüstri 

4.0 kapsamında akıllı üretim sistemlerine katkı sunmaktadır. Fang ve ark., (2024) ise NC 

(Numerical Control – Sayısal Kontrol) üretim süreçlerinin planlanmasında veri odaklı derin 

öğrenme ve bilgi tabanlı grafik modelleri birleştirmektedir. Bu çalışmada üretim bilgileri AOG 

(And-Or Graph – Ve-Veya Grafiği) yapısı ile modellenmektedir. Böylece işlem sıraları için bir 

çözüm alanı oluşturulmaktadır. Dikkat mekanizmasına dayalı bir derin öğrenme modeli ile her 

işlem için olasılıklar hesaplanmaktadır. Daha sonra ACO (Ant Colony Optimization – Karınca 

Kolonisi Optimizasyonu) ve genetik algoritma gibi sezgisel yöntemlerle en uygun işlem dizileri 

belirlenmektedir. Bu hibrit yapı, üretim süreç planlarının hem yapısal hem de anlamsal olarak daha 

doğru oluşturulmasını sağlamaktadır. Aynı zamanda daha açıklanabilir bir karar destek sistemi 

sunmaktadır. Genel olarak bu çalışma, yapay zekâ tabanlı operasyon sıralama ve süreç planlama 

problemlerinde veri odaklı ve bilgi tabanlı yöntemlerin birlikte kullanılmasının etkili olduğunu 

göstermektedir. Guo ve ark., (2026) tarafından yapılan çalışma, üretim süreçlerinin planlanması 

sorununu çok katmanlı bilgi grafiği ve büyük dil modelleri temelli bir yöntemle ele almaktadır. 

Önerilen yaklaşımda,üretim süreçleri çeşitli planlama aşamalarına bölünmekte ve her aşama 

için bilgiye dayalı çıkarım ve sorgulama yöntemleri geliştirilmiştir. Farklı kaynaklardan elde 

edilen üretim bilgileri, süreç adımları, ekipman kullanımları ve malzeme bağımlılıkları LLM 

destekli bir yapı içerisinde işlenerek bütünleşik bir süreç planlama sistemi ortaya 

konulmuştur. Bunun yanı sıra, çeşitli geri getirme stratejileri kullanılarak üretim süreçleri 

arasındaki bağlantılar modellenmiş ve karar verme mekanizması güçlendirilmiştir. Bu açıdan 

araştırma, üretim süreçlerinin planlanmasında bilgi grafiği tabanlı yapay zeka tekniklerinin 

etkinliğini göstermektedir. Wu ve ark., (2021) tarafından yapılan çalışma, üretim süreç 

planlama problemini Markov Karar Süreci temelindeki modelleme ve derin pekiştirmeli öğrenme 

(Deep Reinforcement Learning) yöntemleriyle ele alarak, operasyonların sıralanması ve 

kaynak seçimini entegre bir yapı içinde çözmeyi hedeflemektedir. Önerilen yöntemde tüm olası 

işleme kaynakları ve operasyon kombinasyonları başlangıçta belirlenmektedir. Süreç planlama 
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problemi ise kısıtlı bir optimizasyon modeli olarak ele alınmaktadır. Bu modelde üretim 

ortamındaki değişken dinamikler de dikkate alınmaktadır. Karar verme süreci, durum-aksiyon 

temelli bir yapı ile modellenmektedir. Geçiş olasılıkları ve kısıtlar kullanılarak öğrenilebilir bir 

politika oluşturulmaktadır. Ayrıca eylem uzayını sınırlamak için dinamik maskeleme mekanizması 

kullanılmaktadır. Bu sayede fiziksel olarak mümkün olmayan operasyonlar sistem dışı 

bırakılmaktadır. Modelin farklı üretim senaryolarında test edilmesi, yöntemin hem statik hem de 

dinamik ortamlarda etkili olduğunu göstermektedir. Aynı zamanda sistemin değişen koşullara 

uyum sağlayabildiği görülmektedir. Habel (2025) tarafından yapılan çalışma, bilgisayar destekli 

süreç planlaması (Computer Aided Process Planning) sistemlerinde makine öğrenimi 

yöntemlerinin kullanımını incelemektedir. Önerilen Smart Aided Process Planning sistemi, üretim 

verilerinden otomatik öğrenme yaparak (Computer Numerical Control) bilgisayarlı sayısal kontrol 

işleme süreçlerinin geliştirilmesini sağlamaktadır. Sistem, veri odaklı modeller kullanarak özellik 

tanıma, süreç planlama ve işlem parametre tahmini aşamalarını gerçekleştirmektedir. Üretim 

verileri ise (Standard for the Exchange of Product Model Data for Numerical Control) sayısal 

kontrol için ürün modeli veri değişim standardı formatı üzerinden işlenmektedir. Deneysel 

sonuçlar, önerilen yöntemin operasyon sıralama ve parametre tahmininde yüksek doğruluk 

sağladığını göstermektedir. Ayrıca bu yaklaşımın, kural tabanlı yöntemlere göre daha esnek ve 

verimli olduğu görülmektedir. Genel olarak çalışma, makine öğrenimi tabanlı otomatik sistemlerin 

üretim süreç planlamasında uygulanabilir olduğunu ortaya koymaktadır. 

Sonuç  

Bu çalışmada imalat alanında parça özelliklerine göre işlem sıralarının belirlenmesi konusu ele 

alınmıştır. Üretim sistemleri daha karmaşık hale geldikçe bu problem daha önemli bir hale 

gelmiştir. Geleneksel yöntemler çoğunlukla uzman bilgisine ve sabit kurallara dayanır. Ancak 

değişen üretim koşullarında yeterli esnekliği sağlayamazlar. Buna karşılık yapay zeka tabanlı 

yöntemler veriden öğrenme yapabilir. Ayrıca süreçler arasındaki ilişkileri de ortaya çıkarabilir. 

Bu yüzden işlem sıralama problemlerinde daha iyi sonuçlar verebilirler. Literatürdeki çalışmalar, 

derin öğrenme, grafik tabanlı modeller ve pekiştirmeli öğrenmenin üretim verilerinden anlamlı 

işlem dizileri çıkarabildiğini göstermektedir. Bu yöntemler süreç planlamaya daha veri odaklı bir 

yaklaşım kazandırır. Hibrit yöntemlerde bilgi tabanlı sistemlerle veri odaklı modeller birlikte 

kullanıldığında daha dengeli ve doğru sonuçlar elde edilir. Ayrıca sistemler daha anlaşılır hale 

gelir. Elde edilen sonuçlar, parça özelliklerine göre yapılan işlem sırası tahmininin üretim 

planlamasında karar vermeyi kolaylaştırdığını göstermektedir. Aynı zamanda manuel planlamaya 

olan ihtiyacı azaltır. Veri odaklı yöntemler farklı üretim koşullarına uyum sağlayabilir. Bu da bu 

yaklaşımların endüstride kullanılma potansiyelini artırmaktadır. Özellikle karmaşık ve pek çok 

kısıtla karşı karşıya kalan üretim 

ortamlarda yapay zeka modellerinin sağladığı öğrenme kapasiteleri, süreç planlama 

problemlerinin daha sistematik ve esnek bir şekilde ele alınmasını mümkün kılmaktadır. Bu 

çalışma yapay zeka temelli yöntemlerin işlem sırası tahmini konusundaki uygulanabilirliğini 

göstererek literatüre bütünsel bir bakış açısı katmaktadır. 
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Abstract 

The continuous thinning of the stratospheric ozone layer has significantly increased exposure to 

harmful ultraviolet (UV) radiation, posing serious health risks, particularly for individuals with 

sensitive skin. While protective clothing is essential against UV radiation, many current solutions 

rely on environmentally detrimental chemical treatments. This project aims to develop a 

sustainable fabric that inherently provides both UV protection and physiological comfort for 

sensitive skin, minimizing the need for additional chemical additives. To achieve this, a bio-based 

fiber derived from fish scale waste, namely Umorfil®Beauty was employed. Knitted fabrics, 

including single jersey, rib, and interlock structures, were produced using Ne 40/1 core-spun 

Umorfil®Beauty yarns and subjected to washing and heat-setting processes under commercial 

finishing conditions. The fabrics were tested for UV protection performance, as well as structural, 

dimensional, and moisture-related comfort properties according to relevant standards. The results 

indicate that Umorfil Beauty yarns offer significant potential for developing eco-friendly, high-

performance knitted apparel tailored for individuals with skin hypersensitivity, successfully 

balancing functional protection with environmental sustainability. 

Keywords: Umorfil®/Viscose fiber; Sustainability; UV protection; Moisture comfort 
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1. Introduction  

Sensitive skin is a dermatological condition which is characterized by hypersensitivity to 

environmental, physical and chemical triggers, resulting from weakened skin barrier, neurogenic 

inflammation, and an overactive immune response to exogenous stimuli (Berardesca et al., 2013). 

Sunlight is one of the most significant external stimuli affecting sensitive skin. Although short-

term exposure to sunlight can provide certain benefits such as vitamin D synthesis, bone 

development, disinfection of some kinds of bacteria and viruses and also improvement of human 

mood; prolonged or repeated exposure may lead to serious health problems including DNA 

damage, premature aging, skin inflammation, melanoma, eye damage and skin cancer, particularly 

without adequate protection (Bashari et al., 2019; Mondal, 2021). Clothing for individuals with 

sensitive skin should provide effective protection against UV radiation, while also ensuring 

optimal thermal, moisture and tactile comfort. Although protective clothing is the safest defence 

due to chemical contents of sunscreens, conventional UV-protective textiles also often rely on 

environmentally harmful chemical treatments (Bashari et al., 2019; Wong et al., 2016). This study 

addresses the need for sustainable alternatives by developing knitted fabrics using Umorfil®-a bio-

based fiber derived from fish scale waste-combined with viscose. 

Previous studies in the literature highlight better moisture management capabilities of 

Umorfil® fiber compared to nylon and cotton fibers (Kırcı et al., 2021; Soydan et al., 2021). In 

terms of thermal comfort, Umorfil® fiber structures exhibit high air permeability and low thermal 

conductivity among common regenerated cellulosic fibers (Bedez Üte & Ertekin, 2023). 

Furthermore, protein-enriched surface offers a smooth, silk-like texture reducing mechanical 

friction and helping balance skin pH. In addition, comfort-enhancing properties, such as natural 

odor control and anti-static behaviour, are inherent to the fiber structure and remain stable even 

after repeated washing (Cimilli Duru et al., 2024).  Regarding the UV protection performance, 

literature states that, UV protection behaviour depends on fabric structure and laundering 

conditions. However, it has also been indicated that 100% Umorfil® fabrics tend to show superior 

UV blocking performance compared to certain blended fabric structures (Cimilli Duru et al., 

2024). Due to lack of research on the UV protection property of Umorfil® fiber, in this study it 

was aimed to identify the optimal fabric construction that balances structural integrity and comfort 

and UV protection characteristics for sensitive-skin clothing applications, ensuring durability and 

practical suitability after repeated laundering with this study. 

By taking advantage of the inherent bio-based and skin-friendly properties of Umorfil® 

Beauty fiber (Umorfil, n.d.), this research also aims to minimize chemical dependency and energy 

consumption during manufacturing for developing the optimal fabric design for skin-friendly, 

sustainable protective apparel. 

2. Experimental Method 

2.1 Materials 

In this study, yarn material is Umorfil®Beauty fiber, synthesized by integrating collagen 

peptide amino acids which upcycled from fish scales into a regular viscose through supramolecular 

technology (Umorfil, n.d.). 
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Figure 1. The production of Umorfil® Beauty fiber (Umorfil, n.d.). 

 

Umorfil®Beauty fiber offers superior comfort through its smooth and soft textures and a 1-

3% higher moisture regain compared to regular viscose. Beside convenient comfort properties, 

bio-based peptides align with the increasing demand for eco-friendly and non-toxic textile 

solutions, reducing the dependence on synthetic chemical treatments that may pose health and 

environmental risks (Umorfil, n.d.). 

For the experimental phase, Ne 40/1 specially engineered core-spun yarn consisting of an 

elastane core wrapped by Umorfil® viscose fibers was developed for knitting the test samples 

(Helvalı et al., 2025). The physical properties of yarn are summarized in Table 1. 

 

Table 1. Physical properties of yarn sample 

Yarn 

Type 

Yarn 

Count  

(Ne)   

Core 

Material 

Cover 

Material 

Elastane 

Ratio 

 (%) 

Core-

Spun 

Umorfil® 

Yarn 

40/1 
Elastane 

(22 dtex) 

Umorfil®  

Viscose 
3 

 

This yarn structure was designed considering comfort requirements of individuals with 

sensitive skin, aiming to enhance the mechanical properties and better accommodate with body 

movements, while preventing direct contact of synthetic elastane material with the skin, thereby 

reducing the risk of irritation. 

2.2 Characterization of yarn 

The mechanical properties of the Core-Spun Umorfil® yarns used are summarized in Table 

2. 

Table 2. Mechanical properties of yarn sample 

 

 

 

 

 

 

 

 

Yarn 

Type 

Yarn 

Count 

Breaking 

Force 

(gf) 

Elongation 

Break 

(%)  

Twist 

 

(T/m) 

Core-Spun 

Umorfil® 

Yarn 

Ne 40/1 218,23±19,8 11,71±1,22 920 

Elastane 23,3 dtex 18,5±2,97 423,26±25,56 1000 
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2.3 Fabric production and heat-setting procedures 

To investigate the impact of fabric structure on functional performance, three fabric samples 

were produced using three distinct knitting structures: single jersey, rib, and interlock. All samples 

were manufactured under commercial conditions on a circular knitting machine. Subsequently, 

they were heat-set at 185°C and sanforised to ensure dimensional stability as well as to optimize 

comfort properties.  

 

Table 3. Knitting machine specifications 

Fabric 

Type 

Machine 

Gauge 
Feeders 

Needle 

Systems 

Single Jersey 28 GG 26 78 

Rib 20 GG 30 60 

Interlock 28 GG 30 94 

 

2.4 Laundering procedures 

To evaluate the dimensional stability, spirality and durability, the samples were subjected to 

ten domestic washing cycles. Each laundering cycle was performed at 30°C for a duration of 17 

minutes, with a spin-dry speed of 800 rpm. A commercial powder detergent without optical 

brightening agents was utilized for all procedures to simulate standard consumer usage. At the end 

of the first cycle, the fabrics were line-dried in the open air and pre-measurements were taken for 

evaluating dimensional change, subsequently nine successive washing cycles were carried out and 

air dried, as in the first group. 

2.5 Testing and characterization 

All fabric samples were conditioned under standard atmospheric conditions (20±2°C and 

65±4 relative humidity) prior to testing. All tests were performed before and after washing in 

accordance with the relevant standards shown in Table 4. 

Table 4. Evaluated parameters, units and relevant standards 

 

 

 

 

 

 

 

 

Property Unit Standard 

Weight  g/m² ISO 3801 

Thickness mm ISO 5084 

Air Permeability cm³/cm²/s EN ISO 9237 

Dimensional 

Stability& Spirality 
% ISO5077 

Water Vapour 

Permeability 
g/m²/day BS7209:1990 

Capillarity cm DIN 53924-2020 

MMD  AATCC 195 

Pilling  ISO 1888 

Bursting kg/cm² ISO 13938-1 

UV Protection 

UPF 
  AS/NZS 4399 – 1996 
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3. Findings and Discussion 

3.1 Physical properties 

The structural evolution of knitted fabrics produced from Umorfil® Beauty bionic fiber was 

evaluated across greige, 1 washing cycle (1 WC), and 10 washing cycles (10 WC), as presented in 

Table 5. 

Table 5. The physical properties of single jersey, rib and interlock structures-greige, after 1 

washing cycle (1WC) and after 10 washing cycles (10 WC). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By the end of ten washing cycles (10 WC), an increase in weight and thickness, and a 

decrease in porosity is generally expected. However, in this study the porosity exhibited a slight 

increase. This phenomenon can be due to one of the three primary mechanisms given below or 

their combinations: 

Porosity refers to the ratio of the volume of air spaces to the total volume of the fabric. The 

porosity of knitted fabrics is calculated using the indirect method, which depends on the bulk 

density (weight divided by thickness) (Helvalı et al., 2025). In this study, the weight of the SJ 

fabric increased by approximately 29% (from 154 to 198.82 g/m²), whereas its thickness increased 

by 35% (from 0.4 to 0.54 mm). Since the increase in thickness was greater than that in mass per 

unit area, the bulk density decreased, resulting in a higher total volume porosity (Stankovic et al., 

2009).  

The second mechanism is based on the theory that, during laundering, loop relaxation creates 

a bulkier three-dimensional (3D) structure that reduces macro-pores but increases trapped internal 

air, leading to higher total porosity despite improved fabric compactness (Stankovic et al., 2009). 

And the last theory is that the collagen-based Umorfil® fiber swells during laundering due 

to higher moisture regain, closing macro-pores while increasing fabric bulk, thereby maintaining 

high total porosity and enhancing protection (Bedez Üte & Ertekin, 2023). 

Fabric 

Type 
Weight Thickness 

Dimensional 

Stability  Spirality Porosity 

LW WW 

  (g/m²) (mm) (%) (%) (%) (%) 

SJ 

greige 
154 0,4    74,15 

SJ 

1 WC 
  7,9 13,7 1,89  

SJ 

10 WC 
198,82 0,54 2,42 0,89 1,78 75,28 

Rib 

greige 
214,17 0,62    76,81 

Rib 

1 WC 
  11,97 -2,4 3,47  

Rib 

10 WC 
251,85 0,76 3,11 -0,2 -0,06 77,75 

INT 

greige 
292,07 0,82    76,09 

INT 

1 WC 
  10,38 0,57 1,61  

INT 

10 WC 
335,21 0,97 3,75 -1,9 -0,5 76,80 
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The dimensional stability and spirality are critical parameters influencing fabric integrity, 

shape retention, and comfort. The test results indicate that the most dramatic dimensional changes 

occur during the initial 1 WC due to relaxation shrinkage which refers to contraction type of 

dimensional change caused by the release of internal stresses generated during manufacturing 

(Stankovic et al., 2009).  

The results indicate that progressive shrinkage between the 1st and 10th washing cycles 

remains relatively low (SJ LW: 2.42%, Rib LW:3,11% and INT LW:3,75%), confirming that 

Umorfil®-based fabrics achieve structural stability early in their lifecycle (Helvalı et al., 2025). 

While SJ fabric shows slight width-wise shrinkage (0,89%), rib and interlock fabrics exhibit width-

wise expansion (Rib: −0.16%; INT: −1.94%) after laundering. This behavior is attributed to the 

relaxation of internal stresses and the three-dimensional structure of double-knit fabrics, which 

tend to widen as they contract lengthwise to reach a stable state (Stankovic et al., 2009). 

Spirality results indicate that the interlock structure provides the highest stability, achieving 

near-zero or negative distortion after ten washing cycles, whereas single jersey shows higher 

residual spirality, highlighting the superior stability of double-knit structures which was expected 

in the light of the literature findings (Helvalı et al., 2025; Maity et al., 2023; Wong et al., 2016). 

3.2 Mechanical properties 

Pilling defines the formation of fiber entanglements on the fabric surface, which can cause 

mechanical friction and discomfort on sensitive skin (Maity et al., 2023; Şen & Gürel, 2021). The 

smooth, protein-enriched surface of the Umorfil® fiber helps reduce the coefficient of friction, 

making these fabrics suitable for minimizing skin irritation, particularly for individuals with 

sensitive skin or atopic dermatitis (Helvalı et al., 2025; Huang et al., 2023). According to the results 

in Table 6; fabrics maintain moderate and stable surface performance before and after washing, 

with all samples reaching a consistent grade after repeated cycles.  

 

Table 6. Pilling and Bursting strength results of knitted structures, before and after washing 

Fabric Type Pilling Bursting 

    (kg/cm²) 

SJ 

greige 
3 9,05 

SJ 

10 WC 
3 9,12 

Rib 

greige 
2-3 9,4 

Rib 

10 WC 
3 9,38 

INT 

greige 
3-4 11,98 

INT 

10 WC 
3 11,32 

Bursting strength is a measure of fabric's resistance to multi-directional force, reflecting its 

durability during daily use and maintenance (Çeven & Günaydın, 2021). The results in Table 6 

show that, the interlock structure has the highest bursting strength value in both greige (11.98 

kg/cm²) and washed (11.32 kg/cm²) states. While SJ samples remained relatively stable 

(9.05→9.12 kg/cm²), the interlock samples showed a slight decrease (11.98→11.32 kg/cm²). 

However, even after ten washes, the interlock structure remains the strongest, providing adequate 

durability for various applications. 
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3.3 Functional properties 

The functional properties are categorized into two groups: comfort-related properties, such 

as air and water vapor permeability, vertical wicking, and moisture management, and the second 

group, UV protection.  

3.3.1 Comfort-related properties 

Physiological comfort in textiles is mainly related to heat and moisture management. The 

results of comfort-related properties are shown in table 7. 

 

Table 7. The physiological comfort properties 

Fabric 

Type 

Air 

Permeability 

Capillarity 
Water Vapour 

Permeability 
MMD at 1st 

min 

at 5th 

min 

  (cm³/cm²/s) (cm) (cm) (g/m²/day)   

SJ 

greige 
56,43 4,43 7,13 864,9 0,55 

SJ 

10 WC 
22,32 4,07 7,10 933,65 0,48 

Rib 

greige 
28,24 4,63 7,67 866,24 0,43 

Rib 

10 WC 
15,96 4,67 7,67 862,47 0,44 

INT 

greige 
11,92 4,07 7,67 821,44 0,44 

INT 

10 WC 
10,13 4,63 7,77 882,65 0,42 

Air permeability indicates fabric’s breathability and its ability to facilitate heat dissipation 

(Habeebunissa & Sharmila, 2023). Single jersey provided the highest breathability in both greige 

(56.43 cm³/cm²/s) and washed (22.32 cm³/cm²/s) states, while interlock showed the lowest values 

due to its dense structure. Although all fabrics experienced a reduction in air permeability after 

washing, single jersey remained the most suitable structure for lightweight, breathable 

applications. 

Capillarity measures the spontaneous flow of liquid moisture through the fabric via capillary 

forces, which is essential for preventing wet cling and irritation (Maity et al., 2023; Şen & Gürel, 

2021). The Rib and interlock structures reached higher capillary heights (∼7.7 cm) at the 5th 

minute compared to the single jersey (7.1 cm). After repeated washing, all fabrics maintain or 

improve their wicking performance. Since all samples meet or exceed the benchmark of 7.0 cm at 

5 minutes, Umorfil® fabrics presented their efficiency in transporting sweat away from the skin 

surface (Şen & Gürel, 2021). 

Water vapor permeability is the ability of the fabric to allow perspiration in vapor form to 

escape from the skin to the environment (Çeven & Günaydın, 2021). All samples exhibited high 

vapor transmission rates, with single jersey and interlock even increasing after washing (INT rising 

from 821.44 to 882.65 g/m²/day). This suggests that despite the structural densification, the 

hygroscopic nature of the Umorfil® fibers supports efficient vapor transport through the fiber 

itself, rather than just through air spaces (Soydan et al., 2021; Maity et al., 2023). High vapor 

permeability enhances comfort by reducing heat stress and skin discomfort, particularly for 

sensitive skin (Maity et al., 2023; Helvalı et al., 2025). 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

698 
 

The liquid moisture transport behaviour was evaluated through the MMD index, which 

identifies the fabric's ability to directionally transfer moisture. In moisture management literature, 

indices above 0.42 are classified as indicating “good performance”, while values below 0.25 reflect 

poor management (American Association of Textile Chemists and Colorists [AATCC], 2009). 

According to relevant standard all Umorfil® fabrics achieved a “good” performance. While the 

single jersey initially provided the highest transport capacity (0.55), the interlock structure 

stabilized at the 0.42 benchmark after ten washing cycles. Overall, all structures effectively 

transport moisture away from the skin, supporting their suitability for long-term wear in 

dermatological applications (Soydan et al., 2021). 

3.3.2 UV protection property 

The UV protection performance tests were conducted using an Labsphere UV transmittance 

analyser, (SDL Atlas) instrument, in accordance with the AS/NZS 4399:1996 standard. The 

Australian/New Zealand standard classifies textile products into protection categories based on 

their calculated Ultraviolet Protection Factor (UPF). According to this standard, a fabric must 

achieve a minimum UPF of 15 to be classified as “UV-protective” (Standards Australia & 

Standards New Zealand, 1996) as presented in Figure 2. 

 
Figure 2. UPF classification system according to AS/NZS 4399:1996 standard 

 

UPF ratings were derived from the mean of ten measurements taken for each greige and 

washed structure and the results values are listed in Table 8. 

 

Table 8. UV protection factors of the three knitted structures, before and after washing 

Fabric Type T(UVA) T(UVB) Mean UPF 

  % % UPF Rating 

SJ 12,64 5,58 15,38 10 

Greige     

SJ 11,47 3,4 21,96 20 

10 WC     

Rib 6,41 1,82 42,37 35 

Greige     

Rib 6,91 1,54 45,73 40 

10 WC     

INT 2,57 0,41 165,42 50+ 

Greige     

INT 3,65 0,48 130,42 50+ 

10 WC         
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According to Table 8, interlock structure provides the highest and most consistent protection 

(UPF 50+) in both greige and washed states, while rib and single jersey show noticeable 

improvements after laundering. While all structures benefit from the densification caused by 

washing, the interlock structure’s double-knit geometry provides the most robust and permanent 

biological shield, making it the most effective and durable option for high-performance apparel 

for sensitive skin in terms of UV protection. Moreover, unlike conventional textiles that often rely 

on environmentally harmful UV absorbers, Umorfil® provides intrinsic UV protective properties, 

irrespective of fabric type. This biological shield is uniquely enhanced by the fiber swelling 

mechanism; the fiber's high moisture regain causes structural densification that narrows macro-

pores, thereby substantially blocking UV transmission through the fabric matrix (Soydan et al., 

2021). 

5. Conclusion 

This study reveals that the integration of Umorfil® Beauty fiber with specific knitting 

structures including single jersey, rib and interlock provides a high-performance, sustainable and 

biocompatible alternative for individuals with sensitive skin. The fabrics achieve early structural 

stability; while primary relaxation occurs during the first wash, the low progressive shrinkage 

values confirm long-term fit and shape retention. While the single jersey variant offers maximum 

breathability, the interlock structure delivers an ideal wicking profile (≥7.0 cm) and "good" 

dynamic moisture management (MMD > 0.42), effectively maintaining a dry and non-irritating 

microclimate between the fabric and the skin, according to relevant standards. Also, it was 

observed that Umorfil® provides intrinsic UV protective properties due to protein-based structure 

and fiber swelling ability during laundering. Among the tested fabric samples, interlock achieves 

the best overall performance, including consistent UPF 50+ rating in both greige and washed 

states, while all fabrics present themselves promising option for dermatological safety and 

physiological comfort for individuals with sensitive skin, and reduced reliance of chemical agents. 

Thanks and Information Note 

This study was conducted as part of a graduate thesis, within the scope of TÜBİTAK 1507 

program, project number 7240274. 
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Abstract 

This study presents a numerical investigation of a two-stage exhaust waste heat recovery system 

integrating thermoelectric generators (TEGs) and a shell-and-tube heat exchanger. In the first 

stage, electrical energy generation from exhaust gas temperature differences was examined by 

placing thermoelectric generators on the outer surface of the exhaust pipe. A reference 

thermoelectric model was initially established using Bi₂Te₃ for both p-type and n-type legs. 

Subsequently, alternative thermoelectric material pairs including PbTe, SnSe, and Mg₂Si were 

evaluated under identical operating conditions. The comparison mainly focused on generated 

electrical power and the influence of thermoelectric material properties on system performance. 

In the second stage, the exhaust gas was directed through the shell side of a shell-and-tube heat 

exchanger, while water circulated inside the tubes for additional thermal energy recovery. The 

exhaust gas inlet temperature was defined as 400 °C, whereas the cooling water inlet temperature 

was maintained at 20 °C. Following the reference geometry analysis, the effects of baffle number, 

baffle spacing, and baffle cut ratio on thermal and hydraulic performance were systematically 

investigated. The numerical results demonstrated that thermoelectric material selection has a direct 

impact on electrical power generation. Among the investigated materials, the SnSe-based 

thermoelectric configuration provided the highest power output under the specified boundary 

conditions. Furthermore, the incorporation of baffles significantly enhanced the overall heat 

transfer coefficient within the heat exchanger. However, increasing the number of baffles also 

caused additional pressure losses on the shell side. The findings indicate that simultaneous 

optimization of thermoelectric material selection and heat exchanger geometry is essential for 

improving the overall efficiency of exhaust waste heat recovery systems. 

Keywords: Thermoelectric generator, waste heat recovery, shell-and-tube heat exchanger, baffle 

optimization, exhaust gas, numerical simulation. 
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1. Introduction  

The continuous increase in global energy demand and the growing concerns regarding fossil 

fuel consumption have accelerated research on technologies capable of utilizing waste energy 

more efficiently. A considerable portion of the energy released in internal combustion engines is 

discharged to the environment through exhaust gases without being utilized. Recovering this 

thermal energy and converting it into useful power has therefore become an important research 

topic for improving overall energy efficiency and reducing environmental impact. Among the 

available waste heat recovery technologies, thermoelectric generators (TEGs) have attracted 

significant attention because they can directly convert heat into electrical energy through the 

Seebeck effect without requiring moving mechanical components. Their compact structure, silent 

operation, durability, and low maintenance requirements make them particularly suitable for 

automotive exhaust applications. Thermoelectric technology enables the conversion of thermal 

energy into electrical energy or vice versa, with numerous advantages such as no moving parts, 

noiseless operation, vibration-free structure, high reliability, long life, compactness, and 

robustness [1–4]. As a solid-state direct energy conversion technique, thermoelectric systems 

operate based on the Seebeck effect for power generation and the Peltier effect for cooling 

applications [5–7]. Due to these characteristics, thermoelectric systems have gained considerable 

interest in aerospace [8,9], medical technologies [10], and automotive waste heat recovery 

systems. 

Despite these advantages, the widespread application of thermoelectric systems is still 

restricted by relatively low conversion efficiencies. The electrical performance of a TEG system 

strongly depends on the thermoelectric material properties and the achievable temperature 

difference between the hot and cold surfaces of the module. Consequently, both material selection 

and thermal management strategies play critical roles in determining the effectiveness of exhaust 

heat recovery systems. In recent years, extensive research has focused on improving thermoelectric 

performance by investigating semiconductor materials with higher thermoelectric efficiency. 

Conventional Bi₂Te₃ materials are commonly preferred for medium-temperature applications; 

however, alternative materials such as PbTe, SnSe, and Mg₂Si have demonstrated promising 

thermoelectric characteristics under elevated temperature conditions. Evaluating the thermal-

electrical behavior of these materials under identical exhaust operating conditions is therefore 

essential for identifying suitable configurations for automotive energy recovery systems. 

Several researchers have investigated different approaches for improving thermoelectric 

system performance. Zhou et al. [11] numerically examined the enhancement of TEG performance 

using advanced cooling configurations in heat exchangers with different cross-sectional 

geometries and reported considerable improvements in conversion efficiency under microscale 

conditions. Karan et al. [12] investigated thermoelectric modules integrated into automotive waste 

heat recovery applications and demonstrated notable improvements in conversion efficiency and 

electrical output. Li et al. [13] analyzed the performance characteristics of automotive waste heat 

recovery systems under varying exhaust temperature conditions and reported increases in electrical 

power generation with improved thermal management strategies. Furthermore, Li et al. [16] 

experimentally evaluated thermoelectric systems under different cooling conditions and observed 

significant improvements in output voltage and electrical power generation performance. These 

studies clearly indicate that both thermoelectric material properties and heat transfer conditions 

directly influence the overall effectiveness of TEG systems. 

In addition to thermoelectric module performance, the effective utilization of residual 

exhaust heat after the thermoelectric stage is another critical factor for maximizing overall system 
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efficiency. Heat exchangers are widely employed in thermal energy recovery systems because of 

their capability to transfer large amounts of heat between fluids while maintaining relatively 

compact dimensions. Among various configurations, shell-and-tube heat exchangers remain one 

of the most reliable and industrially preferred solutions because of their structural simplicity, 

thermal durability, ease of manufacturing, and adaptability to high-temperature operating 

conditions. The thermal-hydraulic performance of shell-and-tube heat exchangers is strongly 

affected by geometrical parameters such as baffle arrangement, baffle spacing, and baffle cut ratio. 

Although baffles enhance heat transfer by increasing turbulence intensity and flow mixing within 

the shell side, they may also lead to additional pressure losses. Therefore, achieving an optimal 

balance between thermal enhancement and hydraulic resistance is essential for efficient heat 

exchanger design.  

Recent developments in compact thermal systems have emphasized the importance of 

integrated waste heat recovery approaches combining thermoelectric conversion and conventional 

heat exchange mechanisms. Multi-stage recovery systems provide the opportunity to utilize 

exhaust energy more effectively by simultaneously generating electrical power and recovering 

remaining thermal energy for secondary applications. Compact thermal designs with optimized 

flow arrangements can improve temperature uniformity while reducing flow resistance, which is 

particularly important for large-scale and automotive waste heat recovery systems. Experimental 

investigations on compact thermoelectric assemblies have demonstrated improved thermal 

distribution and high volumetric power density under optimized operating conditions. 

In this study, a two-stage exhaust waste heat recovery system integrating thermoelectric 

generators and a shell-and-tube heat exchanger is numerically investigated. In the first stage, 

thermoelectric modules mounted on the outer surface of the exhaust pipe are analyzed under 

exhaust gas operating conditions, and the performances of different thermoelectric material pairs 

are compared in terms of electrical power generation. In the second stage, the remaining exhaust 

thermal energy is recovered through a shell-and-tube heat exchanger using water as the cooling 

medium. Furthermore, the effects of baffle number, baffle spacing, and baffle cut ratio on the 

thermal and hydraulic performance of the heat exchanger are systematically evaluated. The study 

aims to provide a comprehensive assessment of integrated exhaust waste heat recovery 

performance and contribute to the development of more efficient thermal energy utilization 

systems for automotive applications.  

 

2. Materials and Methods 

This section presents the numerical methodology adopted for the investigation of the two-

stage exhaust waste heat recovery system consisting of thermoelectric generators (TEGs) and a 

shell-and-tube heat exchanger. The study was conducted through a systematic computational 

framework including thermoelectric material comparison, thermal-fluid analysis of the heat 

exchanger, and geometric optimization of baffle configurations. All simulations were performed 

under identical operating conditions to ensure a consistent and reliable comparison between 

different cases. The overall evaluation focused on electrical power generation, heat transfer 

enhancement, thermal distribution characteristics, and hydraulic performance of the integrated 

system.  

 

Reference Geometry and System Description 

The proposed waste heat recovery system consists of two sequential thermal recovery stages. 

In the first stage, thermoelectric generator modules are mounted on the external surface of the 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

705 
 

exhaust pipe to directly convert exhaust gas thermal energy into electrical power. In the second 

stage, the remaining thermal energy carried by the exhaust gas is recovered through a shell-and-

tube heat exchanger, where exhaust gas flows through the shell side while cooling water circulates 

inside the tubes. 

A thermoelectric generator (TEG), commonly referred to as a Seebeck generator, is a solid-

state energy conversion device that transforms heat flow generated by temperature differences 

directly into electrical power through the Seebeck effect. Similar to conventional heat engines, 

thermoelectric generators operate by utilizing thermal gradients; however, they are more compact 

and contain no moving mechanical components. Despite these advantages, TEG systems are 

generally associated with lower conversion efficiencies and higher material costs compared to 

traditional energy conversion technologies.  

 

Numerical Modeling and Simulation Procedure 

All numerical simulations and mathematical modeling procedures were performed using 

COMSOL Multiphysics®. The finite element method (FEM) framework available in the software 

was employed to solve the coupled thermal-fluid governing equations under steady-state operating 

conditions. The computational model simultaneously accounted for fluid flow, turbulent heat 

transfer, solid conduction, and thermoelectric heat interaction mechanisms. 

Temperature, pressure, velocity, and thermal distribution fields were obtained for all simulation 

cases. To evaluate the thermal suitability of the heat exchanger surface for thermoelectric module 

integration, approximately 1200 temperature data points were extracted from the external surface 

of the heat exchanger body in each configuration. The average surface temperature values were 

subsequently used as one of the main criteria for comparing alternative geometrical configurations.  

 

Thermoelectric Generators 

The thermoelectric effect refers to the direct conversion between temperature differences 

and electrical voltage through a thermoelectric device. When a temperature gradient exists across 

the material, charge carriers diffuse from the hot side to the cold side, generating electrical power 

via the Seebeck effect. Conversely, applying an electrical voltage can induce heat transfer, 

resulting in cooling or heating through the Peltier effect. These phenomena, together with the 

Thomson effect, constitute the fundamental thermoelectric effects. Unlike Joule heating, the 

Seebeck, Peltier, and Thomson effects are thermodynamically reversible. 

 

 
Figure 1. Thermoelectric module 
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The Seebeck effect: is the phenomenon in which an electromotive force (emf) is generated 

between two points of an electrically conductive material when a temperature difference is present. 

The resulting voltage, known as the thermoelectric emf, is proportional to the temperature gradient 

and is characterized by the Seebeck coefficient. In a thermocouple, two dissimilar conductive 

materials are connected, and the voltage difference generated between the hot and cold junctions 

can be used to measure temperature. 

 

The Seebeck effect is a classical example of electromotive force (EMF), producing 

measurable currents and voltages similar to other EMF sources. The resulting local current density 

can be expressed as follows.[17] 

 

𝐽 =   𝜎 (+∇V + 𝐸𝑒𝑚𝑓)        2.1 

Here, 𝑉 represents the local voltage, while 𝜎denotes the local electrical conductivity. In 

general, the Seebeck effect is locally characterized by the generation of an electromotive field as 

follows.[17] 

 

𝐸𝑒𝑚𝑓 = −𝑆 ∇ T          2.2 

Here, 𝑆is the Seebeck coefficient, also referred to as thermopower, which is an intrinsic 

property of the material, and ∇𝑇represents the temperature gradient. The Seebeck coefficient 

strongly depends on the material composition and temperature, typically ranging from 

approximately −100 𝜇𝑉/𝐾to +1000 𝜇𝑉/𝐾for common materials at room temperature. Under 

steady-state conditions where 𝐽 = 0, the voltage gradient is directly proportional to the 

electromotive force generated by the temperature gradient. 

This relationship forms the basis of thermocouples used for temperature measurement. By 

comparing the generated voltage with a known reference temperature, the unknown temperature 

can be determined. Thermoelectric effects are also widely applied in thermopiles and 

thermoelectric generators for converting thermal energy into electrical power. 

The Seebeck effect describes the generation of voltage due to a temperature difference, while the 

resulting current flow follows Ohm’s law. In practical applications, semiconductor materials are 

preferred because they provide significantly higher conversion efficiencies than metallic 

thermocouples. Consequently, thermoelectric generators have become increasingly important for 

waste heat recovery applications such as automotive systems, combined heat and power plants, 

and industrial energy recovery processes. 

The Peltier effect: describes the heating or cooling that occurs at the junction of two 

dissimilar conductive materials when an electric current passes through the circuit. This 

phenomenon, discovered by Jean Charles Athanase Peltier in 1834, causes heat to be absorbed at 

one junction and released at the other, depending on the current direction and material properties. 

The amount of transferred heat is characterized by the Peltier coefficient, which represents the heat 

carried per unit electric charge as follows.[17] 

𝑄̇ = (𝛱𝐴 − 𝛱𝐵 )𝐼          2.3 

The Peltier effect is considered the reverse process of the Seebeck effect. While the Seebeck effect 

converts temperature differences into electrical voltage, the Peltier effect uses electrical energy to 

create a temperature gradient. This principle is widely utilized in thermoelectric cooling systems, 

refrigeration devices, and heat pumps. In practical thermoelectric modules, multiple junctions are 

connected in series to enhance the heating and cooling performance. 
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In addition, the Thomson effect describes heat generation or absorption within a homogeneous 

conductor carrying an electric current under a temperature gradient. The Thomson coefficient is 

directly related to the Seebeck coefficient, although Joule heating and ordinary thermal conduction 

are generally neglected in this formulation. 

The Thomson Effect: In many materials, the Seebeck coefficient varies with temperature, meaning 

that a spatial temperature gradient can also produce a gradient in the Seebeck coefficient. When 

an electric current flows through such a conductor, continuous heat absorption or generation occurs 

along the material, a phenomenon known as the Thomson effect. This effect was theoretically 

predicted and experimentally verified by Lord Kelvin in 1851. For a homogeneous conductor 

carrying a current density 𝐽, the volumetric heat generation rate associated with the Thomson effect 

can be expressed as:[15] 

𝑞̇ = −𝐾𝐽 ∇T                2.4 

where ∇𝑇is the temperature gradient and 𝐾denotes the Thomson coefficient. The Thomson 

coefficient is related to the Seebeck coefficient through the relation 𝐾 = 𝑇 𝑑𝑆/𝑑𝑇, while Joule 

heating and ordinary thermal conduction are generally neglected in this formulation. 

Despite extensive research efforts, the efficiencies of Seebeck and Peltier devices remain relatively 

low due to parasitic heat conduction between metallic or semiconducting materials. To reduce 

these thermal losses, thermal tunneling concepts have been investigated, where two conductive 

surfaces are separated by an extremely small vacuum gap. In this approach, conventional lattice-

based heat conduction is suppressed, while quantum tunneling still allows electron transport across 

the gap. However, strong electromagnetic coupling at nanoscale distances limits the practical 

reduction of heat transfer, making high-efficiency thermoelectric conversion still challenging. 

 

Thermoelectric Generator Materials 

The thermoelectric figure of merit represents the performance capability of a thermoelectric 

material in power generation or cooling applications. The efficiency of thermoelectric energy 

conversion is primarily determined by the dimensionless figure of merit, commonly expressed as 

𝑧𝑇 as follows.[15] 

𝑧𝑇 =  
𝑆2 𝜎

κ
 𝑇  veya  𝑧𝑇 =  

𝜎2

ρκ
 𝑇         2.5 

The generated voltage is governed by the Seebeck coefficient (𝑆 or 𝛼). High thermoelectric 

efficiency also requires low electrical resistivity (𝜌), corresponding to high electrical conductivity 

(𝜎), together with low thermal conductivity (𝜅). Several commercially available and 

experimentally validated thermoelectric materials, including those used in NASA applications, 

exhibit different 𝑧𝑇values. Although many new materials with higher 𝑧𝑇values continue to be 

reported, issues related to material stability and measurement reliability remain important 

considerations. 

 

To obtain sufficient power output, a thermoelectric generator must operate efficiently under a large 

temperature difference Δ𝑇 = 𝑇ℎ − 𝑇𝑐. Therefore, the material should maintain a high 𝑧𝑇value 

throughout the operating temperature range. The average 𝑧𝑇of the thermoelectric material 

determines the maximum achievable efficiency 𝜂and can be calculated from the material 

properties, including the Seebeck coefficient 𝑆, electrical resistivity 𝜌, and thermal conductivity 𝜅 

as follows.[15] 
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𝑛 =  
∆𝑇

𝑇ℎ
 

√1+𝑍𝑇−1

√1+𝑍𝑇+
𝑇𝑐
𝑇ℎ

            2.6 

Most high-performance thermoelectric materials are heavily doped semiconductors containing a 

large concentration of free charge carriers, giving them properties similar to metals. The carrier 

concentration depends on both intrinsic defects, such as atomic vacancies, and extrinsic dopants 

introduced into the material. Since the Seebeck coefficient, electrical resistivity, and thermal 

conductivity are all strongly influenced by carrier concentration, achieving a high 𝑧𝑇value 

generally requires careful optimization of the charge carrier density. 

 

Therefore, the search for efficient thermoelectric materials mainly focuses on identifying 

materials with the highest potential 𝑧𝑇values under optimized doping conditions. This potential is 

commonly evaluated using the thermoelectric quality factor 𝐵, which depends on the weighted 

carrier mobility 𝜇𝑤and the lattice thermal conductivity 𝜅𝐿. A high weighted mobility together with 

low lattice thermal conductivity generally leads to improved thermoelectric performance. 

 

The efficiency of a thermoelectric generator depends not only on the electrical power produced 

but also on the amount of heat supplied at the hot side. Heat transfer within the device is governed 

by both the thermoelectric process associated with the Peltier effect and conventional heat 

conduction described by Fourier’s law, while Joule heating also contributes to the overall energy 

balance. Thermal conduction through the thermoelectric materials creates an additional heat path 

from the hot side to the cold side, reducing the overall conversion efficiency. 

The maximum efficiency of a thermoelectric material is generally determined by two main factors: 

the Carnot efficiency and the thermoelectric material properties, including the Seebeck coefficient, 

electrical resistance, and thermal conductivity. These properties are combined into a dimensionless 

parameter known as the thermoelectric figure of merit, 𝑧𝑇. For small temperature differences, the 

efficiency can be expressed as follows.[17] 

 

𝑧𝑇 =  
𝛼2 𝑇

𝜌𝑘
          2.7 

𝑛𝑚𝑎𝑥 = 
∆𝑇

𝑇ℎ

√1+𝑧𝑇−1

√1+𝑧𝑇+1
         2.8 

 

Here, 𝑧𝑇denotes the thermoelectric figure of merit, while Δ𝑇/𝑇ℎrepresents the Carnot efficiency 

term. It should also be noted that, under maximum efficiency conditions, geometric parameters 

such as element length and cross-sectional area are not explicitly included in this expression. 

For practical thermoelectric generators operating under large temperature differences, more 

advanced calculation methods are generally required to accurately predict performance. Another 

important parameter is the thermoelectric compatibility factor 𝑠, particularly when different 

materials or wide temperature ranges are involved. For efficient power generation, the 

compatibility factor should not vary by more than approximately a factor of two between the hot 

and cold sides of the thermoelectric element as follows.[17] 

 

𝑠 =  
√1+𝑧𝑇−1

𝛼𝑇
          2.9 

Thermoelectric devices are constructed from thermoelectric modules consisting of multiple 

thermocouples connected electrically in series and thermally in parallel. 
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In both power generation and cooling applications, many thermocouple pairs are required because 

the voltage generated by a single pair is typically only in the millivolt range. Connecting multiple 

pairs in series increases the overall voltage to levels suitable for practical DC power applications. 

The effective open-circuit Seebeck voltage of the module, excluding Ohmic (𝐼𝑅) voltage losses, 

depends on the Seebeck coefficients of the n-type and p-type elements as well as the number of 

thermocouple pairs 𝑛, and can be approximately expressed as follows.[17] 

 

𝑉𝑜𝑐 =  𝑛 ∫ (𝛼𝑝 − 𝛼𝑛)𝑑𝑇
𝑇ℎ

𝑇𝑐
        2.10 

The electrical resistance of a thermoelectric device depends not only on the intrinsic resistance of 

the thermoelectric materials but also on the resistance of metallic interconnects and the contact 

resistance between the interconnects and thermoelectric elements. Since all of these contributions 

are temperature dependent, accurate resistance evaluation can become complex. Therefore, the 

total device resistance 𝑅is often estimated approximately. 

Here, 𝛼𝑝and 𝛼𝑛denote the Seebeck coefficients of the p-type and n-type legs, respectively. The 

overall Seebeck coefficient of the thermoelectric module can then be determined from the 

combined contribution of both semiconductor legs as follows.[17] 

 

𝛼 = 𝛼𝑝 − 𝛼𝑛          2.11 

Here, 𝛼represents the total Seebeck coefficient of the thermoelectric module. By incorporating the 

temperature difference Δ𝑇, the Seebeck voltage can be expressed as follows.[17] 

 

𝑉𝑜𝑐 =  𝛼 ∆𝑇          2.12 

By incorporating electrical resistivity and electrical conductivity, the total resistance can be 

expressed as follows.[15] 

 

𝑅𝑖𝑛𝑡 = 
ℎ𝑝𝛾𝑝

𝐴𝑝
+

ℎ𝑛𝛾𝑛

𝐴𝑛
+ 2

ℎ𝑐𝛾𝑐

𝐴𝑐
        2.13 

For a thermoelectric generator system consisting of 𝑁modules, the equation can be formulated as 

follows.[17] 

 

𝑅𝑖𝑛𝑡 = 𝑁 (
ℎ𝑝𝛾𝑝

𝐴𝑝
+

ℎ𝑛𝛾𝑛

𝐴𝑛
+ 2

ℎ𝑐𝛾𝑐

𝐴𝑐
)       2.14 

Here, ℎrepresents the leg height of the thermoelectric generator, 𝐴is the cross-sectional area of the 

thermoelectric leg, and 𝛾denotes the electrical resistivity. Electrical conductivity and electrical 

resistivity are inversely proportional ( 𝜎 = 1/𝛾 ). Using Ohm’s law, the electrical current flowing 

through the circuit can be determined from the following relation.[17] 

 

𝑉 = 𝐼 𝑅𝐿          2.15 

By applying Ohm’s law, the output power generated by the thermoelectric generator (TEG) can 

be expressed as follows.[17] 

 

𝑃 = 𝐼2 𝑅𝐿          2.16 

Assuming temperature-independent material properties, 𝑅𝑙represents the connection and contact 

resistance per thermoelectric pair, 𝑙denotes the element length (height), and 𝐴is the cross-sectional 

area of the thermoelectric elements. Similar to electrical resistance, the total thermal conductance 

of the device can be estimated as follows.[17] 
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𝐾 =  𝑛 ( 
𝐾𝑛𝐴𝑛

𝑙
+ 

𝐾𝑝𝐴𝑝

𝑙
+ 𝐾𝑙)        2.17 

here, 𝐾𝑙represents the parasitic thermal loss per thermocouple pair associated with gas conduction, 

radiation, and other thermal loss mechanisms. Using these parameters, the net absorbed or 

generated heat can be estimated as the combined contribution of the Peltier, Fourier, and Joule 

heat transfer terms as follows.[17] 

𝑄 =  𝐼𝑆𝑇 − 𝐾∆𝑇 − 
1

2
 𝐼2 𝑅        2.18 

When a thermoelectric generator operates in cooling mode, optimum performance is achieved 

when the current is approximately equal to 𝐼𝑚𝑎𝑥. Under no heat load conditions ( 𝑄 = 0 ), the 

temperature difference reaches its maximum value, Δ𝑇𝑚𝑎𝑥. Conversely, when there is no 

temperature difference ( Δ𝑇 = 0 ), the device provides the maximum heat pumping capacity, 

𝑄𝑚𝑎𝑥.as follows.[17] 

 

𝐼𝑚𝑎𝑥 = 
𝑆𝑇𝑐

𝑅
           2.19 

𝑄𝑚𝑎𝑥 = 
𝑆2𝑇𝑐

2

2𝑅
           2.20 

∆𝑇𝑚𝑎𝑥 = 
𝑍𝑇𝑐

2

2
           2.21 

𝑍𝑇 = 
𝑆2𝑇

𝐾𝑅
           2.22 

For these approaches, the device figure of merit 𝑍𝑇used in cooling applications is analogous to the 

material figure of merit 𝑧𝑇. In a thermoelectric generator, the efficiency can generally be 

approximated as follows.[17] 

 

𝑛 =  
∆𝑇

𝑇ℎ

√1+𝑍𝑇−1

√1+𝑍𝑇+
𝑇𝑐
𝑇ℎ

          2.23 

Here, 𝑍𝑇represents the thermoelectric figure of merit of the generator. Similar to the material 

figure of merit 𝑧𝑇, 𝑍𝑇is related to the thermoelectric properties of the device under specific 

assumptions and approximations. 

 

Thermoelectric generator geometry and initial inputs 
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Table 1. Main parameters considered in TEG module  [14] 

Definition in 

Comsol value Remark 

Length 0.028 m Total length 

Width 0.032 m Total width 

Height 0.0025 m Total height 

d_conductor 1E−4 m Conductor thickness 

d_ceramic 3E−4 m Ceramic thickness 

leg_length 0.001 m Leg section length 

leg_width 0.0012 m Leg section width 

leg_height 0.0017 m Leg length 

pitch 5E−4 m Pitch 

n_length 18 Leg length qty 

N 162 Thermokupl qty.  

Tref 673 K Hot side temp. 

dT0 380 K Temp. difference 

I0 1 Relative electricity current 

Bismuth Telluride 

- Bi2Te3,  

154[J/(kg*K)] 
P-Type leg material, under 

fixed heat transfer coefficient 

7700[kg/m^3] Density 

Lead Telluride - 

PbTe, 

8160[kg/m^3] Density 

151[J/(kg*K)] 
P-Type leg material, under 

fixed heat transfer coefficient 

Tungsten 

17800[kg/m^3] Density 

151[J/(kg*K)] 
Thermal conductivity under 

fixed pressure 

175[W/(m*K)] Thermal conductivity 

Copper 

385[J/(kg*K)] 
Thermal conductivity under 

fixed pressure 

8960[kg/m^3] Density 

151[J/(kg*K)] 
Thermal conductivity under 

fixed pressure. 

Thermoelectric generator reference and alternative material properties 

In the first stage of the study, a reference thermoelectric module configuration based on 

Bi₂Te₃ p-type and n-type semiconductor legs was established. Subsequently, alternative 

thermoelectric material combinations (Table 3) including PbTe, SnSe, and Mg₂Si were 

investigated under identical exhaust operating conditions. The comparison primarily focused on 

electrical power generation capability and thermal response characteristics of each material pair. 
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Table 2. Thermoelectric generator reference material properties (extended) [14] 

Material 

Properties 

Symbol P type 

𝑩𝒊𝟐𝑻𝒆𝟑 

N type 

𝑩𝒊𝟐𝑻𝒆𝟑 

thermal 

conductivity 

K (W/K.m) 1.6 1.6 

Seebeck 

coefficient 

α (V/K) 2.1 𝑥 10−4 −2.1 𝑥 10−4 

Electrical 

conductivity 

σ (S/M) 1.03 𝑥 105 1.03 𝑥 105 

Density ρ (kg/ m3) 7700 7700 

thermal 

conductivity 

cp (J/kg.K) 154 154 

 

The thermoelectric modules were positioned on the outer surface of the exhaust pipe to maximize 

utilization of the exhaust gas temperature gradient. Material performance was evaluated based on 

generated electrical power, temperature difference across the module surfaces, and thermal 

compatibility with the exhaust operating conditions. 

 

Table 3. Thermoelectric generator alternative material properties [14] 
Material 

Properties 

Symbol P type 

𝑷𝒃𝑻𝒆  

N type 

𝑷𝒃𝑻𝒆  

P type 

𝑺𝒏𝑺𝒆 

N type 

𝑺𝒏𝑺𝒆 

P type 

𝑴𝒈𝟐𝑺𝒊  

N type 

𝑴𝒈𝟐𝑺𝒊  

thermal 

conduct. 

K 

(W/K.m) 

1.46 1.46 0.55 0.8 4.5 4.0 

Seebeck 

coef. 

α (V/K) 1.87 𝑥 10−4 −1.87 𝑥 10−4 3.5 𝑥 10−4 −3 𝑥 10−4 2.0 𝑥 10−4 −2.5 𝑥 10−4 

Electrical 

conduct. 

σ (S/M) 1.24 𝑥 105 1.24 𝑥 105 7.1 𝑥 104 7.1 𝑥 104 1.03 𝑥 105 1.03 𝑥 105 

Density ρ (kg/ 

m3) 

8160 8160 5750 5750 1990 750 

thermal 

conduct. 

cp 

(J/kg.K) 

151 151 230 230 1990 750 

 

Comparative Assessment of Thermoelectric Materials for TEG Applications 

To evaluate the thermoelectric generator (TEG) performance under different operating 

conditions, four representative thermoelectric material systems were comparatively investigated: 

Bi₂Te₃, PbTe, SnSe, and Mg₂Si. These materials were selected due to their distinct operating 

temperature ranges, thermoelectric efficiencies, commercial maturity, and economic feasibility. 

 

Bi₂Te₃-based compounds are among the most established thermoelectric materials for near-room-

temperature applications. Due to their relatively high thermoelectric efficiency and commercial 

accessibility, they are commonly employed in low-temperature waste heat recovery systems and 

small-scale thermoelectric modules. However, their performance deteriorates at elevated 

temperatures, and the presence of tellurium increases material cost and supply limitations. 

PbTe materials are widely recognized for their strong thermoelectric performance in medium- and 

high-temperature applications. They are particularly suitable for high heat flux environments such 

as exhaust energy recovery systems and aerospace power generation. Despite their favorable 
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thermoelectric properties, the toxic nature of lead creates environmental and regulatory challenges 

that restrict widespread adoption. 

 

SnSe has recently attracted significant research interest because of its exceptionally low lattice 

thermal conductivity and high reported thermoelectric figure of merit (ZT). These characteristics 

make SnSe a promising candidate for next-generation high-efficiency TEG systems. Nevertheless, 

practical implementation remains challenging due to its anisotropic crystal structure, brittle 

mechanical behavior, and limited commercialization. 

 

Mg₂Si-based materials offer a cost-effective and environmentally benign alternative for 

thermoelectric energy conversion. Their constituent elements are abundant and lightweight, 

making them attractive for large-scale industrial and automotive applications. Although their 

thermoelectric efficiency is generally lower than that of Bi₂Te₃ or SnSe, Mg₂Si compounds provide 

an advantageous balance between sustainability, material availability, and economic viability. 

 

Overall, Bi₂Te₃ serves as a reliable benchmark material for validating low-temperature 

thermoelectric simulations, whereas PbTe is more suitable for high-temperature operating 

conditions. SnSe demonstrates strong potential for achieving superior thermoelectric efficiency, 

while Mg₂Si represents a promising low-cost and environmentally sustainable solution for future 

thermoelectric systems. 

 

Geometric Optimization of Shell-and-Tube Heat Exchanger 

The reference shell-and-tube heat exchanger geometry was initially established as the 

baseline configuration for all numerical investigations. The exchanger body and baffle plates were 

modeled using AISI 4340 stainless steel material. For the thermal-fluid analysis, the exhaust gas 

inlet temperature was specified as 400 °C, while the cooling water entered the tube side at 20 °C. 

The working fluid on the tube side was assumed to be incompressible water with constant 

thermophysical properties, including density of 997.1 kg/m³, thermal conductivity of 0.613 

W/(m·K), and specific heat capacity of 4179 J/(kg·K).  

 

 
Figure 2. HEx reference geometry & input parameters 

 

The thermal performance of the system was evaluated using the overall heat transfer 

coefficient, outlet temperature distribution, average surface temperature of the heat exchanger 

body, and generated electrical power from thermoelectric modules. In addition, shell-side pressure 
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drop values were carefully monitored during all optimization stages in order to evaluate the 

hydraulic feasibility of each configuration. 

 

Governing Equations and Turbulence Modeling 

The numerical simulations were performed by solving the conservation equations of mass, 

momentum, and energy for three-dimensional turbulent flow conditions. The flow was assumed 

incompressible and Newtonian. Turbulence effects were modeled using the realizable k–ε 

turbulence model due to its reliable performance in shell-and-tube heat exchanger applications 

involving complex recirculation regions and secondary flow structures. 

 

The governing continuity equation is expressed as:[17] 
∂

∂𝑥𝑖
(𝜌𝑢𝑖) = 0                                                                                       2.24 

 

The momentum conservation equation is given by:[17] 
∂

∂𝑥𝑖
(𝜌𝑢𝑖𝑢𝑘) =

∂

∂𝑥𝑖
((𝜇 + 𝜇𝑡)

∂𝑢𝑘

∂𝑥𝑖
) −

∂𝑃

∂𝑥𝑖
                                      2.25 

 

The energy equation is defined as: [17] 
∂

∂𝑥𝑖
(𝜌𝑢𝑖𝑇) =

∂

∂𝑥𝑖
((𝑘 + 𝑘𝑡)

∂𝑇

∂𝑥𝑖
)                                                    2.26 

 

The turbulent kinetic energy equation is expressed as: [17] 

∂

∂𝑥𝑖
(𝜌𝑢𝑖𝑘) =

∂

∂𝑥𝑖
((𝜇+

𝜇𝑡

𝜎𝑘
)

∂𝑘

∂𝑥𝑖
) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀                         2.27 

 

The turbulent dissipation rate equation is written as: [17] 

∂

∂𝑥𝑖
(𝜌𝑢𝑖𝜀) =

∂

∂𝑥𝑖
((𝜇+

𝜇𝑡

𝜎𝜀
)

∂𝜀

∂𝑥𝑖
) + 𝐶1𝑆𝜀 − 𝐶2𝜌

𝜀2

𝑘 + √𝜈𝜀
          2.28 

 

where 𝜇𝑡represents turbulent viscosity, while 𝐺𝑘and 𝐺𝑏denote turbulent kinetic energy generation 

caused by velocity gradients and buoyancy effects, respectively. The turbulence constants used in 

the simulations were selected according to the standard realizable k–ε formulation.  

 

Conjugate heat transfer between solid and fluid regions was simultaneously considered in the 

numerical model. Heat transfer through solid regions was governed by the transient heat 

conduction equation: [17] 
∂𝜌𝑒

∂𝑡
=

∂

∂𝑥𝑖
(𝜆𝑖

∂𝑇

∂𝑥𝑖
) + 𝑄𝐻                                                             2.29 

 

where 𝑒 = 𝑐𝑇represents specific internal energy, 𝜆𝑖denotes thermal conductivity components, and 

𝑄𝐻corresponds to volumetric heat generation or absorption. 
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Following the thermoelectric analysis, geometric optimization studies were conducted for the 

shell-and-tube heat exchanger. The optimization process mainly focused on the influence of baffle 

number, baffle spacing, and baffle cut ratio on thermal-hydraulic performance. 

Initially, a reference configuration containing no baffle plates was established. Different baffle 

arrangements were then systematically analyzed to determine their effects on shell-side flow 

distribution and heat transfer enhancement. The optimization criterion was defined as maximizing 

heat transfer performance while maintaining acceptable pressure losses within the shell side.  

 

In the initial development phase of the shell and tube heat exchanger, baffle plates will not be used 

in the reference geometry. In the subsequent phase, baffle plates will be incorporated, and their 

impact on heat transfer performance will be evaluated. 

 

In addition to baffle number, different baffle cut ratios were examined to improve flow redirection 

and turbulence intensity inside the shell region. Smaller baffle cut ratios increased local fluid 

mixing and enhanced thermal interaction between the exhaust gas and tube surfaces; however, 

excessive reduction in baffle cut ratio also caused additional hydraulic resistance. Therefore, the 

final optimized geometry was selected based on combined thermal and hydraulic performance 

considerations. The iterations are given in Figure 3. 

 

 
Figure 3. HEx optimization iterations. add baffle, Bc:46%, 36%,25% 

 

The best-performing and worst-performing geometrical configurations were comparatively 

evaluated according to average heat exchanger surface temperature, outlet temperature 

distribution, overall heat transfer characteristics, and shell-side pressure drop behavior. The 

optimized configuration obtained from the geometric analysis was subsequently used for the final 

integrated thermoelectric waste heat recovery assessment. 

  

3. Results and Discussion 

 

Here, to keep the simulation time within a reasonable range and at the same time as an accurate 

calculation infrastructure, the dimensions were determined as 32mm, 28mm, 2.5mm in terms of 

width, height, and height, respectively. In the first step of the study, the best geometry was 

determined, and in the second step, the best fluid pair was determined by using the best geometry. 

At this stage, two separate TEG electrical power will be calculated using the average heat 

exchanger surface temperature reached by using the worst geometry and the worst fluid pair, and 
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the average heat exchanger surface temperature reached using the best geometry and the best fluid 

pair. In the best and worst options, the heat exchanger body surface areas where TEG will be 

installed are exactly the same, and considering the single TEG size given in Table 1, and the 

300mm. straight exhaust pipe with 120mm diameter it is predicted that a total of 126 TEG units 

can be installed. In order to calculate the TEG electrical energy, the geometric data of 1.2mm, 

1mm, 1.7mm for the P and N type legs, respectively, width, length, height are put in the formula 

(3.1). [17] 

 

𝑅𝑖𝑛𝑡 = 
ℎ𝑝𝛾𝑝

𝐴𝑝
+

ℎ𝑛𝛾𝑛

𝐴𝑛
+ 2

ℎ𝑐𝛾𝑐

𝐴𝑐
        3.1 

 

In the calculation, the ceramic layer (2
ℎ𝑐𝛾𝑐

𝐴𝑐
) is neglected for ease of processing. Using the material 

properties given in Table 2, Rint is found as 0,3Ω. Using the temperature values calculated for the 

reference material option, the “V” value gained per TEG was calculated as 0,023245 V as shown 

in Figure 4.  

 

 
 

Figure 4. COMSOL TEG electric potential (V) results 

 

The first step to calculate the energy produced in the TEG unit will be to find the Seebeck 

Coefficient. Seeback Coefficient as given in the equation; [17] 

 

𝛼 = 𝛼𝑝 − 𝛼𝑛          3.2 

 

and by using the data in Table 6, the Seebeck coefficient is found as 𝛼 =  4,2 𝑥 10−4. Using the 

Seeback coefficient found, according to the following equation [17], the Seebeck Voltage in N 

multi-modules is found as 2.268 V. 

 

𝑉𝑜𝑐 =  𝑁 𝛼 ∆𝑇                3.3 

 

Here N is the number of modules in TEJ and the number of modules in the study is 144. To 

calculate the generated electrical power, RL and finally I values are calculated. To calculate RL, 

RL will be drawn by adding the knowns to the following equation [17]. 
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𝑉 =  
𝑉𝑜𝑐𝑅𝐿

𝑅𝐿+𝑅𝑖𝑛𝑡
         3.4 

 

Substituting the known in the equation follows [17], RL = 0.00287 ohms. When the knowns are 

substituted in equation (3.5), it is found as I = 7.52 A. 

 

𝑉 = 𝐼 𝑅𝐿                      3.5 

 

When the I and RL values found are replaced in the equation [17], the total power of the TEG Unit 

is calculated as P = 0.203 W. It was envisaged that a total of 126 TEGs would be installed in the 

300mm length and 120mm diameter exhaust pipe body. In this case, the total electrical power to 

be produced from the TEG reference system installed in the exhaust surface body is found to be 

25,6 W. 

 

𝑃 = 𝐼2 𝑅𝐿               3.6 

 

The results indicate that the SnSe-based thermoelectric module achieved the highest electrical 

power output among the investigated materials. This can be mainly attributed to its high Seebeck 

coefficient and low thermal conductivity, which enhance thermoelectric conversion efficiency. 

The COMSOL simulations also showed the highest electric potential distribution for the SnSe 

configuration, supporting the calculated power results. 

 

Mg₂Si exhibited the second-highest performance and showed a balanced combination of electrical 

conductivity, low cost, lightweight structure, and environmentally friendly composition, making 

it a promising alternative for practical applications. 

 

Bi₂Te₃ demonstrated stable and reliable thermoelectric behavior with competitive power output 

due to its relatively high electrical conductivity and well-established commercial maturity. 

 

PbTe generated the lowest electrical power under the investigated operating conditions. Although 

commonly used in high-temperature thermoelectric applications, its lower simulated voltage and 

higher internal resistance reduced the overall power generation performance in this study. 

 

Overall, the comparative analysis suggests that SnSe is the most promising thermoelectric material 

for the present TEG configuration, while Mg₂Si offers an attractive balance between performance, 

cost, and sustainability. 

 

This section presents the simulation results obtained from the step-by-step optimization 

process applied to the shell-and-tube heat exchanger. The findings are discussed in a progressive 

manner, starting from the reference configuration and followed by geometric optimization of baffle 

layout and baffle cut ratio, as well as fluid-based enhancement using nanofluid. Thermal 

performance is evaluated using the overall heat transfer coefficient and average cold-water outlet 

temperature, while all results are assessed under the constraint that the total pressure drop remains 

below 35kPa. 
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Reference Case Results: The reference configuration is first evaluated to establish a baseline for 

thermal and hydraulic performance. Total heat transfer coefficient, average cold-water outlet 

temperature, and temperature distribution are examined under identical operating conditions. This 

reference case serves as a benchmark for assessing the effectiveness of subsequent geometric and 

fluid-based optimization steps. (Figure 5) 

 
Figure 5. Reference model results 

As shown in Figure 5, the reference configuration satisfies the pressure-drop constraint of 35 kPa; 

however, the cold-side heating performance remains limited. The temperature distribution 

indicates relatively weak exhaust air-side mixing, highlighting the potential for performance 

improvement through baffle layout modification. 

Step 1 – Baffle Layout Optimization (Nb): In the first optimization step, the effect of baffle layout 

on heat exchanger performance is investigated by adding 4 baffles is expected to enhance shell-

side turbulence and cross-flow intensity, thereby improving total heat transfer. Figure 6 presents 

the thermal and hydraulic results for added baffles 

 
Figure 6. Model V1 results 

For Nb = 4, an improvement in total heat transfer coefficient and cold-side outlet temperature is 

observed compared to the reference case. However, the temperature distribution still indicates non-
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uniform heating along the shell side, suggesting that further enhancement is possible with 

optimized Bc. 

 

Step 2 – Baffle Cut Optimization (Bc): Based on the optimal baffle number identified in the 

previous step, the second optimization stage focuses on the effect of baffle cut ratio (Bc). Reducing 

the baffle cut is expected to strengthen flow redirection and mixing, thereby further enhancing 

cold-side heat transfer. The results for different baffle cut configurations are presented in Figures 

7 and 8. Figure 7 illustrates the thermal performance obtained for a baffle cut ratio of 36% under 

the optimal baffle layout. 

 
Figure 7. Model V2 results 

For Bc = 36%, a clear improvement in total heat transfer coefficient and average cold-water outlet 

temperature is observed compared to higher baffle cut configurations. The temperature distribution 

indicates enhanced shell-side mixing, while the pressure drop remains below the target limit of 

35kPa, confirming the hydraulic feasibility of this configuration. 

To further assess the effect of baffle cut reduction, the baffle cut ratio is decreased to 25%, and 

the resulting thermal performance is evaluated, as illustrated in Figure 8. 

 
Figure 8. Model V3 results 

For Bc = 25%, a clear improvement in total heat transfer coefficient and average cold-water outlet 

temperature is observed compared to higher baffle cut configurations. The temperature distribution 
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indicates enhanced shell-side mixing, while the pressure drop remains below the target limit of 

35kPa, confirming the hydraulic feasibility of this configuration. 

Although reducing the baffle cut to 25% leads to a marginal increase in heat transfer performance, 

the incremental gain in cold-side outlet temperature becomes limited. This result indicates 

diminishing returns associated with excessive baffle obstruction, suggesting that further reduction 

in baffle cut is not advantageous from a practical design perspective. 

The comparative evaluation demonstrates that optimized baffle geometry significantly improved 

exhaust-side heat transfer and exhaust heat recovery performance. Increased shell-side turbulence 

enhanced the total heat transfer coefficient and water outlet temperature while maintaining the 

pressure drop below 35 kPa. Among the configurations investigated, Model V3 achieved the best 

overall thermal performance. 

Table 4. Comparative Evaluation and Ranking of Exhaust Heat Exchanger Configurations 

Rank Model 

HT 

Coefficient  

(W/m²K) 

Shell Outer  

Surface, 

Temp. (K) 

Exhaust 

Outlet  

Temp. 

(K) 

Water 

Outlet  

Temp. 

(K) 

Pressure  

Drop 

(Pa) 

Overall 

Assessment 

1 Model V3 1377 663 652 326 32985 

Best overall 

exhaust heat 

recovery 

performance 

within pressure 

limit 

2 Model V2 1318 664 653 324 13569 

Strong thermal 

performance with 

balanced hydraulic 

behavior 

3 Model V1 1267 665 654 323 7618 

Improved exhaust 

heat transfer 

compared to 

reference case 

4 
Reference 

Case 
1008 669 659 316 1459 

Baseline 

configuration with 

limited exhaust-

side mixing 

 

The comparative evaluation indicates that thermoelectric material properties strongly affect 

exhaust-side electrical power generation performance. Among the investigated materials, SnSe 

achieved the highest electrical output due to its high Seebeck coefficient and low thermal 

conductivity. Mg₂Si provided an attractive balance between thermoelectric performance, low cost, 

and environmental sustainability. Bi₂Te₃ maintained stable and reliable thermoelectric behavior 

with commercially mature characteristics, while PbTe demonstrated comparatively lower 

electrical performance under the investigated operating conditions. 
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Table 5. Ranked Comparative Evaluation of Thermoelectric Materials and TEG Performance 

Rank Material 
Temp. 

Range (°C) 

Total 

Power (W) 
Cost Main Advantage 

1 SnSe 300–800 40,7 High 
Highest power 

output 

2 Mg2Si 300–600 29,2 Low 
Eco-friendly and 

lightweight 

3 Bi2Te3 50–300 25,6 
Medium–

High 

Commercially 

mature 

4 PbTe 400–700 22,8 Medium 
High-temperature 

suitability 

 

4. Conclusion and Recommendations 

This study investigated the thermal and thermoelectric optimization of an exhaust waste heat 

recovery system using a shell-and-tube heat exchanger integrated with thermoelectric generators 

(TEGs). The numerical analysis aimed to improve exhaust-side heat transfer and maximize 

electrical power generation from exhaust waste heat while maintaining the total pressure drop 

below 35 kPa. The results demonstrated that both exhaust heat exchanger geometry and 

thermoelectric material selection have a significant effect on overall exhaust energy recovery 

performance.  

The main findings of the study are summarized below: 

• The reference exhaust heat exchanger configuration satisfied the pressure-drop limitation; 

however, exhaust-side thermal mixing and heat transfer performance remained limited.  

• Adding baffles to the exhaust-side shell region improved exhaust gas turbulence and 

increased the overall exhaust heat transfer coefficient and cold-water outlet temperature.  

• Reducing the baffle cut ratio enhanced exhaust-side flow mixing and thermal distribution. 

The 25% baffle cut configuration provided the best thermal performance while remaining 

below the allowable exhaust pressure-drop limit.  

• The reference Bi₂Te₃-based exhaust TEG system generated approximately 0.203 W power 

per module and 25.6 W total electrical power for the 126-module exhaust configuration.  

• Among the investigated thermoelectric materials, SnSe achieved the highest exhaust 

electrical power generation due to its high Seebeck coefficient and low thermal 

conductivity.  

• The electrical power ranking obtained from the exhaust TEG simulations was determined 

as:  

𝑆𝑛𝑆𝑒 > 𝑀𝑔2𝑆𝑖 > 𝐵𝑖2𝑇𝑒3 > 𝑃𝑏𝑇𝑒 

• Mg₂Si demonstrated a balanced combination of exhaust energy recovery performance, low 

material cost, lightweight structure, and environmentally friendly composition.  

• Bi₂Te₃ provided stable and reliable exhaust thermoelectric performance and remained an 

important benchmark material due to its commercial maturity.  

• PbTe produced the lowest electrical power output under the investigated exhaust operating 

conditions because of its relatively higher internal resistance.  

Based on the obtained results, the following recommendations are proposed for future exhaust 

waste heat recovery studies: 

• Experimental validation of the exhaust heat exchanger and exhaust TEG system should be 

performed under real exhaust operating conditions.  
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• Temperature-dependent thermoelectric material properties should be included in future 

exhaust simulations for improved accuracy.  

• Alternative nanofluid and hybrid nanofluid configurations may be investigated to further 

enhance exhaust heat transfer performance.  

• Long-term durability and manufacturability of SnSe-based exhaust TEG modules should 

be evaluated before industrial implementation.  

In conclusion, the study demonstrated that optimized exhaust heat exchanger geometry combined 

with suitable thermoelectric material selection can significantly improve exhaust waste heat 

recovery and exhaust electrical power generation performance. Among the investigated materials, 

SnSe showed the highest exhaust energy recovery potential, while Mg₂Si provided a strong balance 

between performance, sustainability, and cost-effectiveness. 
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Abstract 

The thermal behavior of a gas turbine combustor was investigated using a combined 1D heat 

transfer approach and 3D thermal analysis under atmospheric conditions. Liner metal temperatures 

in the primary and secondary zones were evaluated by considering convection, radiation, and 

conduction heat transfer mechanisms. In addition, the influence of vane type radial swirlers with 

different vane angles (30°, 45°, and 60°) on thermal load distribution was analyzed. The 

comparison between 1D and 3D results showed strong agreement, with deviations remaining 

below 5%. The results revealed that swirler geometry significantly affects peak thermal loads 

within the combustor. Among the investigated configurations, the 60° vane angle produced the 

lowest peak temperature of 1228.6 K and provided a more uniform temperature distribution. 

Furthermore, a significant portion of the liner operated below 800 °C, indicating thermally safe 

conditions. Overall, the findings demonstrate that combustor design must integrate thermal 
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behavior and material limitations alongside aerodynamic and combustion considerations. In order 

to strengthen the evaluation, the study also considers the implications of temperature gradients on 

thermal stresses and potential material degradation within the liner structure. The spatial 

distribution of temperature was further interpreted in relation to flow recirculation characteristics 

induced by the swirler configuration. It was observed that increasing vane angle enhances mixing 

intensity, which contributes to a more uniform thermal field while simultaneously reducing 

localized hot spots. Additionally, the consistency between simplified and detailed modeling 

approaches highlights the applicability of reduced-order methods in early-stage combustor design. 

These findings provide a comprehensive understanding of how geometric parameters influence 

both thermal performance and structural reliability. Consequently, the results offer practical design 

insights for optimizing combustor configurations by balancing heat transfer characteristics, 

material limits, and flow-induced thermal behavior. 

 

Keywords: Gas turbine combustor, 3B Thermal analysis, Radial swirler, Liner temperature  
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1. Introduction 

Combustor design is governed not only by combustion efficiency, pressure loss, and exit 

temperature distribution, but also by thermal durability. In particular, maintaining liner 

temperatures within safe limits in small-scale turbojet engines is critical for ensuring material 

integrity and extending component lifetime. Therefore, the thermal behavior of the combustor 

must be evaluated through a comprehensive approach that simultaneously accounts for convection, 

radiation, conduction, rather than considering the flow field alone. In this context, 1D thermal 

calculations were first performed for the primary and secondary zones followed by an assessment 

of the cooling effectiveness on liner wall temperatures. Subsequently, the thermal behavior of vane 

type radial swirlers with different vane angles was investigated under atmospheric conditions using 

3D analyses. The results obtained for vane angles of 30°, 45°, and 60° demonstrate that swirler 

geometry significantly influences not only the flow and mixing characteristics but also the thermal 

loads imposed on the combustor walls. This evaluation enabled a comparative thermal assessment 

of different swirler configurations and the identification of a more reliable design in terms of high-

temperature resistance. Increasing the swirler vane angle between 20° and 60° enhances turbulence 

intensity inside the combustor, leading to increased thermal loads on the combustor walls and 

consequently affecting the liner metal temperature (Eldrainy et al., 2018). Similarly, higher swirl 

intensity may increase wall heat fluxes due to the enhancement of convective and radiative heat 

transfer mechanisms within the combustion chamber (Huang & Yang, 2009). In addition, elevated 

swirl angles intensify turbulence levels in the near-wall region, thereby increasing the heat transfer 

coefficient and resulting in higher thermal loads on the combustor liner (Mazzei et al., 2016). 

2. Materials and Methods 

Within the scope of this study, the metal temperatures obtained from the thermal analysis of a 

combustor equipped with a radial vortex generator having different vane angles (30°, 45°, and 60°) 

were numerically investigated. The geometry was developed based on the design parameters of a 

turbojet engine producing approximately 500 N of thrust, and the combustor is of annular type, 

incorporating primary, secondary, and dilution zones. The numerical analyses were performed 

using a CFD approach in ANSYS CFX. The k–ε Realizable turbulence model was employed, while 

the combustion process was modeled using the Eddy Dissipation Model (EDM), in which the 

turbulent mixing rate governs the reaction rate The temperature field computed in ANSYS CFX 

was mapped into the Steady-State Thermal module for subsequent thermal analysis. To reduce 

computational cost, the geometry was modeled as a 1/8 periodic sector. Regarding the boundary 

conditions, the inlet was defined by a total pressure of 402.633 kPa and a total temperature of 

442.28 K. For the 1/8 scaled geometry, the fuel mass flow rate was specified as 0.00209 kg/s with 

a fuel temperature of 320 K, while the outlet total mass flow rate was set to 0.1065 kg/s. The 

boundary conditions applied to the one-eighth sector geometry are presented in Figure 1. 
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Figure 1. 1/8 sector geometry and boundary conditions 

 

3. Findings and Discussion 

Within the scope of this study, the variation of combustor liner metal temperatures in 

different combustion zones was investigated for swirlers with vane angles of 30°, 45°, and 60° 

using both (1D) and 3D analyses. Based on these analyses, the resulting temperature differences 

were evaluated. Table 1 presents the variations of inner and outer liner metal temperatures obtained 

from 1D and 3D calculations across different regions of the combustor, particularly the primary 

and secondary zones, and the corresponding percentage differences between these results are also 

determined. The obtained results correspond to a combustor configuration without the 

implementation of any additional cooling techniques, such as effusion cooling or film cooling. 

Table 1. Combustor liner metal temperature distribution 

Region 

1D Inner 

Liner 

Temperatur

e (𝑇𝑤1) (K) 

3D Inner 

Liner 

Temperatur

e 

(𝑇𝑤1) (K) 

Differenc

e (%) 

1D Outer 

Liner 

Temperatur

e 

(𝑇𝑤2)  (K) 

3D Outer 

Liner 

Temperatur

e (𝑇𝑤2)  (K) 

Differenc

e (%) 

Primary 931.21 925.34 0.63 921.40 877.73 4.73 

Secondar

y 
1062.71 1031.8 2.9 1047.38 1015.6 3.03 

 

As shown in Table 1, the deviation between the 1D and 3D inner liner temperatures is 0.63% 

in the primary zone and 2.9% in the secondary zone. For the outer liner, the corresponding 

differences are 4.73% and 3.03% for the primary and secondary zones, respectively. All deviations 

remain below 5%, indicating a strong agreement between the two approaches. This level of 

discrepancy is consistent with values commonly reported in the literature (Lefebvre & Ballal, 

2010). In order to determine the inner and outer liner metal temperatures obtained from the 1D 

analysis presented in Table 1, several heat transfer parameters must be evaluated. These include 

the convective heat transfer from the combustion gases to the liner (C₁), given by Eq. (1); the 

radiative heat transfer from the combustion gases to the liner (R₁), given by Eq. (2); the convective 

heat transfer from the liner to the secondary flow (C₂), given by Eq. (3); and the radiative heat 

transfer from the liner to the casing (R₂), given by Eq. (4). 
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𝐶1 = 0,020 × (
𝑘𝑔

𝐷𝐿
0,2) × (

𝑚

𝐴𝐿×𝜇𝑔
)
0,8

× (𝑇𝑔 − 𝑇𝑤)                     (1)          

R1 = 0.5 × σ × (1 + εw) × εg × Tg
1.5 × (Tg

2.5 − Tw
2.5)                    (2) 

𝐶2 = 0.020 × (
𝑘𝑎

𝐷𝑎𝑛
0.2) × (

𝑚

𝐴𝑎𝑛×𝜇𝑎
)
0.8

× (𝑇𝑤 − 𝑇3)          (3) 

R2 = σ ×
(εw×εc)

εc+εw×(1−εc)×(
Aw
Ac

)
× (Tw2

4 − T3
4)           (4) 

Within the scope of this study, the variation of metal temperatures in swirlers with different 

vane angles was analyzed using CFD simulations in the ANSYS Steady-State Thermal module, 

and the results are presented in Figure 2. The obtained thermal analysis results represent the 

temperature variations within the combustor of an engine operating under atmospheric conditions 

(1 atm, 25°C). 

 
Figure 2. Temperature contours of the combustor liner obtained from steady-state thermal 

analysis for different swirler vane angles: 30° (a), 45° (b), and 60° (c) 

As shown in Fig. 2, the maximum temperature obtained for the swirler with a 60° vane angle 

is lower than those observed for the 30° and 45° configurations. Although the peak temperature of 

1228.6 K for the 60° case may be considered critical, it remains acceptable for short-duration 

operation (approximately 5–6 minutes). In this context, the 60° swirler configuration is considered 

to fall within the allowable limits for Inconel 625, a superalloy commonly used in jet engine 

combustors. Furthermore, since the majority of the temperature field remains below 800 °C, a 

significant portion of the liner structure can be regarded as thermally safe. The thermomechanical 

properties of Inconel 625, used in the combustor, are presented in Table 2. 
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Table 2. Inconel 625 thermomechanical properties (ASM International, 1990) 

Parameters Symbol Value 

Melting Temperature 

(°C) 
Tₘ 1290-1350 

Density ( kg/m3) ρ 8442 

Thermal Conductivity 

(W/m.K) 
k 7.2/25.42 

Coefficient of Thermal 

Expansion (1/K) 
α 8.6e-06/1.61e-05 

Specific Heat (J/kg.K) cₚ 409.5/577.5 

Maximum Service 

Temperature (°C) 
Tmax 1000-1100 

 As indicated in Table 3, the maximum service temperature of Inconel 625 lies in the range 

of 1000–1100 °C. The peak temperature obtained for the 60° swirler configuration 1228.6 K falls 

within this allowable range and is comparatively lower than those corresponding to the other vane 

angles, indicating a more thermally reliable operating condition. 

 

 

4. Conclusion and Recommendations 

The main findings regarding the liner metal temperatures obtained within the combustor are 

summarized as follows. A combined one-dimensional (1D) and three-dimensional (3D) thermal 

analysis approach was employed to determine the combustor liner temperatures, and both inner 

and outer liner metal temperatures were evaluated. The comparison of 1D and 3D results showed 

that the deviation between the predicted metal temperatures remained below 5%, indicating that 

the simplified approach provides sufficient accuracy for engineering applications. The swirler vane 

angle was identified as a key parameter governing the thermal load distribution within the 

combustor. The maximum temperature obtained for the 60° swirler configuration was found to be 

lower than those corresponding to the other vane angles. In addition, the peak temperature of 

1228.6 K obtained for the 60° swirler was determined to remain within the allowable service 

temperature limits of Inconel 625. The results demonstrate that, in combustor design, thermal 

effects and material limitations must be evaluated together with the swirler geometry to ensure 

reliable operation. 

For future studies, the effects of different cooling techniques such as film cooling and 

effusion cooling on liner metal temperatures may be investigated together with various swirler 

geometries. In addition, transient thermal analyses and thermo-mechanical stress evaluations are 

recommended in order to better understand the long-term structural durability of the combustor 

liner under realistic operating conditions. Experimental validation studies are also suggested to 

improve the reliability and applicability of the numerical methodology presented in this study. 
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Abstract 

This study aims to compare different sample preparation methods for ICP-MS analysis, which is 

widely used for trace element determination in environmental samples. Although ICP-MS is an 

important technique in environmental analysis with its high sensitivity and low detection limits, 

the accuracy of the analytical results largely depends on the sample preparation stage. Therefore, 

the selection of an appropriate preparation method is critical. In this study, analytical 

measurements are performed with an ICP-MS instrument, and total metal determination is based 

on EPA 6020 B. This method aims to accurately and precisely determine trace elements in 

environmental samples using inductively coupled plasma-mass spectrometry. In the sample 

preparation processes, different digestion and extraction approaches included in the Standard 

Methods are applied. The methods applied are SM 3030 B Filtration for Dissolved and Suspended 

Metals, SM 3030 C Acidic Extraction, SM 3030 E Nitric Acid Digestion, and SM 3030 K 

Microwave-Assisted Digestion. One-way analysis of variance (ANOVA) was used as the 

statistical approach to evaluate the obtained analysis results. The ANOVA method tested whether 

the differences in mean recovery values, measurement repeatability, and element concentrations 

for different pretreatment and digestion methods were statistically significant. In conclusion, this 

study comprehensively reveals the effects of sample preparation and digestion methods used in 

different environmental matrices on ICP-MS analytical performance, both experimentally and 

statistically. The findings significantly contribute to determining the most appropriate sample 

preparation strategy in environmental analyses, improving analytical accuracy, and strengthening 

standardization in laboratory practices. Furthermore, the study highlights the strengths and 

weaknesses of different methodologies, serving as a reference for similar studies in the future. 

Keywords: ICP-MS, Trace element analysis, Sample preparation methods, EPA 6020B, ANOVA 
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1. Introduction  

With the increase in environmental pollution, the determination of trace and ultratrace metals 

in environmental media such as water, soil, and sediment has become of great importance. Heavy 

metals and other trace elements can cause toxic effects on ecosystems and negatively impact 

human health. Therefore, it is necessary to determine metal concentrations in environmental 

samples using accurate, sensitive, and reliable methods (WHO, 2022; EPA, 2023). 

The reliability of metal analyses in environmental samples largely depends on the sample 

preparation method applied. Therefore, in this study, the SM 3030 series methods included in the 

“Standard Methods” document were examined and their suitability for ICP-MS analyses was 

compared (APHA, 2017). The SM 3030 B method is a filtration method for separating dissolved 

and particulate-bound metal fractions. In this method, the sample is passed through a membrane 

filter with a pore diameter of 0.45 µm, where dissolved metals are collected in the phase passing 

through the filter, while particulate-bound metals are retained on the filter. This allows for the 

evaluation of the transport behavior of metals in environmental systems (Keith, 1996; APHA, 

2017). The SM 3030 C method is based on acidic extraction. With this method, metal fractions 

that can be mobilized under environmental conditions and exhibit bioavailable properties are 

determined. In an acidic environment, metals weakly bound to carbonates, hydroxides, or surfaces 

are passed into the solution. Therefore, this method is widely used in environmental risk 

assessment studies (Tessier et al., 1979; Horowitz, 1991). The SM 3030 E method is an open-

system digestion method performed using nitric acid. During this process, the organic matrix is 

oxidatively decomposed, and metal ions are transferred to the solution phase. Nitric acid digestion 

is one of the standard pretreatment methods widely used for metal determination in environmental 

and biological samples (APHA, 2017; Harris, 2020). The SM 3030 K method, on the other hand, 

is based on microwave-assisted digestion. During this process, which is carried out in a closed 

system, high temperature and high pressure conditions are created, thus ensuring more effective 

dissolution of the sample. Microwave digestion is considered one of the most advanced sample 

preparation methods for ICP-MS analyses today due to its low contamination risk and high 

recovery rates (Kingston and Jassie, 1988; EPA 3052).  

In this study, boron, iron, barium, titanium, phosphorus, aluminum, strontium, and 

manganese elements were examined to evaluate the performance of the methods. These elements 

were chosen because of their widespread presence in environmental systems and their ecological 

importance (Stumm and Morgan, 1996; WHO, 2022). These analyzed elements possess 

environmentally significant characteristics and can be transported into the environment from 

natural and anthropogenic sources. Therefore, they are frequently monitored in environmental 

monitoring studies (WHO, 2022; EPA, 2023). Boron (B) is an element that occurs naturally in 

borate and borosilicate minerals. Although it is an essential micronutrient for plant growth, it can 

have toxic effects at high concentrations. Boron concentrations in environmental waters are 

generally affected by geological formations, agricultural activities, and industrial discharges 

(WHO, 2022). Iron (Fe) is one of the most abundant elements in the Earth's crust and plays a role 

in important redox reactions in environmental systems. Although commonly found in natural 

waters and soils, mining activities and industrial sources can lead to increased iron concentrations 

(Stumm and Morgan, 1996). Barium (Ba) is mostly found in nature as the mineral barite. It can be 

found naturally in groundwater and can be transported to the environment as a result of some 

industrial activities. Soluble barium compounds can pose a risk to human health at high 

concentrations (WHO, 2022). Titanium (Ti) is a chemically stable element found in rutile and 

ilmenite minerals. It generally exhibits low solubility in the environment and is mostly found from 
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natural sources. Therefore, its environmental toxicity is lower than many other metals (Skoog et 

al., 2018). Phosphorus (P) is one of the essential nutrients necessary for living organisms. 

However, excessive increases in phosphate concentrations can cause eutrophication in lakes and 

rivers, negatively affecting water quality. Therefore, it is considered an important parameter in 

water quality studies (WHO, 2022). Aluminum (Al) is among the most abundant metals in the 

Earth's crust. In nature, it is mostly found in aluminosilicate minerals. Its solubility increases, 

especially under low pH conditions, and it can have toxic effects on aquatic organisms (Stumm 

and Morgan, 1996). Strontium (Sr) exhibits similarities to calcium in its chemical properties. 

Therefore, it can replace calcium in biological systems. Its radioactive isotope, Sr-90, is considered 

an important indicator in environmental pollution studies (WHO, 2022). Manganese (Mn) is a 

transition metal that can be found in different oxidation states. While commonly found in natural 

waters and soils, it can cause neurological effects at high concentrations. It is also one of the 

elements that plays an important role in environmental redox processes (Stumm and Morgan, 

1996). 

The accurate determination of the behavior of these elements in environmental systems 

depends on the analytical performance of the applied sample preparation methods. Therefore, 

evaluating the effects of different pretreatment methods on ICP-MS analysis results is of great 

importance for the reliability of environmental monitoring studies. Statistical methods were used 

to evaluate the analytical performance of sample preparation methods. Statistical analyses play an 

important role in demonstrating the accuracy, sensitivity, and reliability of the data obtained in 

analytical studies (Miller and Miller, 2018). In this context, Relative Standard Deviation (RSD) 

values were used primarily to evaluate the repeatability and sensitivity of the measurements. RSD 

is a parameter that expresses the distribution of measurements around the mean, and low RSD 

values indicate that the method has high sensitivity (Harris, 2020). Dixon test and Grubbs test were 

applied to identify possible outliers in the datasets. The Dixon test is a parametric method used to 

evaluate suspicious results, especially in datasets with a small number of observations (Dixon, 

1950). The Grubbs test, developed to identify a single outlier in normally distributed datasets, is a 

statistical test widely used in analytical chemistry studies (Grubbs, 1969). One-way analysis of 

variance (ANOVA) is used to determine possible differences between results obtained from 

different sample preparation methods. ANOVA is a parametric analysis method used to determine 

whether there is a statistically significant difference between the means of two or more groups. In 

this method, evaluation is made using the F statistic obtained by comparing within-group and 

between-group variances (Montgomery, 2019). The combined use of RSD, Dixon test, Grubbs 

test, and ANOVA allows for a comprehensive evaluation of measurement accuracy, data quality, 

and compatibility between methods. Therefore, these statistical methods are considered important 

tools in establishing the reliability of ICP-MS analyses performed on environmental samples 

(Miller and Miller, 2018; Harris, 2020).  

Recent studies have highlighted that ICP-MS remains one of the most powerful analytical 

techniques for environmental monitoring due to its low detection limits, wide linear dynamic 

range, and multi-element analysis capability. However, the accuracy and reliability of trace metal 

determinations are significantly affected by the sample preparation procedure, especially when 

analyzing complex environmental matrices. Therefore, optimization and comparison of sample 

preparation methods have become increasingly important for obtaining high-quality analytical data 

in environmental studies (Feldmann et al., 2024). 

2. Materials and Methods 
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The aim of this study is to evaluate the effect of different sample preparation methods used 

in metal analysis of environmental samples on ICP-MS measurements (Figure 1). In this context, 

four different methods from the SM 3030 series, as described in the "Standard Methods for the 

Examination of Water and Wastewater" document, were applied and examined comparatively. 

High-purity (trace metal grade) chemicals were used in the analyses. All solutions were prepared 

with ultra-pure water having an resistance of 18.2 MΩ·cm.  

 A multi-point calibration approach was applied in ICP-MS analyses. Calibration curves 

were generated using standard solutions prepared in the range of 5–1000 ppb. Calibration 

standards were prepared from commercial stock solutions with appropriate dilutions. Linear 

regression analysis was performed for each element, and calibration accuracy was evaluated using 

the correlation coefficient (R²). Calibration linearity is one of the fundamental performance 

parameters of analytical method validation and refers to the method's ability to establish a linear 

relationship between the amount of analyte and the measurement signal within the specified 

concentration range. ICH Q2(R²) values of the calibration curves obtained for all elements were 

in the range of 0.997–1.000, indicating that the method exhibited high linear performance. The 

current (R2) analytical method validation guideline also states that linearity is one of the 

fundamental validation parameters that should be evaluated for the method to produce reliable 

quantitative results. The high R² values obtained show that the ICP-MS method provides sufficient 

accuracy and reliability within its operating range (ICH, 2024). 

 

 
 

Figure 1. ICP-MS system 

  

3. Findings and Discussion 

For the purpose of actual sample application, water samples were taken from Güzeller 

Organized Industrial Zone (GOSB) in the Marmara Region. The samples were stored in acidified 

polyethylene containers and kept at 4°C until analysis. 
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Table 1. Evaluation of pretreatment methods 

Element 

 

Mean Range 

Between 

Pretreatment 

Methods 

(mg/L) 

% RSD 

Range 

Grubbs 

Test 

Dixon Q 

Test 

ANOVA 

(p) 
Statistical Evaluation 

Boron 1.553-1.566 4,24-4.66 Suitable Suitable 0.306 

There are no 

significant differences 

between the methods. 

All methods are 

compatible. 

Iron 2.099-2.105 0.32-0.61 Suitable Suitable 0.146 

High accuracy has 

been achieved. Pre-

treatment methods 

have shown similar 

performance. 

Barium 3.134-3.140 0.20-0.61 Suitable Suitable 0.484 

The measurements 

showed a 

homogeneous 

distribution. No 

significant differences 

were observed 

between the methods. 

Titanium 0.204-0.206 1.31-1.87 Suitable Suitable 0.146 

The pretreatment 

methods are 

statistically consistent. 

Phosphorus 0.540-0.550 0.09-0.35 Suitable Suitable 0.999 

There are no 

significant differences 

between the methods. 

Aluminum 0.939-0.952 0.99-1.46 Suitable Suitable 0.788 

Low variation values 

indicate that the 

methods are reliable. 

Strontium 0.142-0.157 0.52-1.25 Suitable Suitable 0.999 

All methods 

demonstrated similar 

analytical 

performance. 

Manganese 0.402-0.403 0.28-0.41 Suitable Suitable 0.345 

No statistically 

significant differences 

were found between 

the pre-treatment 

methods. 

 

4. Conclusion and Recommendations 

ICP-MS analyses revealed similar concentration valuesacross all pretreatment methods. Low 

%RSD values indicated high sensitivity and good reproducibility of the methods. Furthermore, no 

outliers were detected in the Grubbs and Dixon tests. 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

736 
 

ANOVA analyses yielded p>0.05 for all methods, indicating no statistically significant 

difference between pretreatment methods. This suggests that the methods are compatible and 

provide reliable results. 

SM 3030 B, SM 3030 C, SM 3030 E, and SM 3030 K pretreatment methods have been 

determined to be reliable, sensitive, and applicable methods in ICP-MS analysis. 
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Özet 

Tıbbi görüntülemede makine öğreniminin rolü son on yılda önemli ölçüde değişti. İlk çalışmalar 

küçük veri kümeleri ve sınırlı bilgi işlem kaynaklarıyla kısıtlanmıştı, ancak derin öğrenme 

mimarilerinin olgunlaşması ve büyük ölçekli açıklamalı görüntü depolarının daha geniş çapta 

kullanılabilirliği alanı temelden değiştirdi. Bugün, makine öğrenimine dayalı sistemler, radyoloji 

ve patolojiden nörogörüntüleme ve onkolojiye kadar geniş bir yelpazedeki klinik ortamlarda 

araştırılıyor ve kademeli olarak uygulanıyor. Bu makale, bibliyometrik bir yaklaşım kullanarak 

yayınlanmış bilimsel kayıtlar aracılığıyla bu gelişmeyi haritalandırıyor. Web of Science Core 

Collection'da (WoS ) "makine öğrenimi" ve "tıbbi görüntüleme" terimlerini birleştiren ve yayın 

yılına ilişkin herhangi bir kısıtlama olmaksızın uygulanan bir arama, toplam 29.491 kayıt 

döndürdü. Veri kümesi, yayınların araştırma kategorileri arasındaki dağılımını analiz etmek, en 

belirgin anahtar kelimeleri belirlemek ve birlikte oluşma ağlarını görselleştirmek için VOSviewer 

ile işlendi. Yayın çıktısı Radyoloji, Nükleer Tıp ve Tıbbi Görüntüleme, Elektrik ve Elektronik 

Mühendisliği ve Biyomedikal Mühendisliği alanlarında yoğunlaşmıştır. Anahtar kelime 

haritasında, derin öğrenme, radyomik, evrimsel sinir ağları ve görüntü segmentasyonu baskın 

temalar olarak ortaya çıkmaktadır. 

Anahtar Kelimeler: Makine öğrenimi, Tıbbi görüntüleme, Bibliyometrik analiz, Sağlık 

teknolojileri, Görüntüleme sistemleri 
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APPLICATIONS OF MACHINE LEARNING METHODS IN MEDICAL IMAGING:  

A BIBLIOMETRIC ANALYSIS 

 

 

 

Abstract: The role of machine learning in medical imaging has shifted considerably over the past 

decade. Early work was constrained by small datasets and limited computing resources, but the 

maturation of deep learning architectures and the broader availability of large-scale annotated 

image repositories have fundamentally changed the field. Today, machine learning-based systems 

are being researched and gradually deployed across a wide range of clinical settings, from 

radiology and pathology to neuroimaging and oncology. This paper maps that development 

through the published scientific record using a bibliometric approach. A search of the Web of 

Science Core Collection combining the terms "machine learning" and "medical imaging", applied 

without any restriction on publication year, returned a total of 29,491 records. The dataset was 

processed with VOSviewer to analyse the distribution of publications across research categories, 

identify the most prominent keywords, and visualise co-occurrence networks. Publication output 

is concentrated in Radiology, Nuclear Medicine and Medical Imaging, Electrical and Electronic 

Engineering, and Biomedical Engineering. In the keyword map, deep learning, radiomics, 

convolutional neural networks, and image segmentation emerge as the dominant themes. 

Keywords: Machine learning, Medical imaging, Bibliometric analysis, Health technologies, 

Imaging systems 
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1. GİRİŞ 

Tıbbi görüntüleme, klinisyenlerin hastalık teşhisi, tedavi planlaması ve hasta sonuçlarının 

izlenmesi için sahip oldukları en önemli araçlardan biridir. Geleneksel radyografi ve bilgisayarlı 

tomografiden (BT) manyetik rezonans görüntülemeye (MRG), pozitron emisyon tomografisine 

(PET) ve ultrasona kadar, klinik uygulamada üretilen görüntü verilerinin hacmi her yıl artmaya 

devam etmektedir. Bu verilerin yönetimi ve yorumlanması büyük ölçüde klinik uzmanların 

sorumluluğundadır, ancak makine öğrenme yöntemleri güvenilir karar destek araçları olarak 

değerlerini giderek daha fazla kanıtlamaktadır [1]. 

Makine öğrenmesi, sistemlerin açıkça programlanmış kuralları izlemek yerine verilerden kalıplar 

öğrendiği yapay zekanın bir dalıdır. Tıbbi görüntüleme bağlamında, terim en sık derin öğrenme 

mimarilerini, özellikle de evrimsel sinir ağlarını (CNN'ler) kapsar. Bu modeller, görüntü 

sınıflandırmasından lezyon segmentasyonuna, nesne tespitinden prognostik tahmine kadar çeşitli 

görevlerde güçlü performans göstermiştir [2]. Radyomik, çıplak gözle görülemeyen görüntülerden 

nicel özellikler çıkararak ve bunları klinik sonuçlarla ilişkilendirerek bunu daha da genişletmiştir 

[3]. Son zamanlarda, görüntülemeyi genomik, klinik ve metinsel verilerle birleştiren çok modlu 

yaklaşımlar, hassas tıpta yeni yönler açmıştır [4]. 

Yayın tabanının hızlı büyümesi, herhangi bir araştırmacının alanın kapsamlı bir görünümünü 

sürdürmesini giderek zorlaştırmaktadır. Bibliyometrik analiz, literatürü incelemek için sistematik, 

nicel bir çerçeve sağlayarak bu zorluğun üstesinden gelir. Hangi ülkelerin ve kurumların en aktif 

olduğunu, hangi dergilerin en büyük etkiye sahip olduğunu, araştırma işbirliği ağlarının nasıl 

yapılandırıldığını ve hangi kavramların birlikte ortaya çıkma eğiliminde olduğunu ortaya 

çıkarabilir [5]. VOSviewer, bu tür analizler için en yaygın olarak kullanılan araçlardan biridir ve 

büyük ölçekli bibliyografik veri kümelerinin ilgili terimler ve yazarlar ağları olarak 

haritalanmasını ve görselleştirilmesini sağlar [6]. 

Bu çalışma, makine öğrenimi ve tıbbi görüntüleme kesişiminde Web of Science Core 

Collection'dan alınan 29.491 kaydın bibliyometrik analizini sunmaktadır. Yayın yılına herhangi 

bir kısıtlama getirilmemiştir, bu nedenle analiz, veritabanında bulunan alanın tüm tarihsel aralığını 

kapsamaktadır. Amaç, bu araştırma alanının mevcut yapısını karakterize etmek ve hangi yöne 

doğru ilerlediğini vurgulamaktır. 

2. METODOLOJİ 

Veri kaynağı olarak Web of Science Core Collection (WoS CC) seçildi. WoS CC, tutarlı atıf 

indekslemesi, standartlaştırılmış konu kategori sistemi ve büyük ölçekli veri dışa aktarımını 

desteklemesi nedeniyle bibliyometrik araştırmalar için güvenilir bir platform olarak geniş çapta 

kabul görmektedir. Benzer şekilde, gelişmekte olan araştırma alanlarının analizlerinde yaygın 

olarak kullanılmıştır [7]. Arama, "makine öğrenimi" VE "tıbbi görüntüleme" terimlerinin birleşimi 

kullanılarak konu, başlık ve anahtar kelime alanlarında gerçekleştirildi. Yayın yılı, belge türü veya 

dil konusunda herhangi bir kısıtlama getirilmedi, böylece konunun indekslenmiş tüm geçmişi 

yakalandı. Sorgu, başlıklar, özetler, yazarlar, kurumlar, ülkeler, kaynak dergiler, Web of Science 

kategorileri, atıf sayıları ve yazar anahtar kelimeleri dahil olmak üzere tam kayıt formatında dışa 

aktarılan 29.491 kayıt döndürdü. Dışa aktarılan veriler, VOSviewer sürüm 1.6.20 kullanılarak 

işlendi. Yazılım, anahtar kelimeler, yazarlar, kuruluşlar ve ülkeler gibi öğeler arasında ikili 

ilişkileri hesaplayarak eş oluşum ve ortak yazarlık ağları oluşturur ve daha sonra bunları ağırlıklı 

ve normalleştirilmiş bir ilişki gücü ölçüsü kullanarak kümeler halinde düzenler [6]. Bu çalışmada, 

alanın tematik yapısını gösteren yoğunluk haritaları oluşturmak için yazar anahtar kelime eş 

oluşum analizi kullanılmıştır. Ayrıca, Şekil 1'de sunulan çubuk grafiği üretmek için kategori 

düzeyindeki yayın sayıları Python'da işlenmiştir. 
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Şekil 1. Yayınların WoS kategorisine göre dağılımı (en çok okunan 15 kategori, n=29.491) 

3. SONUÇLAR 

WoS araması, makine öğrenimi ve tıbbi görüntüleme kesişiminde toplam 29.491 yayın döndürdü. 

Yıl filtresi uygulanmadığı için bu rakam, alanın en eski kayıtlarından günümüze kadar olan tüm 

indekslenmiş çıktısını temsil etmektedir. 

3.1. Araştırma Kategorisine Göre Dağılım 

WoS konu kategorilerine göre yayınların dağılımı Şekil 1'de gösterilmiştir. En büyük pay 

Radyoloji, Nükleer Tıp ve Tıbbi Görüntüleme'ye (n=7.193; %24,39) aittir, bunu Elektrik ve 

Elektronik Mühendisliği (n=4.228; %14,34) ve Biyomedikal Mühendisliği (n=3.780; %12,82) 

takip etmektedir. Bilgisayar Bilimleri, Yapay Zeka (n=3.733; %12,66) ve Onkoloji (n=2.940; 

%9,97) de önemli oranlara sahiptir. Genel olarak bu örüntü, bunun yalnızca klinik bir araştırma 

alanı olmadığını açıkça ortaya koymaktadır: Elektrik ve elektronik mühendisliği, biyomedikal 

mühendisliği ve bilgisayar bilimlerinin çeşitli dallarından eşit derecede yararlanarak, alanın 

doğasında var olan disiplinlerarası karakterini yansıtmaktadır. 

Tablo 1, en yüksek kayıt sayısına sahip on kategoriyi ve toplam külliyat içindeki yüzdelik paylarını 

listelemektedir. 

Tablo 1. Yayın sayısına göre en çok okunan 10 WoS kategorisi 

WoS Kategori Kayıt Sayısı Yüzde 

Radyoloji, Nükleer Tıp ve Tıbbi Görüntüleme 7,193 24.39% 

Elektrik ve Elektronik Mühendisliği 4,228 14.34% 

Biyomedikal Mühendisliği 3,780 12.82% 

Bilgisayar Bilimleri, Yapay Zeka 3,733 12.66% 

Onkoloji 2,940 9.97% 

Bilgisayar Bilimleri, Bilgi Sistemleri 2,931 9.94% 

Bilgisayar Bilimleri, Disiplinlerarası Uygulamalar 2,629 8.92% 

Çok Disiplinli Bilimler 1,698 5.76% 

Bilgisayar Bilimleri, Teori ve Yöntemler 1,568 5.32% 

Tıp, Genel ve Dahiliye 1,436 4.87% 
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3.2. Anahtar Kelime Yoğunluk Haritası 

Şekil 2, VOSviewer ile oluşturulan yazar anahtar kelime yoğunluk haritasını göstermektedir. En 

belirgin yoğunlaşma "derin öğrenme" ve "radyomik" etrafında görülürken, "yapay zeka", 

"evrişimsel sinir ağı", "özellik çıkarımı", "görüntü segmentasyonu" ve "meme kanseri" ikincil 

kümeler oluşturmaktadır. Haritanın sol kısmı genel makine öğrenme yöntemleri ve görüntü işleme 

teknikleriyle, sağ kısmı ise hepatoselüler karsinom, glioblastoma ve meme tümörleri de dahil 

olmak üzere belirli hastalıklara odaklanan klinik araştırmaları yansıtmaktadır. 

 
Şekil 2. Yazar anahtar kelime yoğunluk haritası (VOSviewer) 

Haritada öne çıkan diğer terimler arasında "transfer öğrenme", "tıbbi görüntü işleme", 

"transformer", "kendiliğinden denetimli öğrenme" ve "açıklanabilir yapay zeka" gibi metodolojik 

kavramlar; "MRI", "BT", "X-ışını" ve "ultrasonik görüntüleme" gibi modaliteye özgü terimler; ve 

"tümör sınıflandırması", "erken teşhis", "tahmin modeli" ve "radyogenomik" gibi klinik hedefler 

yer almaktadır. Bu kavramsal çeşitlilik, alandaki ilerlemenin hem algoritmik hem de klinik 

yönlerden eş zamanlı olarak yönlendirildiğini göstermektedir. Türkiye merkezli araştırmacılar da 

bu çalışma alanına anlamlı katkılarda bulunmuşlardır; özellikle CNN'ler kullanılarak göğüs 

röntgen görüntülerinden COVID-19 tespiti [8], MRI'dan beyin anormalliği sınıflandırması için 

derin transfer öğrenme [9] ve EKG sinyallerinden aritmi tespiti için derin evrişimsel ağlar [10] 

üzerine yapılan çalışmalar dikkat çekicidir. 

4. SONUÇ 

Bu çalışma, yayın yılına herhangi bir kısıtlama getirilmeden, bibliyometrik yöntemlerle makine 

öğrenimi ve tıbbi görüntüleme kesişiminde yer alan 29.491 yayını incelemiştir. Sonuçlar, araştırma 

faaliyetinin öncelikle Radyoloji, Nükleer Tıp ve Tıbbi Görüntüleme, Elektrik ve Elektronik 

Mühendisliği ve Biyomedikal Mühendisliği alanlarında yoğunlaştığını göstermektedir. Bu 

dağılım, tıbbi görüntülemede makine öğreniminin tamamen klinik bir girişim olmadığını, önemli 

bir mühendislik ve bilgisayar bilimi temeline dayandığını ve alandaki ilerlemenin her iki 

topluluğun da sürekli katılımına bağlı olduğunu vurgulamaktadır. 

Anahtar kelime yoğunluk haritası, derin öğrenme ve radyomiklerin şu anda alanın çekirdeğini 

tanımladığını, evrişimsel sinir ağları, transfer öğrenme, görüntü segmentasyonu ve açıklanabilir 
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yapay zekanın ise bunların etrafında yakından kümelendiğini doğrulamaktadır. Hastalık alanları 

arasında meme kanseri, beyin tümörleri ve hepatosellüler karsinom en belirgin şekilde 

görünmektedir. Bu model, algoritmik ilerlemelerin nispeten odaklanmış bir dizi yüksek öncelikli 

klinik probleme yönlendirildiğini göstermektedir [2]. 

Gelecekteki çalışmalar için özellikle umut verici görünen birkaç yön bulunmaktadır. Model 

kararlarını klinisyenler için yorumlanabilir hale getiren açıklanabilir yapay zeka yöntemleri, kritik 

bir açık problem olmaya devam etmektedir. Etiketli verilerin az olduğu ortamlarda yarı denetimli 

ve kendi kendine denetimli öğrenme stratejileri giderek daha fazla ilgi çekmektedir. Temel 

modellerin klinik iş akışlarına entegrasyonu hızla gelişen bir sınır alanını temsil etmektedir [11] 

ve görsel dil modellerinin radyoloji raporlamasına uygulanması bu eğilimin erken ancak somut bir 

örneğidir [12]. Son olarak, görüntüleme fenotiplerini genomik verilere bağlayan radyogenomik 

yaklaşımlar, gerçekten kişiselleştirilmiş tedavi planlamasına doğru bir yol sunmaktadır [3]. 

Bir araya getirildiğinde, bu çalışmanın bulguları, makine öğrenimi ve tıbbi görüntüleme araştırma 

ortamının nicel bir haritasını sunmaktadır. Bu bulgular, alana yeni başlayan araştırmacılara ana 

temaları ve yönleri hakkında bir yönlendirme sağlarken, daha deneyimli araştırmacılara da sınırın 

şu anda nerede durduğuna dair yapılandırılmış bir bakış açısı sunmaktadır. 
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Özet 

Diferansiye tiroid kanseri (DTC), en yaygın endokrin malignitesidir; nüks, tedavi sonrası uzun 

yıllar boyunca ortaya çıkabilmekte ve hasta yönetimini olumsuz etkilemektedir. Bu çalışmada 

Rastgele Orman (RF), XGBoost, Karar Ağacı (DT) ve Destek Vektör Makinesi (SVM) olmak 

üzere dört denetimli makine öğrenmesi algoritması, UCI Makine Öğrenmesi Deposu ve Kaggle 

üzerinden kamuya açık olan veri seti kullanılarak karşılaştırmalı biçimde değerlendirilmiştir. 383 

hasta kaydından oluşan veri seti Borzooei ve Briganti tarafından 15 yıllık klinik takip kohortundan 

derlenmiştir. Sınıf dengesizliğini gidermek amacıyla SMOTE yalnızca eğitim fold'larına 

uygulanmıştır. Hem RF hem de XGBoost %94,81 doğruluk ve 0,9130 F1 puanı elde etmiş; 

XGBoost en yüksek ROC-AUC değerine (0,9942) ulaşmıştır. Özellik önem analizi tedavi yanıtı 

ve risk kategorisinin belirleyici öngörücüler olduğunu ortaya koymuş; tedavi yanıtının zaman 

bilgisi taşıması nedeniyle model, tedavi sonrası takip bağlamında kullanılan bir risk sınıflandırma 

aracı olarak değerlendirilmelidir. 

Anahtar Kelimeler: Diferansiye tiroid kanseri, nüks tahmini, makine öğrenmesi, Rastgele 

Orman, XGBoost, Karar Ağacı, SVM, SMOTE, sınıf dengesizliği, klinik karar destek 
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COMPARATIVE ANALYSIS OF MACHINE LEARNING ALGORITHMS FOR 

PREDICTING RECURRENCE OF DIFFERENTIAL THYROID CANCER 

 

 

 

Abstract 

Differentiated thyroid cancer (DTC) is the most common endocrine malignancy, and although it 

generally has a favorable prognosis, recurrence remains a significant clinical concern due to its 

occurrence years after initial treatment. In this study, four supervised machine learning algorithms 

— Random Forest (RF), Extreme Gradient Boosting (XGBoost), Decision Tree (DT), and Support 

Vector Machine (SVM) — were comparatively evaluated in predicting DTC recurrence. The 

dataset was derived from the publicly available Differential Thyroid Cancer Recurrence dataset 

[6], compiled by Borzooei and Briganti from a 15-year clinical follow-up cohort and available in 

the UCI Machine Learning Repository (https://doi.org/10.24432/C5632J) and also distributed via 

Kaggle. To prevent data leakage, SMOTE was applied only in the training layers, and the models 

were evaluated using accuracy, sensitivity, recall, specificity, F1-score, ROC-AUC, and MCC. 

Both RF and XGBoost achieved 94.81% accuracy and an F1 score of 0.9130; XGBoost had the 

highest ROC-AUC value (0.9942). Feature significance analysis identified treatment response and 

risk category as the dominant predictors; however, since treatment response is determined post-

treatment, the model should be interpreted as a post-treatment follow-up risk stratification tool 

rather than a pre-treatment prediction system. 

Keywords: Differentiated thyroid cancer, recurrence prediction, machine learning, Random 

Forest, XGBoost, Decision Tree, SVM, SMOTE, class imbalance, clinical decision support 
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1. Giriş 

Tiroid kanseri, endokrin sistemin en yaygın malignitesidir ve papiller ve foliküler alt tipleri 

kapsayan diferansiye tiroid kanseri (DTC), dünya genelindeki tüm vakaların %90'ından fazlasını 

oluşturmaktadır [1]. Cerrahi rezeksiyon ve radyoaktif iyot tedavisini takiben genellikle olumlu bir 

prognoza rağmen, hastalık nüksü hastaların yaklaşık %5-30'unda görülmekte ve ilk tedaviden 

yıllar veya on yıllar sonra ortaya çıkabilmektedir [2, 3]. Bu nedenle, nüks riski yüksek olan 

hastaların belirlenmesi, takip yoğunluğunu uyarlamak ve tedavi kararlarını optimize etmek için 

kritik öneme sahiptir. 

 

Amerikan Tiroid Birliği (ATA) risk sınıflandırması ve TNM evrelemesi gibi geleneksel risk 

sınıflandırma sistemleri, yapılandırılmış çerçeveler sağlar ancak çeşitli klinikopatolojik 

değişkenler arasındaki karmaşık, doğrusal olmayan etkileşimleri tam olarak yakalayamayabilir. 

Denetimli makine öğrenimi (ML) algoritmaları, yüksek boyutlu verilerden karmaşık kalıpları 

öğrenerek klinik tahmin görevlerinde önemli bir potansiyel göstermiştir [4, 5]. Herkese açık uzun 

vadeli takip kohortunun mevcudiyeti, ML algoritmalarını aynı deneysel koşullar altında objektif 

olarak karşılaştırma fırsatı sunmaktadır. 

 

Bu çalışma, UCI Makine Öğrenimi Deposundan [6] elde edilen, herkese açık DTC tekrarlama veri 

setini kullanarak, etiket kodlaması, SMOTE tabanlı aşırı örnekleme ve katmanlı eğitim-test bölme 

işlemlerini içeren standartlaştırılmış bir işlem hattı uygulayarak, yaygın olarak benimsenen dört 

ML sınıflandırıcısının (Rastgele Orman, XGBoost, Karar Ağacı ve SVM) sistematik bir 

karşılaştırmalı değerlendirmesini sunmaktadır. Modeller, beş katlı çapraz doğrulama ve özellik 

önem analizi ile desteklenen yedi tamamlayıcı ölçüt üzerinden değerlendirilmektedir. 

 

2. İlgili Çalışmalar 

Makine öğreniminin tiroid kanseri tahminine uygulanması giderek artan bir ilgi görmektedir. İlk 

çalışmalar öncelikle ultrason görüntü özelliklerini kullanarak iyi huylu ve kötü huylu tiroid 

nodüllerini ayırt etmeye odaklanmış, CNN'ler ve SVM'ler baskın yaklaşımlar olarak ortaya 

çıkmıştır [7, 8]. Daha yakın zamanlarda, dikkat, tablo halindeki klinikopatolojik verileri kullanarak 

klinik sonuçları tahmin etmeye kaymıştır. 

Kourou ve ark. [9], makine öğrenimi yöntemlerinin -topluluk sınıflandırıcıları da dahil olmak 

üzere- kanser prognozu ve tahmin görevlerinde geleneksel istatistiksel yaklaşımlardan sürekli 

olarak daha iyi performans gösterdiğini gösteren kapsamlı bir inceleme gerçekleştirmiştir. 

Chandio ve ark. [10], tiroid hastalığı verileri üzerinde birden fazla ML sınıflandırıcısını 

değerlendirmiş ve topluluk yaklaşımlarının doğruluk ve F1 puanında tek öğrenici modellerinden 

sürekli olarak daha iyi performans gösterdiğini bildirmiştir. Christodoulou ve ark. [11] ayrıca 

sistematik bir inceleme yoluyla, makine öğrenimi modellerinin lojistik regresyondan evrensel 

olarak daha iyi performans göstermediğini, ancak dikkatli model seçimi ve değerlendirme 

metodolojisinin klinik tahmin görevleri için kritik olduğunu göstermiştir. Bu çalışma, SMOTE'u 

yalnızca eğitim katmanlarında uygulayarak, MCC'yi standart metriklerle birlikte değerlendirerek 

ve model kararlılığını değerlendirmek için çapraz doğrulama yaparak bu sorunu ele almaktadır. 

Topluluk yöntemleri -özellikle XGBoost- çok çeşitli yapılandırılmış klinik tahmin görevlerinde 

tek sınıflandırıcılardan sürekli olarak daha iyi performans göstermiştir [12, 13, 14]. Bu durum, 

onları DTC nüks tahmin bağlamında karşılaştırmalı değerlendirme için doğal adaylar haline 

getirmektedir. 
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3. Materyaller ve Yöntemler 

3.1 Veri Kümesi 

Veri kümesi, UCI Makine Öğrenmesi Deposunda (https://doi.org/10.24432/C5632J) bulunan ve 

ayrıca Kaggle aracılığıyla (https://www.kaggle.com/datasets/jainaru/thyroid-disease-data) 

dağıtılan, kamuya açık Diferansiye Tiroid Kanseri Nüksü veri kümesinden elde edilmiştir ve 

orijinal olarak Borzooei ve Briganti [6] tarafından 15 yıllık bir klinik takip kohortundan 

derlenmiştir. Veri kümesi, 16 klinikopatolojik özelliğe sahip 383 hasta kaydı içermektedir: hasta 

demografik bilgileri (Yaş, Cinsiyet), klinik öykü (Sigara, Sigara Öyküsü, Radyoterapi Öyküsü), 

tiroid fonksiyon durumu, fizik muayene bulguları, adenopati, patoloji alt tipi, fokalite, ATA risk 

sınıflandırması, TNM evrelemesi (T, N, M), klinik evre ve tedavi yanıtı. İkili hedef değişken nüksü 

(Evet/Hayır) göstermektedir. Sınıf dağılımı dengesizdir: 266 tekrarlamayan vaka (%69,45) ve 117 

tekrarlayan vaka (%30,55). Eksik değer bulunmamaktadır. 

3.2 Ön İşleme 

15 kategorik özelliğin tamamı, her benzersiz kategoriye tamsayı etiketleri atayan scikit-learn'ün 

LabelEncoder'ı kullanılarak kodlanmıştır. Bu yaklaşımın, patoloji alt tipi gibi doğal bir sıralamanın 

olmadığı nominal özellikler için yapay sıralı ilişkiler getirebileceği unutulmamalıdır. Bu sınırlama 

özellikle SVM gibi mesafe tabanlı modelleri etkiler; gelecekteki çalışmalarda sıralı olmayan 

değişkenler için tekil kodlama veya klinik olarak bilgilendirilmiş sıralı kodlama dikkate 

alınmalıdır. 

 

Veri seti, katmanlı 80/20 eğitim-test bölünmesi kullanılarak bölümlendirilmiştir (n_train = 306, 

n_test = 77; random_state = 42). Veri sızıntısını önlemek için SMOTE [15] yalnızca eğitim setine 

uygulanmıştır. Beş katlı çapraz doğrulama sırasında, SMOTE yalnızca her yinelemenin eğitim 

katmanlarında uygulandı; tarafsız değerlendirme sağlamak için doğrulama katmanları orijinal sınıf 

dağılımlarında tutuldu. SMOTE sonrası, dengeli eğitim seti 426 örnek (sınıf başına 213) 

içeriyordu. SVM için, özellikler ayrıca eğitim verilerine uyarlanmış StandardScaler kullanılarak 

standartlaştırıldı ve test setine uygulandı. 

3.3 Makine Öğrenme Modelleri 

Rastgele Orman (RF): 200 tahminleyici, sınırsız derinlik, random_state = 42, n_jobs = −1 [16] 

ile Bagging topluluğu. 

XGBoost: n_estimators = 200, max_depth = 6, learning_rate = 0.1, eval_metric = 'logloss' ile 

düzenlenmiş gradyan artırma [14]. 

Karar Ağacı (DT): Yorumlanabilir tek öğrenici temel çizgisi olarak hizmet veren, derinlik 

kısıtlaması olmayan (max_depth = None) CART sınıflandırıcı. 

SVM: ROC-AUC hesaplaması için Platt ölçeklendirmesi yoluyla olasılık kalibrasyonu ile RBF-

çekirdek SVM (C = 1.0, gamma = 'scale').3.4 Evaluation Metrics 

Model performansı, ayrılmış test setinde (n = 77) şu ölçütler kullanılarak değerlendirilmiştir: 

Doğruluk, Hassasiyet, Geri Çağırma (Duyarlılık), Özgüllük, F1-Skor, ROC-AUC ve Matthews 

Korelasyon Katsayısı (MCC). MCC, özellikle dengesiz veri setleri için bilgilendiricidir çünkü dört 

karışıklık matrisi elemanının tamamını hesaba katar. Bu yedi ölçütün ağırlıksız aritmetik 

ortalaması (Ort.*) yalnızca tanımlayıcı karşılaştırma amacıyla ayrıca rapor edilmiştir; standart bir 

klinik performans ölçütü oluşturmaz ve model seçimi için birincil temel olarak kullanılmamalıdır. 

4. Sonuçlar 

4.1 Sınıflandırma Performansı 

Tablo 1, ayrılmış test kümesindeki model performansını özetlemektedir. Hem Random Forest hem 

de XGBoost, yedi ölçütün altısında aynı puanları elde etti: doğruluk (%94,81), hassasiyet 
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(%87,50), geri çağırma (%95,45), özgüllük (%94,55), F1 puanı (%91,30) ve MCC (%87,78). 

XGBoost, ROC-AUC'de Random Forest'ı az da olsa geride bıraktı (0,9942'ye karşı 0,9913); diğer 

tüm ölçütlerdeki eşitlik göz önüne alındığında, her iki model de bu veri kümesinde eşit derecede 

güçlü performans gösteren modeller olarak kabul edilmelidir. Karar Ağacı ve SVM eşit doğruluk 

(%89,61) elde etti, ancak ROC-AUC'de önemli ölçüde farklılık gösterdi: SVM (0,9727) ve Karar 

Ağacı (0,8864), bu da kategorik değişkenlerin tamsayı kodlamasıyla ilişkili sınırlamalara rağmen 

SVM'nin olasılık kalibrasyon avantajını yansıtmaktadır. 

 

Tablo 1. Test Veri Setindeki Sınıflandırma Performans Metrikleri (n = 77) 

Model Accuracy Precision Recall Specificity 
F1-

Score 

ROC-

AUC 
MCC Avg.* 

Rastgele 

Orman 
0.9481 0.8750 0.9545 0.9455 0.9130 0.9913 0.8778 0.9293 

XGBoost 0.9481 0.8750 0.9545 0.9455 0.9130 0.9942 0.8778 0.9297 

Karar 

Ağacı 
0.8961 0.7917 0.8636 0.9091 0.8261 0.8864 0.7537 0.8467 

SVM 0.8961 0.7917 0.8636 0.9091 0.8261 0.9727 0.7537 0.8590 

*Ortalama = bildirilen yedi ölçümün ağırlıksız aritmetik ortalaması; yalnızca açıklayıcı 

amaçlarla dahil edilmiştir. 

4.2 Karışıklık Matrisleri 

Şekil 1, dört sınıflandırıcı için karışıklık matrislerini göstermektedir. Rastgele Orman ve 

XGBoost'un her ikisi de şu sonuçları vermiştir: 52 doğru negatif (TN), 21 doğru pozitif (TP), 3 

yanlış pozitif (FP) ve 1 yanlış negatif (FN). Karar Ağacı ve SVM aynı matrisleri vermiştir: 50 TN, 

19 TP, 5 FP ve 3 FN. Topluluk modellerinin tek yanlış negatifi, klinik açıdan en önemli hata türünü 

temsil etmektedir; çünkü tespit edilmemiş bir tekrarlama, gerekli tedavi müdahalesini 

geciktirebilir. 
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Şekil 1. Rastgele Orman, XGBoost, Karar Ağacı ve SVM için karışıklık matrisleri. Değerler 

mutlak sayıları göstermektedir; daha koyu mavi daha yüksek sayılara karşılık gelir. 

4.3 ROC Eğrileri 

Şekil 2, dört modelin tümü için ROC eğrilerini göstermektedir. XGBoost en yüksek AUC değerine 

(0,9942) ulaşırken, onu yakından Random Forest (0,9913) takip etmektedir. Her iki eğri de, düşük 

yanlış pozitif oranlarında yüksek duyarlılığı yansıtan, sol üst köşeye doğru dik bir yükseliş 

sergilemektedir. SVM, daha düşük doğruluğa rağmen AUC = 0,9727 değerine ulaşırken, Karar 

Ağacı en düşük AUC değerini (0,8864) göstermektedir; bu da tek ağaçların kalibre edilmiş olasılık 

tahminleri üretmedeki bilinen sınırlamasıyla tutarlıdır. 
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Şekil 2. Dört sınıflandırıcı için ROC eğrisi karşılaştırması. Kesikli diyagonal rastgele şansı 

temsil eder (AUC = 0,50). 

4.4 Tüm Metriklerde Performans Karşılaştırması 

Şekil 3, dört modeldeki yedi metriğin tamamının görsel bir karşılaştırmasını sunmaktadır. Grafik, 

Random Forest ve XGBoost'un her boyutta tutarlı üstünlüğünü doğrulamaktadır. En büyük 

farklılık ROC-AUC ve MCC'de gözlemlenmektedir; burada tek öğrenici modellerine göre topluluk 

avantajı en belirgindir (ΔMCC ≈ 0,124). 

 
Şekil 3. Dört sınıflandırıcı genelinde yedi performans ölçütünün tamamını karşılaştıran çubuk 

grafik. 
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4.5 Özellik Önem Analizi 

Şekil 4, üç ağaç tabanlı sınıflandırıcı için özellik önem sıralamalarını sunmaktadır (SVM, doğal 

özellik önemleri sağlamaz). Her üç modelde de Tedavi Yanıtı ve Risk kategorisi en baskın iki 

tahmin edicidir. XGBoost ve Karar Ağacında, Risk en önemli özelliktir (önem sırasıyla ≈ 0,72 ve 

≈ 0,63), Rastgele Orman ise Yanıt (0,30) ve Risk'e (0,27) yaklaşık olarak eşit ağırlık vermektedir. 

Rastgele Ormanda N evresi ve Yaş, bir sonraki en etkili özellikler olarak sıralanmaktadır (≈ 0,10 

ve ≈ 0,08). Sigara geçmişi, Radyoterapi Geçmişi, M evresi ve Sigara Geçmişi, tüm modellerde 

sürekli olarak sıfıra yakın önem göstermektedir; bu da bu veri kümesinde nüks tahminine sınırlı 

katkı sağladığını düşündürmektedir, ancak diğer kohortlardaki rolleri daha fazla araştırma 

gerektirmektedir. 

 
Şekil 4. Rastgele Orman (solda), XGBoost (ortada) ve Karar Ağacı (sağda) için özellik önem 

sıralaması. Özellikler artan önem puanına göre sıralanmıştır. 

 

4.6 Çapraz Doğrulama Sonuçları 

Tablo 2, 5 katmanlı çapraz doğrulama sonuçlarını göstermektedir. Rastgele Orman (CV 

doğruluğu: 0,9426 ± 0,0233) ve XGBoost (0,9373 ± 0,0310), katmanlar boyunca yüksek ve tutarlı 

performans sergileyerek model istikrarına dair ek kanıt sağlamıştır. XGBoost, en yüksek ortalama 

CV ROC-AUC değerine (0,9905) ulaşırken, onu Rastgele Orman (0,9889) takip etmiştir. 

 

Tablo 2. Beş Katmanlı Çapraz Doğrulama Sonuçları (n = 383) 

Model CV Accuracy (Mean ± 

Std) 

CV F1 (Mean) CV ROC-AUC 

(Mean) 

Rastgele Orman 0.9426 ± 0.0233 0.9026 0.9889 

XGBoost 0.9373 ± 0.0310 0.8960 0.9905 

Karar Ağacı 0.8851 ± 0.0378 0.8259 0.8842 

SVM 0.9008 ± 0.0200 0.8527 0.9634 

SMOTE yalnızca eğitim katmanlarında uygulandı; doğrulama katmanları orijinal sınıf 

dağılımını korudu. 

5. Tartışma 

Sonuçlar, DTC nüksü tahmininde tek öğrenme modellerine kıyasla topluluk sınıflandırıcılarının 

üstünlüğünü tutarlı bir şekilde göstermektedir. Hem Random Forest hem de XGBoost, yedi 

değerlendirme metriğinden altısında aynı performansı sergilemiş, yalnızca ROC-AUC'de 

(0,9913'e karşı 0,9942) farklılık göstermiştir. Her iki topluluk modelinin de elde ettiği yüksek geri 

çağırma oranı (%95,45) özellikle dikkat çekicidir: nüks tahmininde, yanlış negatifler yanlış 
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pozitiflerden daha yüksek klinik maliyetlere sahiptir, çünkü gözden kaçan nüksler gerekli takibi 

geciktirebilir. Her iki topluluk modeli de 22 nüks vakasının 21'ini doğru bir şekilde tanımlamış ve 

yalnızca bir yanlış negatif tespit etmiştir; bu, Karar Ağacı ve SVM için her birinde üç yanlış negatif 

tespitine kıyasla oldukça yüksektir. 

Özellik öneminde Tedavi Yanıtının baskın rolü, ATA tedaviye yanıt kategorilerinin (Mükemmel, 

Belirsiz, Biyokimyasal Olarak Eksik, Yapısal Olarak Eksik) iyi bilinen prognostik önemiyle 

uyumludur. Ancak, önemli bir zamansal hususun dikkate alınması gerekir: tedavi yanıtı genellikle 

tedavinin başlatılmasından sonra belirlenir ve hastanın tedavi sonrası durumunu yansıtır. Sonuç 

olarak, bir öngörücü olarak dahil edilmesi, ilk klinik karar verme noktasında tam olarak mevcut 

olmayacak zamansal bilgileri ortaya çıkarabilir. Bu nedenle, mevcut model, tedavi öncesi nüks 

tahmin sistemi yerine, tedavi sonrası takip risk sınıflandırma aracı olarak yorumlanmalıdır. Tedavi 

öncesi bir araç arayan klinisyenler, model performansını tedavi yanıtı özellik kümesinden 

çıkarılarak değerlendirmelidir. 

 

Risk kategorisi, yerleşik ATA risk sınıflandırma kılavuzlarıyla tutarlı olarak, tümör özellikleri, 

lenf düğümü durumu ve tiroid dışı yayılımı içeren bileşik prognostik bilgileri yakalar. N evresi ve 

Yaşın (her ikisi de yerleşik nüks risk faktörüdür) katkı rolü, modellerin klinik geçerliliğini daha da 

doğrular. Sigara öyküsü, M evresi ve radyoterapi öyküsünün neredeyse sıfır önemi, bu kohortta 

uzak metastaz ve sigara içmenin düşük prevalansını yansıtıyor olabilir. 

 

Birkaç sınırlamanın dikkate alınması gerekir. Birincisi, örneklem boyutu (n = 383) mütevazıdır; 

herhangi bir klinik uygulama düşünülmeden önce bağımsız çok merkezli bir kohort üzerinde harici 

doğrulama gereklidir. İkincisi, LabelEncoder, nominal özellikler için yapay sıralı ilişkiler 

oluşturabilir ve bu da SVM performansını etkileyebilir; gelecekteki çalışmalar tekil kodlamayı 

değerlendirmelidir. Üçüncüsü, kapsamlı hiperparametre optimizasyonu yapılmamıştır ve SHAP 

tabanlı hasta düzeyinde açıklanabilirlik analizi, önerilen yaklaşımın klinik uygulanabilirliğini daha 

da güçlendirecektir. Gelecekteki çalışmalar ayrıca, tedavi yanıtının özellik kümesinden 

çıkarılmasından sonra model performansını değerlendirmelidir, çünkü bu, tedavi öncesi tahmin 

yeteneğinin daha temiz bir değerlendirmesini sağlayacaktır. 

 

6. Sonuç 

Bu çalışma, kamuya açık UCI/Kaggle veri kümesine uygulanan standartlaştırılmış bir ML işlem 

hattı kullanılarak DTC nüksü tahmininde Random Forest, XGBoost, Karar Ağacı ve SVM'nin 

sistematik bir karşılaştırmalı değerlendirmesini sunmuştur. Topluluk yöntemleri açık bir üstünlük 

gösterdi: Hem Random Forest hem de XGBoost %94,81 doğruluk ve %91,30 F1 puanı elde etti; 

XGBoost en yüksek ROC-AUC değerini (0,9942) aldı. Karar Ağacı ve SVM daha düşük ancak 

klinik olarak anlamlı performans gösterdi (doğruluk = %89,61; SVM için ROC-AUC = 0,9727). 

Özellik önem analizi, tedavi yanıtını ve risk kategorisini birincil nüks tahmincileri olarak tutarlı 

bir şekilde belirledi; ancak, baskın tahminci değişkenin tedavi sonrası doğası göz önüne 

alındığında, model tedavi öncesi tahmin sistemi yerine takip risk sınıflandırma aracı olarak 

anlaşılmalıdır. Beş katlı çapraz doğrulama, veri bölümleri arasında model kararlılığına dair ek 

kanıt sağladı. Bu bulgular, özellikle Random Forest ve XGBoost olmak üzere topluluk öğrenme 

yaklaşımlarının, bağımsız çok merkezli kohortlarda dış doğrulamaya bağlı olarak, DTC 

hastalarında tedavi sonrası nüks risk sınıflandırması için yararlı destek sağlayabileceğini 

göstermektedir. 
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Özet 

  Bu çalışmada, DC motor karakteristikleri daha hassas ve dijital olarak ölçülmüştür. Çalışmada 

hidrolik kontrollü prony freni deney kitinin tasarımı sunulmaktadır. Geleneksel prony freni ölçüm 

sistemlerindeki manuel kalibrasyon zorluklarını minimize etmek için, hidrolik fren kaliperi, fren 

diski ve yük hücresi kullanılmıştır. Hidrolik kaliperin yağ basıncından faydalanılarak motor tahrik 

milinden gelen torka karşıt sürtünme torku oluşturulmuş ve o anki motor devri ve sistemdeki 

torkun yük hücresi (load cell) aracılığı ile anlık ölçümü yapılmıştır. Çalışmada motor gücü 

değerleri anlık olarak yük hücresi sensöründen ölçülen değerler ve takometreden ölçülen değerler 

okunmuş ve formül ile o anki motor devrindeki motor gücü hesaplanmıştır. Çalışmada titreşimi 

minimize etmesi ve daha hassas sonuçlar elde edilmesi için şase bağlantısı zemin arasında 

konumlandırılmıştır. Bu çalışmada 20V ile çalışan maksimum 3000 rpm hızlara ulaşan fırçalı DC 

motor kullanılmıştır. Deney sonucunda prony prensibinin hidrolik bir sistem ile çalışabileceği 

kanıtlanmıştır. Motor karakteristiği ölçüm sistemlerinin güncel endüstriyel maliyetleri, üniversite 

atölyeleri ve mesleki eğitim okullarında bu tür donanımlara erişimi büyük ölçüde kısıtlamaktadır. 

Bu probleme alternatif olarak geliştirilen bu proje, ölçüm hassasiyetini artıran, otomasyonu ve 

düşük maliyetle üretilebilir olması büyük avantaj sağlamaktadır. Bu altyapı sayesinde öğrenciler, 

sadece teorik formülleri ezberlemek yerine; tork, güç ve devir gibi kavramları gerçek zamanlı 

değişimlerini ekranda görerek motor mekaniği prensiplerini uygulamalı olarak pekiştirebilecek ve 

motor mekaniğini ve elemanlarını zihinlerinde somutlaştırabileceklerdir. 

Anahtar Kelimeler: DC motor karakteristiği, hidrolik dinamometre, mühendislik deney kiti, 

prony freni. 
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Giriş 

  Elektrik motorları, endüstriyel otomasyon sistemlerinden elektrikli araçlara kadar modern 

mühendislik uygulamalarının merkezinde yer almaktadır [1]. Bu motorların performans 

sınırlarının, verimliliklerinin ve dinamik davranışlarının doğru bir şekilde analiz edilmesi, sistem 

tasarımlarının optimize edilmesi açısından büyük önem arz etmektedir. Motor performansının 

belirlenmesinde kullanılan en temel parametreler; tork, dönme hızı (devir) ve bu iki parametreye 

bağlı olarak hesaplanan mekanik güçtür [2]. Motor karakteristiklerinin hassas bir şekilde 

çıkarılması, hem Ar-Ge süreçlerinde hem de mühendislik ve teknik eğitim müfredatlarında kritik 

bir öğretim aşamasını oluşturmaktadır [3]. 

Literatürde ve endüstride motor torkunun ölçülmesi amacıyla yaygın olarak dinamometreler ve 

Prony freni mekanizmaları kullanılmaktadır [4]. Geleneksel Prony freni sistemleri, mekanik 

sürtünme prensibine dayanmakta olup genellikle manuel olarak kalibre edilmektedir. Ancak bu 

geleneksel sistemlerde; sürtünmeden kaynaklı aşırı ısınma, kararsız sürtünme katsayıları, yüksek 

titreşim ve anlık veri toplama süreçlerindeki zorluklar ölçüm hassasiyetini olumsuz yönde 

etkilemektedir [5]. Güncel endüstriyel dinamometreler ve dijital tork ölçüm sistemleri ise yüksek 

hassasiyet sunmalarına rağmen oldukça yüksek kurulum ve işletme maliyetlerine sahiptir. Bu 

maliyet bariyeri, özellikle üniversite atölyelerinde, mesleki eğitim kurumlarında ve düşük bütçeli 

laboratuvarlarda modern test donanımlarına erişimi büyük ölçüde kısıtlamaktadır. Bu durum, 

teknik eğitim alan öğrencilerin tork, güç ve devir gibi temel mekanik kavramları yalnızca teorik 

formüller üzerinden öğrenmesine, dolayısıyla motor mekaniği prensiplerini zihinlerinde 

somutlaştıramamalarına yol açmaktadır. 

Bu çalışmada, söz konusu literatür ve uygulama eksikliklerini gidermek amacıyla, DC motor 

karakteristiklerini daha hassas, dinamik ve dijital olarak ölçebilen düşük maliyetli bir "Hidrolik 

Kontrollü Prony Freni Deney Kiti" tasarımı ve uygulaması sunulmaktadır. Geleneksel 

sistemlerdeki manuel kalibrasyon ve kararsızlık problemlerini minimize etmek adına; sistemde 

hidrolik fren kaliperi, fren diski ve yük hücresi (load cell) entegrasyonu gerçekleştirilmiştir. 

Hidrolik kaliperin yağ basıncı kullanılarak motor miline karşıt bir sürtünme torku uygulanmış; 

oluşan anlık tork yük hücresiyle, motor devri ise takometre vasıtasıyla dijital ortama aktarılmıştır. 

20V gerilimle çalışan ve maksimum 3000 rpm hıza ulaşan fırçalı bir DC motor üzerinde 

gerçekleştirilen testler, hidrolik kontrol mekanizmasının Prony prensibiyle kararlı bir şekilde 

çalışabileceğini ortaya koymuştur. Geliştirilen bu sistem, yüksek ölçüm hassasiyeti ve otomasyon 

kabiliyetinin yanı sıra düşük maliyetle üretilebilir olması sayesinde eğitim kurumları için 

sürdürülebilir bir alternatif sunmaktadır. Bu sayede öğrencilerin, motor mekaniği 

parametrelerindeki anlık değişimleri gerçek zamanlı olarak ekranda görerek uygulamalı öğrenme 

deneyimi yaşamaları hedeflenmektedir. 
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MATERYAL VE YÖNTEM 

  Bu çalışmada, geleneksel prony frenlerindeki manuel ölçüm zorluklarını aşmak ve motor 

mekaniği eğitimini görselleştirmek üzere, hidrolik basınç kontrollü ve dijital veri okumalı yeni bir 

deney kiti tasarlanmış ve prototipi üretilmiştir. Sistemin genel mekanik ve elektronik mimarisi dört 

ana alt bileşenden oluşmaktadır: mekanik şase, tahrik sistemi, hidrolik fren mekanizması ve veri 

toplama (sensör) ünitesi. 

 

2.1. Tahrik Sistemi 

  Bu çalışmada 20V ile çalışan fırçalı DC elektrik motoru kullanılmıştır. Boşta çalıştığında 15.000 

rpm dönüş hızına sahip elektrik motoru mil ve fren diski ile bağlandığında maksimum 3000 rpm 

dönmektedir. 

 

 
Şekil 1. (DC 20V Elektrik motoru) 

 

Motor hızı istenen ayarda tutulması için matkap tetiği kullanılmıştır. 5.7V-36V DC 10A-15A 

değer aralıkları ile kullanılabilen bu parça tetiği basıldıkça motor devrini arttırır. 

 

 
Şekil 2. (Matkap tetiği) 

 

Kaplin: Motor çıkış mili ile tahrik mili bağlantısını sağlayan parçadır. Motorun uyguladığı 

momenti yüksek verimlilik ile tahrik miline aktarır. Bu çalışmada 5x10mm Esnek Mil kaplin 

D19L25 kullanılmıştır. 
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Şekil 3. (Esnek Mil kaplin D19L25 5x10mm) 

 

 

Tahrik Mili: Motor momentini doğrudan ileten elemandır. Burulma momentine maruz kalan bu 

sistem elemanı mukavemet açısından iyi malzeme seçilmelidir. Motor moment değerlerine 

dayanıklı çapı 10mm ve uzunluğu 200mm krom kaplı indüksiyonlu mil kullanılmıştır. 

 

 
Şekil 4. (Krom kaplı indüksiyonlu mil) 

 

 

2.2. Hidrolik Frenleme ve Yük Mekanizması 

  Klasik prony frenlerindeki fiziksel kayış-kasnak sürtünmesi yerine, bu çalışmada hidrolik fren 

kaliperi ve 159mm çapında çelik fren diski kullanılarak yenilikçi bir frenleme altyapısı 

kurulmuştur. Kaliper içerisindeki hidrolik yağ basıncından faydalanılarak, fren balatalarının disk 

üzerine uyguladığı sıkma kuvveti kademeli olarak değiştirilebilmektedir. Tahrik milinden gelen 

dönüş hareketine karşıt olarak oluşturulan bu hidrolik sürtünme torku, geleneksel sistemlerdeki 

kararsız sürtünme katsayıları ve manuel kalibrasyon sorunlarını büyük ölçüde ortadan kaldırmıştır. 
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Fren Diski: Balatalar ile temasa geçen elemandır. Sürtünmeye maruz kalan bu eleman aşınma 

direncine dayanıklı ve ısıl direnci olan yüksek korozyon dirençli demir döküm malzeme tercih 

edilmiştir. İç çapı 37.45mm dış çapı 159mm’dir. 

 

 
 

Şekil 5. (Fren Diski) 

 

Fren Kaliperi: İç kısmında iki adet balata bulunan bu parça fren diskine kuvvet uygulayarak 

sürtünme ile durdurmaya çalışır. Hidrolik sistem ile çalışan bu sistem elemanı balataların yüksek 

sürtünme katsayısı ve pistona uygulanan hidrolik basınç ile mekanizma kontrolü daha hassas hale 

gelir. 

 

 
Şekil 6. (Fren kaliperi) 

 

2.3. Sensör ve Veri Toplama Entegrasyonu  

  Sistemde oluşturulan frenleme torkunun anlık reaksiyon kuvvetini ölçebilmek amacıyla şase ile 

hareketli hidrolik kaliper arasına 5kg kapasiteli lama tipi (beam type) yük hücresi entegre 

edilmiştir. Geleneksel prony frenlerindeki yaylı kantar veya mekanik terazi sistemlerinin yarattığı 

okuma hatalarını ve kalibrasyon sapmalarını ortadan kaldırmak için bu dijital ölçüm yöntemi tercih 

edilmiştir. 
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Lama Tipi Yük Hücresi: Bir ucu sabit şaseye ankastre olarak bağlanırken, diğer ucu hidrolik 

kaliperden gelen dikey eksendeki kuvveti karşılayacak şekilde konumlandırılmıştır. Kaliper, 

motor milindeki fren diskini sıktığında oluşan teğetsel sürtünme kuvveti, yük hücresi üzerinde 

milimetrik düzeyde bir eğilme momenti meydana getirmektedir. Bu eğilme, sensör gövdesindeki 

gerinim pullarında (strain gauge) mikro düzeyde elektriksel direnç değişimlerine yol açar ve 

okunan bu milivolt (mV) cinsinden değerler, kalibre edilmiş dijital arayüze doğrudan kilogram-

kuvvet (kgf) veya Newton (N) cinsinden yansıtılır. 

  

 
 

Şekil 7. (Lama tipi yük hücresi) 

 

 
 

Şekil 8. (Lama tipi yük hücresi çalışma şeması) 

 

3. BİLGİSAYAR DESTEKLİ TASARIM VE SİMÜLASYON ÇALIŞMALARI 

  Hidrolik kontrollü prony freni deney kitinin imalat aşamasına geçilmeden önce, sistemin tüm 

mekanik bileşenleri sanal ortamda tasarlanmış ve kritik parçaların yapısal dayanımları sonlu 

elemanlar analizi (SEA) yöntemiyle test edilmiştir. 

 

3.1. Sanal Prototipleme ve Montaj (SolidWorks) 

  Sistemin şasesi, motor bağlantı takozları, fren diski, hidrolik kaliper ve yük hücresi (load cell) 

gibi tüm alt bileşenlerinin üç boyutlu (3D) katı modelleri SolidWorks yazılımı kullanılarak 

oluşturulmuştur. Tasarım sürecinde parçaların birbiriyle olan mekanik toleransları ve eksenel 

hizalamaları dikkate alınmıştır. Özellikle 3000 rpm gibi yüksek devirlerde dönen motor milinin ve 

fren diskinin eşmerkezli çalışmasını sağlamak adına sanal montaj ilişkileri hassasiyetle 

tanımlanmıştır. Katı modelleme üzerinden yapılan çakışma testleri sayesinde, imalat öncesinde 
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olası montaj hatalarının önüne geçilmiş ve sistemin ağırlık merkezi optimize edilerek 

devrilme/titreşim riskleri minimize edilmiştir. 

 

 
 

Şekil 8. (Solidworks ortamında modeli ve montajlanmış hali) 

 

3.2. Dinamik Sınır Şartları ve Tepki Kuvveti (Force Reaction) Analizi 

  Sistemin gerçek çalışma koşullarındaki ölçüm kararlılığını test etmek amacıyla Transient 

Structural (Geçici Durum Yapısal) analiz modülünde bir simülasyon senaryosu oluşturulmuştur. 

Bu senaryoda sınır şartları şu şekilde tanımlanmıştır: 

 

• Tahrik Hızı: Fren diskine 1000 RPM dönme hızı uygulanmıştır. 

• Sürtünme Karakteristiği: Fren balatası ile disk arasındaki sürtünme katsayısı (µ) 0.3 

olarak sabitlenmiştir. 

• Frenleme Yükü: Hidrolik sistemin simülasyonu olarak balatalar üzerine 50N 

büyüklüğünde kuvvet uygulanmıştır 

 

Bu dinamik sınır şartları altında zamana bağlı olarak gerçekleştirilen çözümlemede, moment 

kolunun uç noktasında 15.09 N büyüklüğünde bir tepki kuvveti (Force Reaction) okunmuştur. 

Motor gücü ve motor torku şu formül ile hesaplanmıştır; 

 

T = F x L 

T: Şaft Torku (Nm) 

F: Yük Hücrelerinde Okunan Tepki Kuvveti (N) 

L: Moment Kolu Uzunluğu (m) 

 

Frenleme merkezinden (balatanın etki ettiği noktadan) yük hücresine (load cell) olan dikey 

mesafe (moment kolu uzunluğu) L = 50 mm olarak tanımlanmıştır. 

 

 

T=15,07N x 0,05m = 0.7535Nm 

 

Aynı işlemler 2000 RPM ve 3000 RPM hızlarında da uygulanmış ve sonuçlar şu şekildedir. 
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Devir Sayısı 

(RPM) 

 

Sıkıştırma 

Kuvveti (N) 

 

Tepki Kuvveti 

(N) 

 

Tork (Nm) 

 

Güç (W) 

 

 

1000 

 

 

50 

 

15.07 

 

0.7535 

 

 

78.9 

 

2000 

 

50 

 

16.93 

 

0.8465 

 

 

177.3 

 

3000 

 

50 

 

14.81 

 

0.7405 

 

232.64 

 

Figür 1. (Ansys Dinamik analiz sonucu tablosu) 

 

 

 
 

      
 

 
 

Şekil 9. (Ansys Dinamik şartlar Analizi) 
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3.3. Katı Cisim Dinamiği (Rigid Dynamics) ve Frenleme Analizi 

  Sistemin kinematik davranışlarını ve hidrolik frenlemenin dönen kütle üzerindeki 

durdurucu/yavaşlatıcı etkisini incelemek amacıyla Rigid Dynamics modülünde hareket analizi 

gerçekleştirilmiştir. 

Elde edilen zamana bağlı açısal hız (Angular Velocity) grafiği incelendiğinde; 

Sistemin başlangıçta ivmelenerek yaklaşık 22,4 rad/s maksimum açısal hıza ulaştığı 

görülmektedir. 

Belirlenen zaman adımında (grafikteki tepe noktasından hemen sonra) fren balatalarına hidrolik 

sıkıştırma kuvveti etki ettirildiğinde, oluşan sürtünme momenti devreye girmiş ve diskin açısal 

hızında ani ve net bir düşüş (yavaşlama eğrisi) kaydedilmiştir. 

 

 

 
 

Şekil 10. (Rigit Dynamics Analizi) 

4. SONUÇ VE DEĞERLENDİRME 

  Bu çalışmada, elektrik motorlarının karakteristik özelliklerinin (tork, devir ve güç) hassas bir 

şekilde ölçülebilmesi amacıyla hidrolik basınç kontrollü ve dijital veri altyapısına sahip yeni nesil 

bir prony freni deney kiti tasarlanmış, üretilmiş ve test edilmiştir. 20V fırçalı DC motor 

kullanılarak gerçekleştirilen deneysel çalışmalar sonucunda elde edilen temel bulgular şu şekilde 

özetlenebilir: 

• Hidrolik Frenlemenin Kararlılığı: Geleneksel mekanik prony frenlerinde kayış-kasnak 

sürtünmesinden kaynaklanan aşırı ısınma ve kararsız tutunma problemleri, hidrolik fren 

kaliperi ve çelik fren diski kullanımıyla büyük ölçüde aşılmıştır. Hidrolik sistemin, motor 

tahrik miline karşı kararlı ve kademeli olarak kontrol edilebilir bir sürtünme torku 

uygulayabildiği kanıtlanmıştır. 

• Dijital Ölçüm ve Yüksek Hassasiyet: Sisteme entegre edilen lama tipi yük hücresi (load 

cell) ve takometre sayesinde, manuel kantar veya terazi okumalarından kaynaklanan insan 

hataları (paralaks hataları) ortadan kaldırılmıştır. Tork ve devir verilerinin anlık olarak 

dijital ortama aktarılması, mekanik gücün çok daha yüksek bir hassasiyetle 

hesaplanabilmesine olanak tanımıştır. 
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• Maliyet ve Erişilebilirlik: Güncel endüstriyel dinamometre sistemlerinin yüksek kurulum 

maliyetlerine kıyasla, tasarlanan bu deney kiti son derece düşük bir maliyetle ve yerli 

imkanlarla üretilebilir formdadır. Bu durum, bütçe kısıtlaması yaşayan üniversite 

laboratuvarları ve mesleki eğitim kurumları için sürdürülebilir bir alternatif 

oluşturmaktadır. 

• Eğitimsel Katkı: Geliştirilen cihazın en büyük katma değeri eğitim alanındadır. 

Öğrenciler; motor devri düştükçe torkun nasıl değiştiğini, mekanik gücün hangi devir 

aralığında maksimuma ulaştığını sadece kitaptaki teorik formüller üzerinden ezberlemek 

yerine, ekrandaki gerçek zamanlı verilerle deneyimleyebilecektir. Bu interaktif altyapı, 

motor mekaniği prensiplerinin zihinlerde somutlaştırılmasında kritik bir rol oynayacaktır. 

Gelecek çalışmalarda, sisteme bir mikrodenetleyici ve oransal valf entegre edilerek hidrolik 

basıncın yazılım üzerinden tam otonom (kapalı çevrim) olarak kontrol edilmesi ve farklı tipte (AC, 

BLDC vb.) motorların karakterizasyon testlerinin yapılması hedeflenmektedir. 
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Abstract 

In this study, the effect of buckling-restrained braces (BRBs) on the seismic behaviour of steel 

structural systems was investigated numerically, taking into account different placement 

configurations. As part of the study, a steel office building comprising a ground floor and six 

storeys was modelled using the SAP2000 26 software, and three different structural systems were 

compared. The systems examined were: a reference system without BRB elements; a system with 

inverted V-type BRBs placed at the mid-spans; and a system with inverted V-type BRBs placed 

at the corner spans. The structural model has plan dimensions of 30 m in the X-direction and 21 m 

in the Y-direction. The ground floor height was defined as 4.50 m, whilst the standard storey 

heights were set at 3.50 m. S355 steel was used for the column and beam elements, whilst S235 

steel was used for the BRB elements. The BRB elements were modelled in the SAP2000 

environment as non-linear link elements carrying axial loads, using the multilinear plastic link 

approach. The analysis methods applied were modal analysis and response spectrum analysis, 

utilising code-based acceleration values. The analysis results were evaluated in terms of the first 

natural vibration period, maximum horizontal displacements and base shear forces. According to 

the results, the first natural vibration period, which was 2.768 s in the system without BRBs, 

decreased to 1.266 s in the system with centrally located BRBs and to 0.981 s in the system with 

corner-located BRBs. Whilst the maximum horizontal displacements in the system without BRBs 

were 20.50 mm and 30.72 mm in the X and Y directions respectively, those in the system with 

corner-mounted BRBs were 11.78 mm and 11.30 mm. The use of BRB elements resulted in an 

increase in base shear forces, a phenomenon attributed to the increased system stiffness. Overall, 

the results indicate that the use of BRBs significantly increases the lateral stiffness of steel 

structures, reduces displacements, and, in particular, that the corner-mounted inverted V-type BRB 

arrangement provides a more balanced seismic response. 

Keywords: Buckling-Restrained Braced, BRB, Steel Structures, Response Spectrum Analysis, 

SAP2000, Seismic Behaviour 
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1. Introduction  

Earthquakes are one of the natural disasters that affect structural safety in high-seismic zones. 

As Turkey is situated within an active seismic belt, it is essential to scientifically examine and 

evaluate the seismic performance of building systems. An analysis of the factors responsible for 

the adverse consequences of past earthquakes reveals that structures sustained severe damage due 

to insufficient rigidity, low ductility capacity, projections in the building layout, and structural 

behaviour that did not comply with earthquake regulations. Consequently, the contemporary 

approach to earthquake engineering requires that structures be designed and assessed not only in 

terms of strength, but also in terms of ductility levels, energy dissipation capacity, stability 

behaviour and performance objectives, and that they be designed and engineered in accordance 

with these principles. 

Steel structures stand out for their high strength-to-weight ratio, ductile behaviour and the 

advantage of rapid construction. In these structures, moment-resisting frames and braced structural 

systems are particularly effective in resisting seismic loads. However, a significant weakness of 

traditional steel braced systems is that buckling behaviour under compressive loads results in a 

sudden drop in the system’s stiffness and a reduction in its energy dissipation capacity. 

Buckling-restrained braces (BRBs), developed to mitigate these well-known issues, have 

become one of the key alternative solutions in the field of structural engineering in recent years. 

The steel core element within the BRB brace is supported by a frictionless surface material, a 

filling material and a steel outer tube that encases it, thereby preventing the brace from buckling 

under compression. As a result, the steel core element is capable of exhibiting hysteretic behaviour 

under both compressive and tensile loads. 

The operating principle of the buckling-resistant cross-braced system is to allow the core to 

function and carry loads in the axial direction of the bracing, whilst the outer cladding system 

provides a mechanism to prevent buckling of the steel core. In other words, the aim is for the axial 

force to be carried by the steel core, whilst the outer cladding system ensures buckling stability. 

Consequently, under seismic loads, the structural system will exhibit stable plastic deformation 

behaviour, and the structure’s energy dissipation capacity will be enhanced.  

The first studies on buckling-resistant cross-braced systems were carried out in Japan. The 

initial studies were carried out by Watanabe and his colleagues, who noted that the steel core 

element needed to be supported by a circumferential jacket to prevent buckling under compression. 

As a result of these studies, it was found that BRB-reinforced structures exhibit symmetrical 

hysteretic behaviour under both tension and compression when subjected to cyclic loading. 

In this study, the effects of different buckling-restrained brace (BRB) configurations on the 

seismic behaviour of a steel office building were investigated using numerical analysis methods. 

Within the scope of the study, three different structural systems were compared: a reference system 

without BRBs, a system with inverted V-type BRBs placed at mid-spans, and a system with 

inverted V-type BRBs placed at corner spans. The aim of this comparison was to evaluate the 

effect of the location of BRB elements within the structural plan on the building’s lateral stiffness, 

natural vibration period, lateral displacements and base shear forces. 

The structural model used in the analyses is a steel office building comprising a ground floor 

and six standard storeys. The ground floor height has been modelled as 4.50 m, whilst the standard 

storey heights are 3.50 m. The building plan consists of five bays with a span of 6.00 m in the X 

direction and three bays with a span of 7.00 m in the Y direction. Accordingly, the total plan 

dimensions of the structure are 30.00 m in the X direction and 21.00 m in the Y direction. In the 
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structural system, S355 steel has been used for columns and beams, whilst S235 steel has been 

used for braced cross-members. 

The column cross-sections have been defined to vary along the height of the structure. HE450A 

column cross-sections have been used on the ground floor and first floor, HE400A on the second 

and third floors, HE360A on the fourth and fifth floors, and HE320A on the sixth floor. For the 

main beams, IPE450 sections have been selected in the X direction and IPE500 sections in the Y 

direction. The secondary beams parallel to the X direction have been modelled using IPE300 

sections. This creates a regular steel structural system in which the column stiffness is gradually 

reduced along the height between storeys, whilst the beam sections remain constant across all 

storeys. 

Numerical modelling and analysis were carried out using the SAP2000 26 software. BRB 

elements were defined as cross-braces within the structural system that carry axial loads and have 

the capacity to dissipate energy and contribute to lateral stiffness. These elements were modelled 

in the SAP2000 environment as non-linear link elements using the multi-linear plastic link 

approach. In the models utilising BRB, an inverted V-shaped cross-brace arrangement was 

preferred. The cross-braces were not positioned along the structure’s internal axes but were 

arranged symmetrically along the X and Y directions on the external facade axes. 

Three different systems were evaluated in the study. The first system is a reference steel 

structural system without BRB elements. In the second system, inverted V-shaped BRB elements 

were placed in the central spans. In this model, the BRBs were positioned in the second and fourth 

spans in the X-direction and on the central axis in the Y-direction. In the third system, inverted V-

shaped BRB elements were placed at the corner spans, and the effect of this arrangement on the 

structural behaviour was investigated. 

Modal analysis and response spectrum analysis, utilising code-based acceleration values, were 

applied as the analysis methods. Earthquake effects were defined separately in the X and Y 

directions, and results were obtained for all three structural systems under the same analysis 

assumptions. The analysis outputs were compared in terms of the first natural vibration period, 

modal behaviour, maximum horizontal displacements and base shear forces. The results obtained 

in this context were used to evaluate the effect of BRB elements on structural stiffness and system 

behaviour under horizontal loads. 

From the late 1980s onwards, research into the experimental performance of BRB systems 

gained momentum. Clark et al. [10] demonstrated, through experiments conducted on various BRB 

specimens, that the system exhibited similar levels of flow behaviour under both tensile and 

compressive loads. The study noted that the energy absorption capacity was significantly higher 

than that of conventional cross-linked systems. 

Black and colleagues [11] conducted full-scale experiments to investigate the cyclic behaviour 

of BRB elements. The study found that BRB systems exhibited stable behaviour even at high levels 

of plastic deformation. It was also noted that the hysteresis curves were highly stable and that the 

loss of stiffness was limited. 

Lopez and Sabelli [12] examined the use of BRB systems in multi-storey steel structures and 

stated that these systems improve seismic performance. The study emphasised that BRB systems 

are particularly effective in reducing inter-storey drift. 

Following the development of non-linear analysis methods in the 2000s, research into the 

numerical modelling of BRB systems has increased. Fahnestock and colleagues [13] investigated 

plastic hinge and link element approaches with the aim of modelling the non-linear behaviour of 
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BRB elements. The study concluded that multilinear hysteretic models are capable of successfully 

representing the actual behaviour. 

Kim and Choi [14] investigated the effect of different BRB configurations on structural 

behaviour using a non-linear time-history analysis method. The study concluded that inverted V-

type BRB systems increase structural stiffness and reduce maximum storey drifts. 

Takeuchi and colleagues [15] evaluated the energy dissipation mechanism of BRB systems. 

The study noted that BRB elements exhibit a high energy dissipation capacity under cyclic loading 

and contribute to the mitigation of seismic effects. 

Dicleli and Çalışkan [16] investigated the performance of BRB systems in multi-storey steel 

structures. According to the results of the non-linear analysis, it was found that the use of BRBs 

increases the ductility of the structure and results in a more controlled distribution of plastic 

deformation. 

It is observed that the nonlinear link element approach is generally preferred in studies carried 

out using the SAP2000 programme. Hoveidae and Tremblay [18] demonstrated that multilinear 

plastic link elements defined in the SAP2000 environment successfully represent BRB behaviour. 

The study stated that hysteretic behaviour can be modelled realistically by defining axial force–

displacement relationships. 

Studies conducted in recent years have shown that analytical methods are increasingly being 

used in the field of non-linear time history analysis. In particular, analyses using actual earthquake 

records have shown that BRB systems significantly dampen seismic energy [20]. It has also been 

noted that the effect of different earthquake records on structural behaviour can vary. 

Although there are numerous studies on BRB systems in the literature, it is evident that there 

are few studies that have comparatively examined the behaviour of inverted V-shaped BRB 

systems installed in different orientations within multi-storey steel office buildings using a non-

linear time-domain analysis method. Furthermore, research into the effects of different storey 

heights and span configurations on BRB behaviour is still ongoing. 

Within the scope of this study, the seismic behaviour of inverted V-shaped BRB systems 

installed in different orientations in multi-storey steel office buildings was investigated using the 

SAP2000 software. The structural models were evaluated using a non-linear time-history analysis 

method; storey displacements, energy dissipation capacity, changes in period, and structural 

stability parameters were analysed comparatively. 
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 Table 1. Features, Cross-Sections and Loads of the Steel Office Building Model 

Properties, Cross-sections and Loads Acceptance and Calculation Values 

 

Number of Floors Ground floor + 6 storeys 

Ground Floor Height  4.50 m 

Standard Floor Height 3.50 m 

X-axis clearance 6.00 m 

Y-axis clearance 7.00 m 

Structural System 

 

Steel moment-resisting frames and BRB-

supported steel frame alternatives 

Intended Use of the Building Office structure 

Analysis Programme SAP2000 

Ground Floor + First Floor Column Cross-

Section 

HE450A 

Column Cross-Section on the 2nd and 3rd 

Floors 

HE400A 

Column Cross-Section, 4th and 5th Floors HE360A 

6th Floor Column Cross-Section HE320A 

X-Direction Main Beam Cross-Section IPE450 

Y-Direction Main Beam Cross-Section IPE500 

Secondary Beam Cross-Section IPE300 

Standard Floor Dead Load 5.94 kN/m2  

Standard Floor Moving Load 2.00 kN/m2  

Secondary Beam Clearance M33 only 

Flooring Pattern Shell Thin + Dummy Slab 

A separate diaphragm for each floor D1 - D2 - D3 - D4 - D5 - D6 - D7 

Standard Floor External Wall Load 8.00 kN/m 

Roof Dead Load 6.84 kN/m2  

Roof Live Load 2.00 kN/m2  

Roof Snow Load 0.85 kN/m2   

Roof External Beam Load (With Parapet) 2.00 kN/m  
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Figure 1. Steel Office Building System 

 

 
 

Figure 2. Reverse V BRB Central Layout 

 

 
 

Figure 3. Reverse V BRB Corner Layout 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

774 
 

2. Findings and Discussion 

According to the modal analysis results, the first natural vibration period in the system without 

BRBs was found to be 2.768 s. In the system where inverted V-type BRBs were placed at the mid-

spans, this value decreased to 1.266 s, and in the system where they were placed at the corner 

spans, it decreased to 0.981 s. This result demonstrates that the inclusion of BRB elements in the 

system significantly increases the structure’s lateral stiffness. Compared to the system without 

BRBs, the first natural period has decreased by approximately 54.3% in the system with centrally 

placed BRBs and by approximately 64.6% in the system with corner-placed BRBs. This reduction 

indicates that the braced cross-braces, whose buckling has been prevented, provide a significant 

contribution to the structural rigidity of the load-bearing system. 

Upon examining the results for maximum horizontal displacement, it was observed that in the 

system without a BRB, horizontal displacement amounted to 20.50 mm in the X direction and 

30.72 mm in the Y direction. In the centrally positioned BRB system, these values decreased to 

11.62 mm in the X direction and 15.94 mm in the Y direction. In the corner-mounted BRB system, 

the maximum horizontal displacements were found to be 11.78 mm in the X direction and 11.30 

mm in the Y direction. Accordingly, the use of BRB elements has reduced horizontal 

displacements in both directions. 

When displacement reduction rates were evaluated, the centrally positioned BRB system 

achieved a displacement reduction of approximately 43.3% in the X direction and approximately 

48.1% in the Y direction compared to the system without BRB. The corner-positioned BRB 

system, on the other hand, achieved a displacement reduction of approximately 42.5% in the X 

direction and approximately 63.2% in the Y direction. Whilst the displacement values of the 

centrally and corner-mounted systems were found to be quite similar in the X direction, the corner-

mounted BRB system was observed to be more effective in the Y direction. This demonstrates that 

it is not merely the addition of BRB elements to the system, but also their placement on the plan, 

that is decisive in terms of structural behaviour. 

In terms of base shear forces, values of 661.997 kN in the X-direction and 441.778 kN in the 

Y-direction were obtained for the system without BRB. In the centrally located BRB system, the 

base shear force increased to 1293.34 kN in the X-direction and 1003.74 kN in the Y-direction. In 

the corner-mounted BRB system, these values were determined to be 1,288.692 kN in the X 

direction and 1,269.312 kN in the Y direction. The increase in base shear forces following the 

addition of BRB elements to the system can be attributed to the increased structural stiffness and 

the fact that a larger proportion of the seismic effect is absorbed by the load-bearing system. 

Compared to the system without BRB, the base shear force in the centrally located BRB system 

increased by approximately 95.4% in the X direction and by approximately 127.2% in the Y 

direction. In the corner-located BRB system, the base shear force increased by approximately 

94.7% in the X direction and by approximately 187.3% in the Y direction. Whilst the base shear 

forces of the centrally and corner-mounted systems are similar in the X direction, the corner-

mounted system produced a higher base shear force in the Y direction. This indicates that the 

corner mounting significantly increases the system’s rigidity, particularly in the Y direction. 

When assessed in terms of overall behaviour, the system without BRB exhibited the highest 

period and displacement values and demonstrated more flexible behaviour under horizontal loads. 

The centrally located BRB system provided significant improvements in terms of stiffness and 

displacement control compared to the reference system. However, the displacement and base shear 

force values obtained in the Y-direction suggest that this system does not exhibit fully balanced 

behaviour in both directions. The corner-mounted BRB system, on the other hand, exhibited a 
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more balanced horizontal behaviour in both the X and Y directions. In particular, the reduction in 

displacement and the increase in base shear force in the Y direction demonstrate that the corner 

mounting has made the structure’s overall stiffness distribution more effective. 

These findings demonstrate that braced cross-braces are key structural elements that improve 

the seismic performance of steel structural systems. However, simply adding BRB elements to the 

system is not sufficient; their positioning within the structural plan also has a direct impact on 

behaviour. BRB arrangements organised in symmetrical and corner regions can contribute to a 

more balanced distribution of lateral stiffness across the plan. Therefore, in the design of steel 

structures incorporating BRBs, the arrangement of the bracing must be carefully evaluated not 

only in terms of architectural suitability but also in terms of seismic performance and lateral load 

transfer. 

 

3. Conclusion and Recommendations 

In this study, the seismic behaviour of two different BRB-reinforced systems—one with a steel 

structural system without BRBs and another with inverted V-shaped BRB elements placed at the 

centre and corner spans—was examined comparatively. Modal analysis and response spectrum 

analysis were performed on models created in the SAP2000 26 software; the systems were 

evaluated in terms of the first natural vibration period, maximum horizontal displacements and 

base shear forces. 

According to the results obtained, the incorporation of BRB elements into the structural system 

has increased the structure’s lateral stiffness and significantly reduced its natural vibration period. 

The first natural vibration period, which was 2.768 s in the system without BRBs, decreased to 

1.266 s in the system with centrally positioned BRBs and to 0.981 s in the system with corner-

positioned BRBs. This result demonstrates that BRB elements contribute to the structure behaving 

more rigidly, particularly under horizontal loads. 

It has been established that systems incorporating BRBs yield more favourable results in terms 

of maximum horizontal displacements compared to systems without BRBs. Whilst the centrally 

located BRB system reduces displacements in both directions, the corner-mounted BRB system 

provides more pronounced displacement control, particularly in the Y direction. The fact that the 

displacement values in the X and Y directions are close to one another in the corner-mounted 

system indicates that this system exhibits a more balanced horizontal behaviour. 

Upon examination of the base shear forces, it was observed that the addition of BRB elements 

to the system resulted in an increase in these forces. This increase can be interpreted as the 

structural system responding more effectively to seismic effects as a result of the increased system 

stiffness. The fact that particularly high base shear forces are obtained in the Y-direction in the 

corner-mounted BRB system demonstrates that the effect of this arrangement on structural 

stiffness is more pronounced. 

According to the results of the study, the corner-mounted inverted V-type BRB system 

exhibited the most balanced behaviour among the three systems examined. Whilst the system 

without BRB exhibited the highest period and displacement values, it was determined that 

horizontal displacements were significantly reduced in systems with BRB. Therefore, the use of 

buckling-restrained braces in steel structural systems can be considered an effective solution for 

limiting horizontal displacements under seismic loads and increasing structural stiffness. 

Based on the results obtained in this study, it is recommended that BRB elements be positioned 

symmetrically and evenly within the structural layout. In particular, inverted V-shaped BRB 

elements positioned in corner regions can contribute to the structure behaving more stably in the 
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two principal directions. However, in final design decisions, consideration must be given not only 

to period, displacement and base shear forces, but also to relative storey drifts, element internal 

forces, connection regions, capacity design principles and local buckling checks. 

In future studies, it is recommended that the systems examined in this study be evaluated 

through analyses in a non-linear time-domain. Furthermore, more comprehensive parametric 

studies could be conducted using different earthquake records, different BRB cross-section 

properties, different numbers of storeys and different floor plan geometries. In addition, it would 

be beneficial to carry out more holistic design assessments, taking into account the cost-

effectiveness of BRB elements, connection details and ease of installation. 
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Özet 

Uydu görüntüleri, coğrafi alanların ayrıntılı görünümlerini sağlama yeteneği nedeniyle şehir 

planlaması, afet yönetimi, dijital haritalama ve akıllı şehir uygulamaları gibi çeşitli alanlarda 

vazgeçilmez hale gelmiştir. Bu görüntülerden binaların verimli, doğru bir şekilde tespiti ve üç 

boyutlu (3B) görselleştirilmesi, altyapı planlaması, kaynak yönetimi ve acil durumlara müdahale 

etmek için çok önemlidir. Bununla birlikte, uydu görüntülerinden bina tespiti, değişen bina 

boyutları, şekilleri ve yönelimleri gibi faktörlerin yanı sıra tıkanmalar, gölgeler ve karmaşık 

ortamlar gibi sorunlar nedeniyle bazı zorluklarla karşı karşıyadır. Buna karşılık, bu çalışma söz 

konusu zorlukların üstesinden gelmek amacıyla derin öğrenme tabanlı nesne tespit 

yaklaşımlarından yararlanmaktadır. Özellikle, nesne tespitinde yüksek hız ve doğruluk 

performansıyla öne çıkan YOLOv8 mimarisinin kullanımı, geleneksel yöntemlere kıyasla önemli 

bir ilerleme sunmaktadır. Çalışmada yapay zeka kullanarak mevcut coğrafi veri kaynaklarındaki 

eksiklikleri belirleyen ve tamamlayan ve elde edilen verileri otomatik olarak 3 boyutlu dijital ikiz 

modeline dönüştüren entegre bir sistem geliştirilmiştir. Kırsal, kentsel ve endüstriyel gibi çeşitli 

bölgelerden toplanan uydu görüntülerinin üzerindeki bina maskeleri, Computer Vision Annotation 

Tool (CVAT) aracı kullanılarak bireysel çokgenler (poligonlar) halinde manuel olarak 

etiketlenmiştir. Sonrasında YOLOv8 ile model eğitilmiştir. Model, bina ayak izlerini belirleme ve 

segmentasyon konusunda yüksek doğruluk sergilemiştir. %85 Hassasiyet ve %81 Geri Çağırma 

oranına ulaşarak %81’lik dengeli bir F1 Puanı elde etmiştir. Bina tespiti ile sınıflandırma işlemleri 

tamamlandıktan sonra, veriler Cesium eklentisi kullanılarak Unreal Engine ortamında gerçek 

dünya koordinatlarında konumlandırılmış; fotogerçekçi dijital ikiz oluşturulmuştur. 

Anahtar Kelimeler: Dijital İkiz, Bina Tespiti, Uydu Görüntüsü, 3B Görselleştirme, Unreal 

Engine 
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CREATING 3D DIGITAL TWINS USING AI-BASED BUILDING DETECTION 

 

 

 

Abstract 

Satellite imagery has become indispensable in various fields such as urban planning, disaster 

management, digital mapping, and smart city applications due to its ability to provide detailed 

views of geographic areas. Efficient and accurate detection and three-dimensional (3D) 

visualization of buildings from these images are crucial for infrastructure planning, resource 

management, and emergency response. However, building detection from satellite imagery faces 

some challenges due to factors such as varying building sizes, shapes, and orientations, as well as 

issues like obstructions, shadows, and complex environments. In response, this study utilizes deep 

learning-based object detection approaches to overcome these challenges. In particular, the use of 

the YOLOv8 architecture, which stands out with its high speed and accuracy performance in object 

detection, offers a significant advancement compared to traditional methods. In this study, an 

integrated system has been developed that identifies and complements the deficiencies in existing 

geographic data sources using artificial intelligence and automatically converts the obtained data 

into a 3D digital twin model. Building masks on satellite images collected from various regions 

such as rural, urban and industrial areas were manually labeled as individual polygons using the 

Computer Vision Annotation Tool (CVAT). The model was then trained with YOLOv8. The 

model exhibited high accuracy in identifying and segmenting building footprints. It achieved a 

balanced F1 score of 81%, reaching 85% Accuracy and 81% Recall rate. After the building 

detection and classification processes were completed, the data was positioned in real-world 

coordinates in the Unreal Engine environment using the Cesium plugin; a photorealistic digital 

twin was created. 

Keywords: Digital Twin, Building Detection, Satellite Imagery, 3D Visualization, Unreal 

Engine 
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1. Giriş  

Uydu görüntüleri, coğrafi alanların ayrıntılı görünümlerini sağlama yeteneği nedeniyle 

kentsel planlama, afet yönetimi, dijital haritalama ve akıllı şehir uygulamaları gibi çeşitli alanlarda 

vazgeçilmez hale gelmiştir. Bu bağlamda, Dijital İkiz (DT) teknolojisi, gelişmiş veri entegrasyonu 

ve analitiği yoluyla dijital dönüşümü kolaylaştırarak, yapı endüstrisi için çok önemli bir yenilik 

olarak ortaya çıkmaktadır (Demircan ve Palabıyık, 2025). Bu görüntülerden binaların verimli ve 

doğru bir şekilde tespit edilmesi ve üç boyutlu (3D) görselleştirilmesi, altyapı planlaması, kaynak 

yönetimi ve acil müdahale yetenekleri için kentsel dijital ikizlerin oluşturulmasında hayati bir rol 

oynamaktadır. 

Bununla birlikte, Uydu göründijital ikizler için temel girdiyi oluşturan bu bina verilerinin 

elde edilmesi önemli zorluklar sunmaktadır. Bu sorunların başında, açık kaynaklı coğrafi veri 

platformlarındaki eksiklikler gelmektedir. Küresel olarak en yaygın kullanılan gönüllü coğrafi 

bilgi kaynağı olan OpenStreetMap (OSM), gönüllü katkılara büyük ölçüde bağımlı olması 

nedeniyle, özellikle kırsal alanlarda, hızla kentleşen bölgelerde ve gelişmekte olan coğrafyalarda 

önemli veri boşlukları içermektedir. Bu eksiklikleri gidermek için kullanılan geleneksel 

kartografik üretim yöntemleri son derece maliyetli ve zaman alıcıdır; öte yandan, uydu 

görüntülerinden manuel bina tespiti yoğun insan müdahalesi gerektirir. 

Bina tespitinin otomasyonu, öncelikle bina ölçeği, şekli ve yönelimindeki doğal 

varyasyonların yanı sıra, örtüşmeler, gölgeler ve karmaşık arka planlar gibi dış faktörler nedeniyle 

önemli teknik engelleri beraberinde getirir (Santhoshi ve Sneha, 2025). 

Eşikleme ve manuel segmentasyon gibi geleneksel yöntemlerin aksine, yapay zeka destekli 

CNN modelleri hızlandırılmış nesne algılama performansı sunmaktadır (Kaushal ve Kumar, 

2022). Son teknoloji ürünü YOLO mimarisi, sınırlayıcı kutuları ve sınıf olasılıklarını tek bir 

geçişte tahmin etmek için birleşik bir sinir ağı kullanarak algılamayı kolaylaştırır (Radany ve 

Abdelaziz, 2024). Özellikle, etiketli bina veri kümeleri üzerinde ince ayar yapılmış YOLOv8 

modelleri, uydu tabanlı bina çıkarımında üstün hassasiyet ve hız elde eder. Dahası, Ultralytics 

tarafından geliştirilen YOLOv8-seg varyantı, örnek segmentasyon yoluyla bu süreci geliştirir; 

sınırlayıcı kutuların yanı sıra piksel bazında maskeler üreterek, karmaşık kentsel ortamlarda bitişik 

binaları ayırt etmek için çok önemli olan geometrik sınırları doğru bir şekilde belirler. 

OpenStreetMap (OSM), küresel olarak erişilebilir haritalar geliştirmek için kitle kaynaklı 

bir çerçeve sağlar. Bu paradigma, kentsel alanlardaki sakinlerin insan sensörleri olarak işlev 

gördüğü ve kentsel yönetim için mekansal verileri destekleyen değerli coğrafi bilgiler sağladığı 

varsayımına dayanmaktadır. Bununla birlikte, toplanan bu verilerin büyük çoğunluğu iki boyutlu 

haritalama uygulamalarının üretimiyle sınırlı kalmaktadır (Bshouty ve Dalyot, 2021). 

Unreal Engine (UE), ilgili alanlardaki tüm kullanıcılara erişilebilir, C++ ile yazılmış 

kapsamlı, açık kaynaklı bir geliştirme ortamıdır (Chen, 2019). Cesium for Unreal eklentisi, 

WGS84 elipsoid koordinat sistemini destekleyerek coğrafi olarak doğru küresel konumlandırma 

sağlar ve Cesium Ion platformu aracılığıyla yüksek çözünürlüklü arazi modellerine, uydu 

görüntülerine ve 3B Karolar formatındaki bina modellerine erişim sağlar. Bu entegrasyon, 

prosedürel olarak oluşturulan 3B modellerin gerçek dünya koordinatları içinde hassas bir şekilde 

hizalanmasını kolaylaştırır. 

Derin öğrenmedeki son gelişmeler, bina çıkarımı için oldukça özel modellere yol açmıştır. 

Örneğin, Hussain ve ark. (2026), uzaktan algılama görüntülerinde üstün sınır hassasiyeti elde 

etmek için YOLO güdümlü mekanizmaları Her Şeyi Segmentleme Modeli (SAM) ile entegre eden 

YOLOSAM'ı tanıttı. YOLOSAM, model düzeyinde segmentasyon doğruluğunu en üst düzeye 

çıkarmaya odaklanırken, bu çalışma, bu tür yapay zeka destekli çıktıları gerçek zamanlı coğrafi 
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referanslı Dijital İkiz hattına entegre ederek, 2B maske oluşturma ile 3B kentsel görselleştirme 

arasındaki boşluğu kapatarak bu teknolojik sınırı genişletiyor. Bu sistemik vizyona dayanarak ve 

yukarıda belirtilen teknik engellerin yanı sıra geleneksel yöntemlerin zaman ve maliyet yüklerini 

ortadan kaldırmayı amaçlayan bu çalışmanın temel amacı, kapsamlı bir dijital ikiz çerçevesi 

geliştirmektir. Bu sistem, öne çıkan YOLOv8 mimarisini kullanarak yüksek çözünürlüklü uydu 

görüntülerinden yapay zeka destekli bina tespiti gerçekleştirir, tespit edilen yapıları 

OpenStreetMap (OSM) verilerine göre karşılaştırarak tutarsızlıkları belirler ve nihayetinde tüm 

verileri gerçek dünya koordinatlarını kullanarak 3B bir ortamda görselleştirir. 

 

2. Materyal and Yöntemler 

Metodoloji, yüksek çözünürlüklü uydu görüntülerinden YOLOv8-seg tabanlı bina 

çıkarımıyla başlayan sistematik bir yaklaşımı özetlemektedir. Bunu, çıkarılan özelliklerin WGS84 

koordinatlarına dönüştürüldüğü ve OSM verilerine karşı doğrulandığı bir coğrafi hizalama süreci 

izler ve Unreal Engine kullanılarak 3 boyutlu dijital ikizlerin prosedürel olarak oluşturulmasıyla 

sonuçlanır. 

YOLO algoritması, uygulanmasından önce kapsamlı bir veri setinin sağlanmasını gerektiren 

bir makine öğrenme modelidir. Sonuç olarak, yapay zeka sisteminin nesne algılama yeteneğini 

başarıyla kazanabilmesi için titiz bir eğitim sürecinden geçmesi gerekir (Tunç ve ark., 2024). 

Bu gereksinime uygun olarak, bina algılama modeli için sağlam bir eğitim temeli oluşturmak 

üzere kırsal, kentsel ve endüstriyel manzaraları kapsayan heterojen bir uydu görüntüsü seti 

derlenmiştir. Bu görüntülerde, bina maskeleri açık kaynaklı Bilgisayar Görseli Etiketleme Aracı 

(CVAT) kullanılarak ayrı ayrı çokgenler olarak manuel olarak etiketlenmiştir. Daha sonra, bu 

açıklamalar, model uyumluluğunu sağlamak için normalleştirilmiş koordinat değerlerini içerecek 

şekilde YOLO segmentasyon formatında dışa aktarıldı.  

Kullanılan YOLOv8-seg mimarisi, özellik çıkarımı için CSPDarknet tabanlı bir omurga, çok 

ölçekli özellik birleştirme için PANet yapılı bir boyun ve aynı anda sınıflandırma/yerleştirme 

çıktıları ve segmentasyon maskeleri üretebilen çift başlı bir bileşenden oluşmaktadır. Bu mimari, 

tek aşamalı tasarımı, örnek segmentasyonuna yerel desteği ve doğruluk ile çıkarım hızı arasındaki 

üstün dengesi nedeniyle seçilmiştir. Eğitim aşamasında, epoch sayısı erken durdurma 

mekanizmasıyla düzenlenirken, batch boyutu GPU bellek kısıtlamalarına göre optimize edilmiştir. 

Ayrıca, öğrenme oranı kosinüs tavlama zamanlayıcısı kullanılarak dinamik olarak güncellenmiş 

ve modelin genelleme kapasitesini artırmak için mozaik, döndürme ve ölçekleme dahil olmak 

üzere veri artırma teknikleri uygulanmıştır. 

Sistem Entegrasyonu ve Web Arayüzü 

Model eğitimi ve mekansal dönüşüm algoritmalarının tamamlanmasının ardından, son 

kullanıcının geliştirilen altyapıyı sorunsuz bir şekilde yönetmesini kolaylaştırmak için entegre bir 

web arayüzü tasarlandı. Sistemin başlangıç aşamasında, kullanıcı web arayüzü aracılığıyla analiz 

edilecek coğrafi bölgeyi belirler. Seçilen alanın koordinatları daha sonra Python tabanlı bir arka 

uç motoruna iletilir. Bu motor, karo tabanlı bir mimari kullanarak uydu görüntülerini indirir, 

YOLOv8-seg modelini kullanarak binaları tespit eder, elde edilen sonuçları OpenStreetMap 

(OSM) verileriyle birleştirir ve oluşturulan çıktıları haritada gerçek zamanlı görselleştirme için 

arayüze geri iletir. 

OpenStreetMap'ten (OSM) mekansal verilere erişildi. XML formatında alınan ham veriler, 

Python ortamında ayrıştırıldı; burada düğüm koordinatları, yol referansları ve öznitelik etiketleri 

işlenerek, gerçek dünya coğrafi koordinat sisteminde her bir OSM binasına karşılık gelen çokgen 

geometriler oluşturuldu. 
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Yapay zeka tarafından oluşturulan bina tespitlerini temel OpenStreetMap (OSM) verileriyle 

mekansal olarak karşılaştırmak için Shapely kütüphanesi aracılığıyla Kesişim Üzeri Birleşim 

(IoU) metriği hesaplandı. Shapely, yaygın olarak kullanılan GEOS kütüphanesinden fonksiyonlar 

kullanarak düzlemsel özelliklerin küme teorik analizi ve manipülasyonu için bir Python paketidir 

(Gillies, n.d.). Zhou vd. (2019) tarafından nesne tespiti bağlamında vurgulandığı gibi, Kesişim 

Üzeri Birleşim (IoU) -resmi olarak Jaccard İndeksi veya Jaccard benzerlik katsayısı olarak bilinir- 

sonlu örnek kümeleri arasındaki benzerliği ölçmek için sağlam bir metriktir. 

Bina eşleştirme sürecinin teknik yeniliği, çift aşamalı mekansal doğrulama çerçevesinde 

yatmaktadır. Standart bina çıkarma iş akışları genellikle yalnızca IoU puanlarına dayanır; bu 

puanlar, uydu görüş açılarının yapay zeka tarafından algılanan maske ile OSM vektör verileri 

arasında geometrik yer değiştirmelere neden olması durumunda yapıları eşleştirmede başarısız 

olabilir. Bu sınırlamayı aşmak için sistem, ikincil bir doğrulama adımı olarak merkez noktası 

yakınlığını uygular. 

Bu çalışmada, geometriler arasındaki eşleşme durumunu tanımlamak için 0,30'luk bir 

Kesişim Üzeri Birleşim (IoU) eşiği belirlenmiştir; bu değeri aşan tespitler onaylanmış eşleşmeler 

olarak sınıflandırılmıştır. Potansiyel mekansal kaymaların veya küçük geometrik yanlış 

hizalamaların etkisini azaltmak için, eşik değerinin altında bir IoU veren yapılar, merkez noktası 

yakınlığına göre daha fazla değerlendirilmiştir. Merkez noktaları arasındaki Öklid mesafesi 

önceden tanımlanmış bir tolerans dahilinde ise, bu örnekler potansiyel eşleşmeler olarak 

sınıflandırıldı. 

Ayrıca, mevcut OSM verileriyle mekansal örtüşme göstermeyen (IoU = 0) yapay zeka 

tespitleri, sisteme yeni tespit edilen binalar olarak kaydedildi. Tersine, model tarafından tespit 

edilemeyen mevcut OSM kayıtları, statik mevcut yapılar olarak korundu. Bu karşılaştırmalı 

metodoloji, açık kaynaklı harita verilerinin yalnızca mevcut uydu görüntüleriyle doğrulanmasını 

sağlamakla kalmaz, aynı zamanda daha önce haritalanmamış kentsel özelliklerin otomatik olarak 

tanımlanmasını da kolaylaştırır. 

Web arayüzü, çeşitli etkileşimli özellikler aracılığıyla kullanıcı dostu bir deneyim sağlamak 

üzere tasarlanmıştır. Kullanıcılar etkileşimli bir haritada gezinebilir, fareyle dikdörtgen sınırlayıcı 

kutular çizerek veya coğrafi koordinatları manuel olarak girerek analiz bölgelerini tanımlayabilir, 

tek bir tıklamayla analizi başlatabilir ve çeşitli formatlarda veri indirme seçenekleriyle sonuçları 

görselleştirebilirler. 

Flask tabanlı bir Python sunucusu tarafından desteklenen arka uç altyapısı, REST API 

aracılığıyla veri toplama ve işleme süreçlerinin otomatikleştirilmesini kolaylaştırır. Sistem, 

sağlanan coğrafi koordinatları kullanarak yüksek çözünürlüklü uydu görüntülerini alır ve 

YOLOv8-seg modelini kullanarak piksel düzeyinde semantik segmentasyon gerçekleştirir. Bu 

segmentasyon maskeleri daha sonra hassas bina ayak izlerini tanımlamak için vektör poligonlarına 

dönüştürülür. Veri doğruluğunu sağlamak için, çıkarılan sınırlar, Overpass API aracılığıyla alınan 

gerçek zamanlı OpenStreetMap (OSM) verileriyle çapraz referanslanır ve doğrulanır. Son olarak, 

doğrulanmış mekansal veriler JSON/GeoJSON formatlarına yapılandırılır ve Unreal Engine 

ortamında sorunsuz entegrasyon ve 3B görselleştirme için özel olarak coğrafi referanslandırılmış 

optimize edilmiş koordinat veri kümeleri olarak dışa aktarılır. 

Ankara'daki yoğun kentsel dokusu ve karmaşık topoğrafyasıyla karakterize edilen Dikmen 

Vadisi, birincil test alanı olarak seçildi ve uygulama sonuçları Şekil 1'de sunuldu. Uygulama 

aşamasında, çoklu karo uydu görüntüleri üzerinde ayrıntılı analiz yapmak için YOLOv8-seg 

mimarisi kullanıldı ve çeşitli kentsel senaryolarda bina tespitinde yüksek hassasiyet gösterildi. 

Model, Dikmen Vadisi içindeki bina yükseklikleri ve yönelimlerindeki önemli farklılıklara 
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rağmen mekansal doğruluğu koruyarak, bireysel çatı yapılarını etkili bir şekilde belirledi. İşlem 

hattının başarısının kritik bir bileşeni, veri entegrasyon yeteneğinde yatmaktadır; sistem 

kayıtlarında da görüldüğü gibi, yapay zeka tarafından tespit edilen ayak izleri (1.321 birim), 

OpenStreetMap (OSM) kayıtlarıyla (1.298 birim) çapraz referanslandı ve 1.548 coğrafi referanslı 

bina ayak izinden oluşan rafine edilmiş ve doğrulanmış bir veri kümesi elde edildi. 

 

Şekil 1.Dikmen Vadisi otomatik bina çıkarma süreci: (a) Geliştirilen web tabanlı arayüz 

aracılığıyla Dikmen Vadisi'nin koordinat tabanlı alan seçimi, (b) uydu görüntüleri, (c) YOLOv8 

segmentasyon maskeleri, (d) veri entegrasyonundan elde edilen sistem çıktıları 

 

 
(a)                                                        (b) 

 

 
(c)                                                     (d) 

 

Unreal Engine Entegrasyonu 

Coğrafi olarak referanslandırılmış bina poligonları ve doğrulanmış vektör veri setleri, 

Cesium for Unreal eklentisi kullanılarak Unreal Engine ortamına aktarıldı, WGS84 koordinat 

sisteminde konumlandırıldı ve üç boyutlu dijital şehir modeli olarak görselleştirildi. Prosedürel 

İçerik Üretimi (PCG), oyun seviyeleri, haritalar ve çevresel varlıklar gibi büyük miktarda içeriğin 

hızlı bir şekilde üretilmesini sağlayan, manuel olarak değil algoritmik olarak veri oluşturma 

yöntemidir (Hidayatullah ve ark., 2025). Bu metodolojiyi takip ederek, her bina poligonu, 

prosedürel bir ağ bileşeni kullanılarak iki boyutlu bir tabandan üç boyutlu hacimsel bir yapıya 

dönüştürüldü. Bu işlem aşağıdaki aşamaları içerir: taban yüzey ağı oluşturma, duvar yüzeyi 

oluşturma, bina tipine göre çatı geometrisi ekleme, yüzey normali hesaplama ve doku koordinatı 

atama. Ek olarak, taban, duvar ve çatı yüzeyleri ayrı malzeme yuvalarına atanarak her mimari 

bileşene farklı dokuların uygulanmasına olanak tanır. 

3B yeniden yapılandırma aşamasının teknik yeniliği, yapay zekadan türetilen semantik 

maskelerin coğrafi referanslı hacimsel aktörlere sorunsuz bir şekilde çevrilmesiyle karakterize 

edilir. Geleneksel statik CAD tabanlı modelleme yaklaşımlarının aksine, önerilen işlem hattı, 2B 
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koordinatları doğrudan Unreal Engine 5 ortamındaki WGS84 elipsoidine eşleyen bir Coğrafi 

Projeksiyon Mantığı kullanır. Önemli bir yenilik, mimari montajı otomatikleştirmek için 

Prosedürel İçerik Üretimi (PCG) uygulamasında yatmaktadır. Sistem, basit poligon ekstrüzyonu 

yapmak yerine, duvarlar, çatılar ve temel elemanları için dinamik olarak malzeme yuvaları atarken, 

aynı zamanda dikey konumlandırmayı Cesium'un yüksek çözünürlüklü arazi veri setleriyle 

senkronize eder. Bu metodoloji, küresel olarak referanslı bir koordinat sistemi içinde geometrik 

tutarlılık, topolojik doğruluk ve gerçek zamanlı işleme uyumluluğu sağlar. 

 

3.  Sonuçlar ve Tartışma 

 Modelin sağlamlığını ve çeşitli ortamlarda genelleme yapabilme yeteneğini sağlamak için, 

görüntüler kırsal, kentsel, endüstriyel ve karma kullanımlı manzaraları kapsayan çeşitli coğrafi 

bölgelerden alınmıştır. Eğitilmiş YOLOv8-seg modelinin segmentasyon performansı, 505 görüntü 

ve 18.127 bina örneğinden oluşan ayrılmış test veri seti kullanılarak değerlendirilmiştir. Örnek 

segmentasyon (maske) görevinin nicel sonuçları Tablo 1'de sunulmuştur. 

 

Tablo 1.YOLOv8-Seg Modelinin Test Veri Kümesi Üzerindeki Segmentasyon Performansı 

 

Tablo 1'de gösterildiği gibi, önerilen model bina ayak izlerini tanımlama ve segmentasyon 

konusunda yüksek doğruluk sergilemiştir. Model %85 Hassasiyet ve %81 Geri Çağırma oranına 

ulaşarak %81'lik dengeli bir F1 Puanı elde etmiştir. Ayrıca, %84,2'lik mAP@0,5 puanı ve 

%66,21'lik mAP@0,5:0,95 puanı, oluşturulan poligonların gerçek sınırlara yakından uyduğunu 

göstermektedir. Bu nicel ölçütler, YOLOv8-seg mimarisinin sonraki 3D dijital ikiz oluşturma hattı 

için sağlam ve doğru çıktılar sağladığını kanıtlamaktadır. 

Modelin tüm test seti üzerindeki istatistiksel performansı, karışıklık matrisleri ve 

performans eğrileri aracılığıyla değerlendirilmiştir. Şekil 2, normalize edilmiş karışıklık matrisini 

ve F1-Güven ilişkisini göstermekte olup, modelin sınıflandırma doğruluğu ve istikrarı hakkında 

daha derin bir fikir vermektedir. 

Şekil 2. Modelin performans ölçütleri: (a) Normalleştirilmiş karışıklık matrisi aracılığıyla 

sınıflandırma doğruluğu ve (b) optimal F1-skor eşiği 

 

 
(a)                                                  (b) 

Görev Görseller Örnekler Hassasiyet Geri 

Çağırma 

F1-

Skoru 

mAP 0.5 mAP 0.5:0.95 

Maske 

(Bina)  

505 18,127 0.85 0.81 0.81 0.842 0.6621 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

785 
 

Normalleştirilmiş karışıklık matrisi (Şekil 2a), modelin bina yapılarının %85'ini doğru bir 

şekilde tanımladığını ve arka plana karşı güçlü bir ayırt edici güce sahip olduğunu 

doğrulamaktadır. %15'lik yanlış negatif oranı, esas olarak son derece küçük yapılara veya 

karmaşık kentsel ortamlarda gölgeler tarafından kısmen gizlenmiş binalara atfedilmektedir. 

Ayrıca, F1-Güven eğrisi (Şekil 2b), modelin hassasiyet ve geri çağırma arasında en uygun 

dengeye ulaştığını ve 0,519'luk bir güven eşiğinde 0,81'lik en yüksek F1 puanına ulaştığını 

göstermektedir. Çeşitli eşiklerdeki bu istatistiksel istikrar, oluşturulan bina ayak izlerinin, sonraki 

3B dijital ikiz oluşturma aşamaları için hassas geometrik temel olarak hizmet edecek kadar 

güvenilir olmasını sağlar. Modelin eğitim verimliliğine ilişkin bütünsel bir görünüm sağlamak 

için, segmentasyon görevi için kapsamlı performans eğrileri Şekil 8'de gösterilmiştir. Hassasiyet-

Güven ve Geri Çağırma-Güven eğrileri, YOLOv8-seg modelinin geniş bir eşik aralığında yüksek 

derecede hassasiyet koruduğunu göstermektedir. Ayrıca, Hassasiyet-Geri Çağırma (PR) eğrisi, 

%84,2'lik bir Ortalama Hassasiyet (mAP@0.5) değeri vererek, modelin karmaşık coğrafi veri 

kümeleri içindeki bina ayak izlerini doğru bir şekilde belirlemedeki sağlamlığını 

doğrulamaktadır. 

Şekil 3.Bina segmentasyon performansının kapsamlı değerlendirmesi: (a) Hassasiyet-

Güven eğrisi, (b) Geri Çağırma-Güven eğrisi ve (c) mAP@0.5'i gösteren Hassasiyet-Geri 

Çağırma eğrisi 

 

 
(a)                                                            (b) 

 

 

 
 

(c) 

Modelin kapsamlı değerlendirmesi, yüksek nicel ölçütlerin—özellikle %84,2 mAP ve 0,81 

F1 puanının—yüksek doğrulukta bina maskelerine etkili bir şekilde dönüştüğünü göstermektedir. 

Karmaşık kentsel dokularda bile segmentasyon sürecinin sağlamlığı, çıkarılan ayak izlerinin 

otomatik yeniden yapılandırma için güvenilir bir geometrik temel sağladığını garanti eder. 
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Cesium-Unreal Engine hattının sağlam entegrasyonu, otomatik koordinat dönüşüm testleri 

ile doğrulandı. Segmentasyon sınırlarında küçük sapmalara rağmen, WGS84 projeksiyon mantığı, 

3B ekstrüzyonları alttaki araziyle başarılı bir şekilde hizalayarak 1,5 metreden daha düşük bir 

mekansal hata payı sağladı. Bu yüksek jeodezik doğruluk seviyesi, çerçevenin küçük piksel 

düzeyindeki yanlışlıklara karşı dayanıklı olduğunu ve oluşturulan dijital ikizlerin yapısal 

bütünlüğünü sağladığını göstermektedir. 

 

Örnek Vaka Çalışması 

Kentsel Alan (Beşiktaş, İstanbul) 

Bölgede 30 bina tespit edilmiş, 22 bina OSM'de (Open Street Map) bulunmuş ve 8 yeni 

yapı keşfedilmiştir. 

Şekil 4. Beşiktaş Vaka Çalışması: (a) Orijinal yüksek çözünürlüklü uydu görüntüleri, (b) 

Otomatik bina taban alanı segmentasyonu, (c) Unreal Engine içinde nihai 3D dijital ikiz 

görselleştirmesi 

 

 
(a)                                (b)                                             (c) 

 

4.  Sonuç 

Bu çalışmada, yüksek çözünürlüklü uydu görüntülerinden yapay zeka destekli bina tespiti 

gerçekleştiren, mevcut OSM verileriyle karşılaştırarak eksik bina bilgilerini belirleyen ve bu 

verileri Unreal Engine kullanarak 3 boyutlu olarak modelleyen entegre bir dijital ikiz oluşturma 

sistemi geliştirilmiştir. Sistem, kullanıcı arayüzü aracılığıyla seçilen coğrafi koordinatlardan 

başlayarak süreci otomatik hale getirmiştir. Görüntü indirme, YOLOv8-seg ile segmentasyon, 

OSM verileriyle eşleştirme, semantik sınıflandırma ve 3 boyutlu model oluşturma işlemleri 

başarıyla entegre edilmiştir. 

Başlıca Katkılar ve Yenilikler 

Bu çalışmanın literatüre ve uygulamaya başlıca katkıları şunlardır: Açık kaynaklı harita 

verilerinin derin öğrenmeye dayalı bina segmentasyonu ile entegrasyonuna dayalı hibrit bir veri 

yaklaşımı olarak benzersiz bir metodoloji geliştirilmiştir. Otomatik harita tamamlama kapsamında 

yapay zeka kullanarak OSM verilerindeki eksiklikleri otomatik olarak tespit eden ve tamamlayan 

bir sistem oluşturulmuştur. Veri toplamadan 3 boyutlu görselleştirmeye kadar tüm süreçleri uçtan 

uca bir işlem hattı olarak otomatik olarak yürüten entegre bir sistem tasarlanmıştır. GIS uyumlu 

3D modelleme kullanılarak, gerçek dünya koordinatlarında konumlandırılmış ve GIS sistemleriyle 

entegre olabilen 3D modeller üretilmiştir. Düşük maliyet ve erişilebilirliği sağlamak için açık 

kaynaklı araçlar ve ücretsiz veri kaynakları kullanılarak geniş bir kitleye erişilebilir bir çözüm 

sunulmuştur. 
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Gelecek Çalışmalar İçin Öneriler 

Sistemin genelleme kapasitesini değerlendirmek için farklı coğrafi bölgelerde, iklim 

koşullarında ve bina stillerinde test edilmesi önemlidir. Özellikle, farklı ülkelerdeki mimari stillere 

uyum sağlamak, transfer öğrenme yoluyla modelin genişletilmesini gerektirebilir. 

Mevcut sistem yalnızca bina yapılarını işlemektedir. Yol ağları, köprüler, elektrik hatları ve 

su altyapısı gibi diğer kentsel unsurların eklenmesi, dijital ikizin kapsamını önemli ölçüde 

genişletecektir. 

Oluşturulan 3D modellerin sanal gerçeklik ve artırılmış gerçeklik ortamlarında etkileşimli 

olarak sunulması, kullanıcı deneyimini zenginleştirecektir. Bu teknolojiler, özellikle şehir 

planlama toplantılarında ve vatandaş katılım süreçlerinde değerli katkılar sağlayabilir. 

Sistemin, periyodik olarak yeni uydu görüntülerini analiz ederek değişiklikleri otomatik 

olarak algılama yeteneği, dijital ikizin güncelliğini korumak için çok önemlidir. Amaç, yeni 

inşaatları, yıkılan binaları ve tadilatları otomatik olarak tespit etmektir. 
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Özet 

Bu çalışma, Osmanlı İmparatorluğu’nun en önemli altyapı projelerinden biri olan Hicaz 

Demiryolu’nun güneydeki son durağı Medine İstasyonu’nun (Anberiye Garı) mimari özellikleri, 

yapı malzemeleri ve yapım sistemi açısından incelenmesini amaçlamaktadır. 1900–1908 yılları 

arasında Şam ile Medine arasında inşa edilen Hicaz Demiryolu; askerî, siyasi, ekonomik ve dini 

işlevleri bir arada barındıran stratejik bir ulaşım hattıdır. Hat boyunca inşa edilen istasyonlar ve 

diğer yapılar dönemin mühendislik bilgisini yansıtırken, Medine İstasyonu hattın son noktası 

olması nedeniyle özel bir öneme sahiptir. İstasyon, yalnızca yolcu taşımaya hizmet eden bir yapı 

değil; bakım atölyeleri, lokomotif hangarları, su depoları, lojmanlar ve idari binalardan oluşan 

geniş bir yerleşke olarak tasarlanmıştır. Yaklaşık 90.000–140.000 m²’lik alanı kapsayan bu 

kompleks, Osmanlı demiryolu yerleşkelerinin önemli örneklerinden biridir. Mimari açıdan yapı, 

Osmanlı neoklasik üslubunun etkilerini taşımakta; simetrik cephe düzeni, kemerli açıklıklar ve 

kesme taş işçiliği ile öne çıkmaktadır. Yapım sistemi incelendiğinde, istasyonun donatısız yığma 

teknikle inşa edildiği, taşıyıcı sistemin kalın taş duvarlar, kemerler ve kolonlardan oluştuğu 

görülmektedir. Yerel bazalt ve El-Ciri taşının kullanıldığı yapıda, döşeme ve çatı sistemlerinde 

ahşap ve demir birlikte tercih edilmiştir. Ahşap kullanımı yapının ağırlığını azaltırken, kemer 

sistemleri geniş açıklıkların geçilmesini sağlamıştır. Bu özellikleriyle yapı, geleneksel teknikler 

ile modern mühendislik anlayışının birleştiği bir geçiş dönemi örneğidir. Birinci Dünya Savaşı 

sonrası işlevini yitiren istasyon, 20. yüzyılın sonlarında restore edilerek günümüzde Hicaz 

Demiryolu Müzesi olarak kullanılmaktadır. Bu yönüyle, hem endüstri hem de demiryolu mirası 

açısından önemli bir kültürel değer taşımaktadır. 

Anahtar Kelimeler: Hicaz Demiryolu, Medine İstasyonu, Yığma Yapı Sistemi, Osmanlı 

Demiryolu Mimarisi, Endüstri Mirası. 
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ANALYSIS OF THE ARCHITECTURAL FEATURES, BUILDING MATERIALS, AND 

CONSTRUCTION SYSTEM OF THE HEJAZ RAILWAY MEDINA STATION 

 

 

Abstract 

This study aims to examine the architectural characteristics, construction materials, and structural 

system of Medina Station (Anbariya Station), the southern terminus of the Hejaz Railway, one of 

the most significant infrastructural projects of the Ottoman Empire. Constructed between 1900 and 

1908, the railway connected Damascus and Medina and served multiple strategic purposes, 

including military, political, economic, and religious functions. While the structures along the 

route reflect the engineering knowledge of the period, Medina Station stands out as a major 

terminal due to its position as the final stop. The station was designed not only as a passenger 

facility but as a comprehensive complex comprising maintenance workshops, locomotive depots, 

water reservoirs, residential units, and administrative buildings. Covering approximately 90,000–

140,000 m², it represents a significant example of Ottoman railway settlements and reflects the 

planning and engineering approach of its time. Architecturally, the buildings exhibit characteristics 

of the Ottoman Neoclassical style, with symmetrical façades, arched openings, and finely cut stone 

masonry. In terms of construction, the station was built using an unreinforced masonry system 

consisting of thick load-bearing stone walls, masonry arches, and columns. Locally sourced 

volcanic basalt and El-Ciri stone were used as primary materials, while timber and iron elements 

were employed in floor and roof systems. The use of timber reduced structural weight and 

facilitated construction under desert conditions, while masonry arches enabled the spanning of 

wide openings through compressive load transfer. These features indicate a transitional 

construction approach combining traditional techniques with modern engineering practices. After 

losing its function following the First World War, the station remained abandoned for an extended 

period. Restoration efforts initiated in the late twentieth century led to its adaptive reuse as the 

Hejaz Railway Museum. Today, the complex represents a valuable example of industrial and 

railway heritage, reflecting late Ottoman engineering and construction practices. 

Keywords: Hejaz Railway, Medina Station, Masonry Construction System, Ottoman Railway 

Architecture, Industrial Heritage. 
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1. Giriş 

Sanayi Devrimi ile birlikte demiryolları, yalnızca bir ulaşım sistemi olmanın ötesine geçerek 

devletlerin ekonomik, askerî ve siyasi güçlerini artıran en önemli altyapı yatırımlarından biri hâline 

gelmiştir. On dokuzuncu yüzyılın sonu ve yirminci yüzyılın başında demiryolu yapımı, özellikle 

geniş coğrafyalara sahip devletler için ulaşımın hızlandırılması, ticaretin geliştirilmesi, askerî 

sevkiyatın kolaylaştırılması ve merkezi otoritenin güçlendirilmesi açısından stratejik bir önem 

taşımıştır. Bu bağlamda Osmanlı İmparatorluğu da demiryolu yatırımlarına büyük önem vermiş 

ve imparatorluğun uzak vilayetlerini merkeze bağlamak amacıyla birçok demiryolu projesi 

gerçekleştirmiştir. Bu projeler içerisinde Hicaz Demiryolu, siyasi, askerî, ekonomik ve dini 

amaçları bir arada barındırması bakımından Osmanlı İmparatorluğu’nun en önemli demiryolu 

projelerinden biri olarak kabul edilmektedir. 

1900–1908 yılları arasında inşa edilen Hicaz Demiryolu, Şam’dan başlayarak Medine’ye kadar 

ulaşan ve çöl koşullarında inşa edilmiş önemli bir mühendislik projesidir. Demiryolu hattı boyunca 

köprüler, menfezler, tüneller, istasyon binaları, su depoları ve bakım atölyeleri gibi çok sayıda 

mühendislik yapısı inşa edilmiştir. Bu yapılar, dönemin yapım teknolojisini, malzeme kullanımını 

ve mühendislik çözümlerini göstermesi açısından büyük önem taşımaktadır. Hicaz Demiryolu 

üzerindeki istasyon yapıları ise yalnızca yolcu indirme-bindirme işlevi gören yapılar olmayıp, aynı 

zamanda lojistik, bakım, depolama ve yönetim işlevlerini barındıran kompleks yapılar olarak inşa 

edilmiştir. Bu nedenle istasyon yapıları, demiryolu sisteminin sürekliliğini sağlayan önemli 

mühendislik yapıları olarak değerlendirilmelidir. 

Hicaz Demiryolu’nun güneydeki son durağı olan Medine İstasyonu, hattın en önemli terminal 

yapılarından biridir. Medine İstasyonu, yalnızca bir ulaşım yapısı değil, aynı zamanda atölyeler, 

depolar, lojman yapıları, su depoları ve çeşitli hizmet yapılarından oluşan büyük bir istasyon 

kompleksi olarak inşa edilmiştir. Bu yönüyle yapı, Osmanlı dönemi demiryolu yerleşkelerinin 

önemli örneklerinden birini oluşturmaktadır. Yapının inşa edildiği bölgenin çöl iklimine sahip 

olması, malzeme temini ve yapım teknikleri açısından çeşitli kısıtlamalar oluşturmuş ve bu durum 

yapı malzemesi seçiminden taşıyıcı sistem tasarımına kadar birçok mühendislik kararını doğrudan 

etkilemiştir. Bu nedenle Medine İstasyonu, zorlu çevresel koşullara uyum sağlayacak şekilde 

tasarlanmış bir mühendislik yapısı olarak değerlendirilmelidir. 

Bu çalışmada, Hicaz Demiryolu’nun önemli yapılarından biri olan Medine Tren İstasyonu mimari 

özellikleri, yapı malzemeleri ve yapım sistemi açısından incelenmekte; yapının taşıyıcı sistemi ve 

yapım teknolojisi mühendislik bakış açısıyla değerlendirilmektedir. Bu bağlamda çalışma, 

Osmanlı dönemi demiryolu yapım teknolojisinin anlaşılmasına katkı sağlamayı ve tarihi 

demiryolu yapılarının mühendislik özelliklerinin ortaya konulmasını amaçlamaktadır. 

 

2. Çalışmanın Amacı 

Bu çalışmanın amacı, Hicaz Demiryolu hattının önemli yapılarından biri olan Medine Tren 

İstasyonu’nun mimari özellikleri, yapı malzemeleri ve yapım sistemi açısından incelenmesidir. 

Çalışma kapsamında istasyon yapılarının plan şeması, mekânsal organizasyonu, cephe özellikleri 

ve kütle kuruluşu değerlendirilerek yapının mimari karakteri ortaya konulması amaçlanmaktadır. 

Bununla birlikte yapıda kullanılan yapı malzemeleri belirlenerek bu malzemelerin seçiminde etkili 

olan iklim, yerel malzeme olanakları ve yapının işlevi gibi faktörler irdelenecektir. 

Çalışmanın bir diğer amacı ise yapının taşıyıcı sistemi ve yapım tekniğini inceleyerek, Hicaz 

Demiryolu yapılarında kullanılan mühendislik çözümlerini ortaya koymaktır. Bu bağlamda 

yapının yığma yapı sistemi, taşıyıcı duvarları, döşeme ve çatı sistemleri incelenerek dönemin 

yapım teknolojisi değerlendirilmiştir. Ayrıca Osmanlı İmparatorluğu’nun son döneminde inşa 
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edilen demiryolu yapılarında görülen Alman mühendislik etkisinin Medine İstasyonu üzerindeki 

yansımaları da yapım sistemi açısından değerlendirilmektedir. 

3. Çalışma Yöntemi 

Bu çalışma, literatür taramasına dayalı bir derleme çalışmasıdır. Çalışma kapsamında Hicaz 

Demiryolu, Medine Tren İstasyonu ve Osmanlı dönemi demiryolu yapıları ile ilgili kitaplar, 

akademik makaleler, tezler, teknik raporlar ve arşiv belgeleri incelenmiştir. Elde edilen veriler 

doğrultusunda Medine İstasyonu’nun mimari özellikleri, yapı malzemeleri ve yapım sistemi ile 

ilgili bilgiler derlenmiş ve mühendislik bakış açısıyla değerlendirilmiştir. 

Çalışmada ayrıca benzer dönemde inşa edilen diğer Hicaz Demiryolu istasyon yapıları ile 

karşılaştırmalı değerlendirme yapılmış, böylece Medine İstasyonu’nun yapı sistemi ve malzeme 

kullanımı açısından Hicaz Demiryolu içindeki yeri belirlenmeye çalışılmıştır. Yapıların taşıyıcı 

sistemleri, kullanılan malzemeler ve yapım teknikleri, yapı mühendisliği açısından incelenmiş ve 

yapının yapım teknolojisi dönemin mühendislik bilgisi çerçevesinde yorumlanmıştır. 

 

4. Hicaz Demiryolu’nun Tarihsel, Jeopolitik Ve Sosyo-Ekonomik Gelişimi 

On dokuzuncu yüzyılın ikinci yarısında Osmanlı İmparatorluğu’nun karşı karşıya kaldığı iç ve dış 

tehditler, devletin ulaşım ve haberleşme altyapısını modernize etme yönündeki girişimlerini 

hızlandırmış ve bu bağlamda Hicaz Demiryolu projesi, Sultan II. Abdülhamid dönemi ulaşım 

politikalarının en önemli stratejik yatırımlarından biri olarak gündeme gelmiştir (Küçük, 1988). 

Bölgeye bir demiryolu inşa edilmesi fikrinin kökenleri, 1864 yılında Alman asıllı Amerikalı 

mühendis Dr. Charles F. Zimpel tarafından Kızıldeniz ile Şam’ı birleştirmeyi amaçlayan bir 

demiryolu projesinin önerilmesine kadar uzanmaktadır (Gülsoy ve Ochsenwald, 1998). Ancak söz 

konusu erken dönem öneri, Arap kabilelerinin muhtemel tepkileri ve hattın yüksek maliyeti gibi 

nedenlerle uygulanabilir bulunmamıştır (URL 1). İlerleyen yıllarda Alman mühendis Wilhelm von 

Pressel (1872), Osmanlı ordusunda görevli Binbaşı Ahmed Reşid (1874), Elphinstone Dalrymple 

(1878) ve Nafia Nazırı Hasan Fehmi Paşa (1880) gibi isimler çeşitli askerî ve sivil demiryolu 

projeleri önermişlerdir (URL 1). Hicaz Valisi ve Kumandanı Osman Nuri Paşa’nın 1884 ve 1891 

yıllarında sunduğu ıslahat layihalarını, 1892 yılının Şubat ayında Cidde Evkaf Müdürü Ahmed 

İzzet Efendi tarafından hazırlanarak saraya sunulan kapsamlı rapor izlemiştir (Gülsoy ve 

Ochsenwald, 1998). Ahmed İzzet Efendi’nin raporunda, özellikle Süveyş Kanalı’nın açılmasıyla 

Batılı devletlerin ve İngiliz nüfuzunun Arap Yarımadası üzerindeki etkisinin arttığı, dışarıdan 

gelebilecek bir saldırıya karşı Hicaz bölgesinin ancak Şam’dan uzanacak bir demiryolu hattı ile 

savunulabileceği ifade edilmiştir (URL 1). Padişah II. Abdülhamid, Erkân-ı Harbiye Feriki 

Mehmed Şâkir Paşa’nın teknik değerlendirmeleri ve maliyet hesaplamaları doğrultusunda projeyi 

onaylamış, Derviş Paşa ve Gazi Ahmed Muhtar Paşa’nın da desteklediği bu altyapı yatırımının 

temelleri 2 Mayıs 1900 tarihinde yayımlanan bir irade ile atılmıştır (Gülsoy ve Ochsenwald, 1998). 

Bu demiryolu hattı; hac yolculuğunu kolaylaştırmak, devletin Hicaz ve Yemen gibi uzak 

vilayetlerdeki merkezî otoritesini güçlendirmek ve İngiliz nüfuzuna karşı alternatif bir askerî ve 

lojistik ulaşım hattı oluşturmak amacıyla planlanmıştır (Küçük, 1988; Ünal, 2021). 

Projenin hayata geçirilmesindeki en önemli sorunlardan biri finansman meselesi olmuştur. 

Demiryolu projesi, yabancı sermaye kullanılmadan, büyük ölçüde iç kaynaklar ve bağışlar yoluyla 

finanse edilmiştir (Gülsoy ve Ochsenwald, 1998). Tahmini maliyeti 4 milyon Osmanlı lirası olarak 

hesaplanan ve 1901 yılı devlet bütçesindeki toplam harcamaların yaklaşık %18’ine denk gelen bu 

büyük yatırımın hazineden tek seferde karşılanması mümkün olmamıştır (Gülsoy ve Ochsenwald, 

1998). Bu nedenle dış borçlanma yerine iç finansman yöntemleri tercih edilmiş, inşaatın acil nakit 

ihtiyacını karşılamak amacıyla Ziraat Bankası’ndan kredi sağlanmıştır (URL 1). İstanbul’da 
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kurulan ve taşrada çok sayıda şubesi bulunan İâne Komisyonu aracılığıyla geniş kapsamlı bir bağış 

kampanyası yürütülmüş, Sultan II. Abdülhamid’in şahsi bağışıyla başlayan kampanya, Hindistan, 

Mısır, Rusya, Fas, Endonezya, Singapur, Güney Afrika ve Amerika’daki Müslüman 

topluluklardan önemli destek görmüştür (Gülsoy ve Ochsenwald, 1998). Bağış yapanları teşvik 

etmek amacıyla çeşitli madalyalar verilmiş, memur maaşlarından kesintiler yapılmış, iâne pulları 

çıkarılmış ve bazı vergi gelirleri bu projeye aktarılmıştır (Gülsoy ve Ochsenwald, 1998). Bu 

finansman modeli sayesinde 1900–1908 yılları arasındaki inşaat sürecinde önemli miktarda gelir 

elde edilmiş ve proje büyük ölçüde iç kaynaklarla tamamlanmıştır (Gülsoy ve Ochsenwald, 1998). 

Hicaz Demiryolu’nun inşası; zorlu çöl iklimi, su kıtlığı, kum fırtınaları ve topografik engeller 

nedeniyle dönemin önemli mühendislik uygulamalarından biri olarak değerlendirilmektedir. 1 

Eylül 1900 tarihinde Şam ile Der’a arasında başlayan inşaat çalışmalarının teknik sorumluluğunu 

Alman mühendis Heinrich August Meissner üstlenmiştir (Gülsoy ve Ochsenwald, 1998). Projede 

maliyeti düşürmek, yapımı hızlandırmak ve çöl arazisindeki keskin kavislerin daha kolay 

dönülebilmesini sağlamak amacıyla 1050 mm dar hat ray açıklığı tercih edilmiştir (Gülsoy ve 

Ochsenwald, 1998). İnşaat çalışmalarında büyük ölçüde Osmanlı askerlerinden oluşan iş gücü 

kullanılmış ve bu askerî birlikler altyapı kazıları, köprü inşaatları, telgraf hatlarının kurulumu ve 

diğer mühendislik faaliyetlerinde görev almıştır (Gülsoy ve Ochsenwald, 1998). Demiryolu inşaatı 

aşamalı olarak ilerlemiş ve hat 1903 yılında Amman’a, 1904 yılında Ma’an’a ve 1 Eylül 1906 

tarihinde Medain-i Salih’e ulaşmıştır (Gülsoy ve Ochsenwald, 1998). Medain-i Salih’ten sonra 

kutsal topraklara gayrimüslimlerin girmesi yasak olduğundan, hattın Medine’ye kadar olan son 

kısmı Müslüman mühendis ve işçiler tarafından tamamlanmıştır (Gülsoy ve Ochsenwald, 1998).  

1 Eylül 1908 tarihinde hizmete açılan Hicaz Demiryolu, kısa sürede bölgenin askerî, siyasi ve 

sosyo-ekonomik yapısı üzerinde önemli etkiler oluşturmuştur (URL 1). Şam ile Medine arasında 

kervanlarla yaklaşık 40 gün süren yolculuk süresi demiryolu sayesinde 3–4 güne düşmüş, yolculuk 

güvenliği artmış ve ulaşım maliyetleri azalmıştır (URL 1; Alyusuf, 2019). Sivil yolcu 

taşımacılığında yoğun olarak kullanılan hatta, yolcu sayıları yıllar içinde önemli ölçüde artış 

göstermiştir (URL 1). Ayrıca Hayfa şube hattının inşasıyla birlikte Hayfa Limanı önemli bir ticaret 

merkezi hâline gelmiş ve demiryolu hattı boyunca Amman, Ma’an ve Tebük gibi yerleşim yerleri 

gelişme göstermiştir (URL 1; Gülsoy ve Ochsenwald, 1998). Demiryolu hattı aynı zamanda askerî 

sevkiyatın hızlanmasını sağlamış ve bölgedeki idarî kontrolün güçlendirilmesine katkıda 

bulunmuştur (URL 1). 

Birinci Dünya Savaşı sırasında Hicaz Demiryolu, Sina ve Filistin cepheleri için önemli bir lojistik 

hat olarak kullanılmıştır. Ancak 1916 yılında başlayan Arap İsyanı sırasında demiryolu hattı ve 

altyapı tesisleri çeşitli sabotajlara maruz kalmış ve hattın işletilmesi zorlaşmıştır (Ünal, 2021; 

Gülsoy ve Ochsenwald, 1998). Bu süreçte Medine, demiryolu hattı sayesinde uzun süre Osmanlı 

kontrolünde kalmış ve şehirdeki askerî birliklerin lojistik ihtiyaçları demiryolu üzerinden 

karşılanmıştır (Ünal, 2021). Medine Muhafızı Fahreddin Paşa komutasındaki Osmanlı birlikleri, 

uzun süre kuşatma altında kalmış ve demiryolu hattı bu süreçte stratejik bir ikmal hattı olarak 

kullanılmıştır (Ünal, 2021; Calğın, 2026). Savaş sürecinde Mescid-i Nebevî’de bulunan bazı kutsal 

emanetler güvenlik amacıyla demiryolu kullanılarak İstanbul’a nakledilmiştir (Calğın, 2026). 

Mondros Mütarekesi sonrasında Medine’deki Osmanlı birliklerinin teslim olmasıyla birlikte Hicaz 

Demiryolu’nun Osmanlı kontrolündeki işletme süreci sona ermiştir (Ünal, 2021). 

Birinci Dünya Savaşı sonrasında Osmanlı topraklarının parçalanmasıyla birlikte Hicaz Demiryolu 

farklı devletlerin sınırları içerisinde kalmış ve hattın bütünlüğü bozulmuştur (Gülsoy ve 

Ochsenwald, 1998; Karan, 2025). Demiryolunun bazı bölümleri zamanla kullanılmaz hâle gelmiş 

ve terk edilmiştir. Ancak günümüzde Hicaz Demiryolu, doğrusal kültürel miras kapsamında 
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değerlendirilen önemli bir tarihi altyapı sistemi olarak ele alınmakta ve çeşitli restorasyon ve 

yeniden işlevlendirme projeleri ile korunmaya çalışılmaktadır (Orbaşlı ve Woodward, 2008). 

Medine’de bulunan tarihi Anberiye İstasyonu restore edilerek 2006 yılında Hicaz Demiryolu 

Müzesi olarak ziyarete açılmıştır (Alyusuf, 2019; Wikipedia, 2025). Benzer şekilde Ürdün’ün 

başkenti Amman’daki istasyon binaları da restore edilerek müze ve sosyal alan olarak 

kullanılmaktadır (Şuu19, 2019). Günümüzde Mekke ile Medine arasında hizmet veren Harameyn 

Yüksek Hızlı Treni, bölgedeki demiryolu ulaşımının modern bir devamı niteliğindedir (Alyusuf, 

2019). Ayrıca yakın dönemde bazı hatların yeniden işletmeye açılmasına yönelik uluslararası 

projeler de gündeme gelmiştir (Karan, 2025). Bu bağlamda Hicaz Demiryolu, tarihsel, teknik ve 

kültürel açıdan önemli bir ulaşım mirası olarak değerlendirilmektedir. 

 

4.1.Medine İstasyonu’nun Hat Üzerindeki Önemi 

Sultan II. Abdülhamid’in İttihad-ı İslam (Pan-İslamizm) politikası kapsamında 1900 yılında 

inşasına başlanan Hicaz Demiryolu projesinin nihai ve en önemli terminal noktası Medine 

İstasyonu (Anberiye Garı) olmuştur. Projenin başlangıçta Şam’dan Mekke’ye ve oradan Yemen’e 

kadar uzatılması planlanmış olsa da, bölgedeki siyasi ve askerî gelişmeler, bedevi kabilelerin 

muhalefeti ve I. Dünya Savaşı’nın getirdiği koşullar nedeniyle demiryolu hattı Mekke’ye 

ulaşamamış ve Medine hattın fiili son durağı olarak kalmıştır (Gülsoy ve Ochsenwald, 1998; URL 

1; Orbaşlı ve Woodward, 2008). 1 Eylül 1908 tarihinde hizmete açılan Medine İstasyonu, Osmanlı 

Devleti’nin Hicaz bölgesindeki idari, askerî ve dini varlığını güçlendiren önemli bir ulaşım ve 

lojistik merkezi olarak işlev görmüştür. İstasyonun faaliyete geçmesiyle birlikte, Şam ile Medine 

arasında deve kervanlarıyla yaklaşık 40 gün süren hac ve umre yolculuğu 3–4 güne düşmüş, 

yolculuk güvenliği artmış ve ulaşım süresi önemli ölçüde kısalmıştır (URL 1; Alyusuf, 2019; 

Nurtur, 2020). Bu durum Medine İstasyonu’nun yalnızca bir ulaşım terminali değil, aynı zamanda 

hac ulaşım sisteminin önemli bir parçası hâline geldiğini göstermektedir. 

Mimari ve mühendislik açısından değerlendirildiğinde Medine İstasyonu, Osmanlı mimari anlayışı 

ile dönemin modern mühendislik tekniklerinin birlikte uygulandığı bir yapı kompleksi olarak 

dikkat çekmektedir. İstasyon kompleksi, Medine şehrinin Anberiye semtinde, Mescid-i Nebevî’ye 

yaklaşık 1 kilometre mesafede konumlandırılmış olup yaklaşık 90.000–140.000 metrekarelik 

geniş bir alan üzerine kurulmuştur (URL 3, 2021; Çamlıkaya, 2022). Yaklaşık 600 metre uzunluğa 

ve 400 metre genişliğe sahip olan yerleşke, başlangıçta güvenlik amacıyla surlarla çevrili olarak 

inşa edilmiştir (Çamlıkaya, 2022). Ana istasyon binası ise 68 metreye 21 metre boyutlarında 

dikdörtgen planlı olup yaklaşık 1.428 metrekarelik kapalı alana sahiptir (Çamlıkaya, 2022). 

İstasyon binasının inşasında bölgenin volkanik yapısına uygun olarak siyah bazalt taşı ve El-Ciri 

taşı kullanılmış; yapı, sivri kemerleri ve Osmanlı neoklasik mimari özellikleri ile inşa edilmiştir 

(Almasoudi vd., t.y.; Çamlıkaya, 2022). Kompleks içerisinde yolcu bekleme salonları, lokomotif 

bakım ve tamir atölyeleri, ambarlar, dökümhaneler, işçi yatakhaneleri, su depoları ve istasyon 

nazırı konutu gibi demiryolu işletmesinin sürekliliğini sağlayan çok sayıda yardımcı yapı yer 

almaktadır (URL 1; URL 3, 2021). 

İstasyon kompleksinin planlanmasında yalnızca ulaşım ve lojistik gereksinimler değil, aynı 

zamanda şehrin dini ve kültürel özellikleri de dikkate alınmıştır. Trenlerin Medine’ye ve Mescid-

i Nebevî’ye yaklaşırken oluşturduğu gürültü ve titreşimin azaltılması amacıyla rayların altına keçe 

döşenmesi gibi teknik çözümler uygulanmıştır (Nurtur, 2020; Çamlıkaya, 2022; URL 1). Ayrıca 

yolcuların ibadet ihtiyaçlarını karşılayabilmeleri amacıyla istasyon binasının yakınında Anberiye 

(Hamidiye) Camii inşa edilmiştir (Nurtur, 2020; Çamlıkaya, 2022). Bu durum, istasyon 

yerleşkesinin planlanmasında dini ve sosyal ihtiyaçların da dikkate alındığını göstermektedir. 
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Medine İstasyonu’nun hizmete girmesi, şehrin sosyo-ekonomik, idari ve kentsel yapısı üzerinde 

önemli etkiler oluşturmuştur. Demiryolu sayesinde Medine’nin dış dünya ile ulaşım bağlantısı 

güçlenmiş, düzenli yolcu ve yük taşımacılığı yapılmaya başlanmıştır (URL 1; Alyusuf, 2019). 

Demiryolu ile birlikte şehre elektrik getirilmiş, Mescid-i Nebevî elektrikle aydınlatılmış ve Ayn-ı 

Zerka suyu demir borularla şehre taşınmıştır (URL 1; Alyusuf, 2019). Demiryolu taşımacılığı 

sayesinde ticari ürünlerin daha hızlı ve düşük maliyetle taşınabilmesi, şehirdeki ticaret hacminin 

artmasına katkı sağlamıştır (URL 1). Ayrıca telgraf hatları ve demiryolu bağlantısı sayesinde 

İstanbul ile Medine arasında daha hızlı ve düzenli bir iletişim ağı kurulmuş, bu durum Medine’nin 

idari önemini artırmıştır (URL 1). Bu gelişmeler sonucunda Medine, 2 Haziran 1910 tarihinde 

Hicaz Vilayeti’nden ayrılarak doğrudan merkeze bağlı bir idari birim hâline getirilmiştir (URL 1). 

Demiryolu ile birlikte şehirde eğitim kurumları açılmış ve çeşitli idari kurumlar kurulmuştur (URL 

1). 

Birinci Dünya Savaşı sırasında Medine İstasyonu ve demiryolu hattı askerî açıdan stratejik bir 

önem kazanmış ve şehirdeki Osmanlı birliklerinin lojistik ihtiyaçları büyük ölçüde demiryolu 

üzerinden karşılanmıştır (Ünal, 2021). Arap İsyanı sırasında demiryolu hattına yönelik sabotajlar 

gerçekleştirilmiş olsa da Medine uzun süre Osmanlı kontrolünde kalmış ve demiryolu hattı askerî 

ikmal hattı olarak kullanılmaya devam etmiştir (Ünal, 2021). Bu süreçte Medine’de bulunan bazı 

kutsal emanetler güvenlik amacıyla demiryolu kullanılarak İstanbul’a taşınmıştır (Calğın, 2026). 

Mondros Mütarekesi sonrasında Osmanlı birliklerinin Medine’den çekilmesiyle birlikte istasyon 

Osmanlı kontrolünden çıkmıştır (Ünal, 2021). 

Savaş sonrasında uzun süre kullanılmayan Medine İstasyonu, Suudi Arabistan yönetimi tarafından 

başlatılan restorasyon çalışmaları sonucunda yeniden işlevlendirilmiş ve müze olarak 

kullanılmaya başlanmıştır (URL 3, 2021; Çamlıkaya, 2022; Alyusuf, 2019). Günümüzde Hicaz 

Demiryolu Müzesi olarak kullanılan istasyon kompleksi, Medine’nin tarihini ve Hicaz 

Demiryolu’nun geçmişini sergileyen önemli bir kültürel miras alanı hâline gelmiştir (URL 3, 

2021). Eski lokomotif bakım atölyeleri müze salonlarına dönüştürülmüş, restore edilen tarihi 

lokomotif ve vagonlar sergilenmeye başlanmıştır (Alyusuf, 2019; URL 3, 2021; Wikipedia, 2025). 

Ayrıca restore edilen bazı vagonlar restoran ve sosyal alan olarak yeniden kullanılmaktadır 

(Alyusuf, 2019; URL 3, 2021). Bu bağlamda Medine İstasyonu, tarihsel süreç içerisinde ulaşım, 

askerî lojistik, kentsel gelişim ve kültürel miras açısından önemli bir merkez olarak 

değerlendirilmektedir. 

5. Medine İstasyonu Yerleşimi Ve Mimari Özellikleri 

Hicaz Demiryolu'nun güneydeki nihai terminali olarak inşa edilen Medine, yalnızca bir ulaşım 

merkezi değil, aynı zamanda Osmanlı İmparatorluğu'nun yirminci yüzyılın başındaki mühendislik 

kapasitesini ve mimari anlayışını yansıtan büyük ölçekli bir kompleks niteliği taşımaktadır. 

Mescid-i Nebevî'nin yaklaşık bir kilometre batısında, şehrin tarihi Anberiye Meydanı'nda 

konumlandırılan bu yerleşke, kutsal topraklara dışarıdan gelen hacıların ve ziyaretçilerin şehre 

giriş yaptıkları önemli bir ulaşım ve karşılama noktası olarak planlanmıştır (URL 3; Çamlıkaya, 

2022). İstasyonun genel yerleşimi, dönemin lojistik ihtiyaçları göz önüne alınarak geniş bir alan 

üzerine tasarlanmıştır (Şekil 1).  
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Şekil 1. Medine İstasyonu’nun kentsel bağlam içerisindeki genel görünümü, 2002 (Kaynak: 

https://nabataea.net/travel/travel/medina-station/, Erişim Tarihi: 08.04.2026) 

 

Çeşitli kaynaklarda toplam alanının 90.000 ila 140.000 metrekare arasında olduğu belirtilen 

kompleks, yaklaşık 600 metre uzunluğa ve 400 metre genişliğe sahip sınırları belirlenmiş bir alan 

üzerine yayılmıştır (URL 3, 2021; Çamlıkaya, 2022). İnşa edildiği ilk yıllarda dış tehditlere, 

özellikle bedevi saldırılarına karşı güvenliği sağlamak amacıyla etrafı surlarla çevrilen yerleşkenin 

bu koruyucu duvarları, zamanla yerini demir kapılara ve parmaklıklara bırakmıştır (Çamlıkaya, 

2022). Alanın geniş ve korunaklı olarak tasarlanması, istasyonun yalnızca sivil yolcu 

taşımacılığına hizmet eden bir yapı değil, aynı zamanda bölgedeki Osmanlı askerî birliklerinin 

asker ve mühimmat sevkiyatının organize edildiği stratejik bir merkez olmasından 

kaynaklanmaktadır. 

Kompleksin merkezinde yer alan ana istasyon binası, dönemin mimari anlayışı ile çöl ikliminin 

zorlu çevresel koşullarına karşı geliştirilen mühendislik çözümlerinin birlikte değerlendirildiği bir 

yapı olarak dikkat çekmektedir. 68 metre uzunluğunda ve 21 metre genişliğinde dikdörtgen plan 

şemasına sahip olan bu yapı, toplamda 1.428 metrekarelik bir kapalı alana sahiptir (Çamlıkaya, 

2022; Şekil 2).  

 
Şekil 2. Medine İstasyonu zemin kat planı ve aks sistemi (Almasoudi vd., 2025) 

İnşaat süreci iki aşamada planlanan binanın ilk katı 1908 yılının sonbaharında tamamlanarak 

hizmete açılmış, idari ve personel ihtiyaçları için tasarlanan ikinci katının inşası ise çeşitli lojistik 

https://nabataea.net/travel/travel/medina-station/
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nedenlerle 1910 yılına kadar devam etmiştir (Çamlıkaya, 2022). Mimari üslup olarak Osmanlı 

neoklasik tarzının karakteristik özelliklerini taşıyan bina; simetrik cephe düzenlemesi, kemerli 

açıklıkları ve pencere düzeni ile dönemin istasyon mimarisini yansıtmaktadır (Orbaşlı ve 

Woodward, 2008; Almasoudi vd., 2024; Şekil 3).  

 
Şekil 3. Cephede kemer ritmi ve taş işçiligi (Kaynak: https://nabataea.net/travel/travel/medina-

station/, Erişim Tarihi: 08.04.2026) 

Donatısız yığma yapı tekniğiyle inşa edilen istasyonun malzeme seçiminde, Medine'nin “Harre” 

olarak bilinen volkanik coğrafyasından elde edilen yerel yapı malzemeleri kullanılmıştır. Yapının 

duvarları, siyah renkli bazalt taşları ile beyaz renkli El-Ciri taşının birlikte kullanılmasıyla 

oluşturulmuştur (Çamlıkaya, 2022; Almasoudi vd., 2024; Şekil 4). Ayrıca binanın birinci kat 

döşemelerinde ahşap döşeme sistemi kullanılmıştır. Bu tercih, yapının ölü yükünü azaltarak 

taşıyıcı duvarlara aktarılan yükün azaltılmasına katkı sağlamış ve çöl koşullarında inşaat sürecinin 

daha hızlı ilerlemesine olanak tanımıştır (Almasoudi vd., 2024). 

 
Şekil 4. Medine İstasyonu genel görünüşü, 1999 (Kaynak: 

https://nabataea.net/travel/travel/medina-station/, Erişim Tarihi: 08.04.2026) 

Medine İstasyonu, yalnızca yolcu indirme-bindirme işlevine sahip bir istasyon binasından 

oluşmamakta, aynı zamanda demiryolu işletmesinin sürekliliğini sağlayan çok sayıda yardımcı 

yapıdan oluşan kapsamlı bir yerleşke olarak planlanmıştır. Ana terminal binasının çevresinde, 

demiryolu hattının kesintisiz ve güvenli bir şekilde işletilmesini sağlayan çeşitli yardımcı yapılar 

konumlandırılmıştır. Kompleks içerisinde; başlangıçta dört hatlı olarak inşa edilen tren garajı 

(hangar), lokomotif bakım ve tamir atölyeleri, yedek parça ve erzak depoları, işçiler ve demiryolu 

personeli için yatakhaneler, kantin ve personelin temizlik ihtiyacı için kullanılan hamam yapısı 

https://nabataea.net/travel/travel/medina-station/
https://nabataea.net/travel/travel/medina-station/
https://nabataea.net/travel/travel/medina-station/
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bulunmaktadır (Orbaşlı ve Woodward, 2008; Çamlıkaya, 2022; Almasoudi vd., 2024). 

Yerleşkenin su ihtiyacını karşılamak amacıyla tarihi İbn Ebi Anbah Kuyusu çevresinde su depoları 

inşa edilmiş, istasyon nazırı için konut yapısı ile personelin dinlenmesi için kullanılan mola 

binaları da yerleşke içerisinde planlanmıştır (Çamlıkaya, 2022; Almasoudi vd., 2024; Şekil 5). Bu 

çok sayıda yardımcı yapı, Medine İstasyonu’nun yalnızca bir ulaşım yapısı değil, aynı zamanda 

çok işlevli bir demiryolu yerleşkesi olarak tasarlandığını göstermektedir. 

 
Şekil 5. Medine İstasyonu su deposu yapısı(Kaynak: https://nabataea.net/travel/travel/medina-

station/, Erişim Tarihi: 08.04.2026) 

İstasyon yerleşkesinin planlanmasında ulaşım ve lojistik gereksinimlerin yanı sıra, şehrin dini ve 

kültürel özelliklerinin de dikkate alındığı görülmektedir. Trenlerin Mescid-i Nebevî’ye 

yaklaşırken oluşturduğu gürültü ve titreşimin azaltılması amacıyla rayların altına keçe döşenmesi 

gibi teknik çözümler uygulanmıştır (Nurtur, 2020; Çamlıkaya, 2022). Ayrıca yolcuların ibadet 

ihtiyaçlarını karşılayabilmeleri amacıyla istasyon binasının yakınında Anberiye (Hamidiye) Camii 

inşa edilmiştir (Nurtur, 2020; Çamlıkaya, 2022). Klasik Osmanlı kesme taş işçiliğinin görüldüğü 

bu cami, istasyon kompleksi ile birlikte planlanmış dini yapılardan biridir. Ayrıca kompleksin 

yakınında bulunan ve Hz. Muhammed'in Bedir Savaşı'na gitmeden önce namaz kıldığı yer olarak 

bilinen Saqiyah (Sükyâ) Mescidi’nin varlığı, istasyon yerleşkesinin dini ve tarihi açıdan önemli 

bir bölgede konumlandığını göstermektedir (Almasoudi vd., 2024). 

Sonuç olarak Medine İstasyonu’nun yerleşimi ve mimarisi, dönemin mühendislik planlama 

anlayışı ile Osmanlı mimari üslubunun birlikte değerlendirildiği bir demiryolu yerleşkesi örneği 

olarak değerlendirilebilir. Düz çatı uygulamaları, cephelerde yer alan sivri kemerler, iç 

mekânlardaki simetrik plan düzeni ve volkanik bazalt taşının sağladığı dayanım ve yalıtım 

özellikleri, yapının çöl ikliminin zorlu çevresel koşullarına uyum sağlayacak şekilde tasarlandığını 

göstermektedir (Almasoudi vd., 2024). Yapı kompleksi, I. Dünya Savaşı yıllarında askerî 

amaçlarla da kullanılmış, günümüzde ise restore edilerek müze yapısı olarak kullanılmaya devam 

etmektedir (Almasoudi vd., 2024; Çamlıkaya, 2022). 

5.1.Medine İstasyonu’nda Malzeme Özellikleri 

Hicaz Demiryolu'nun nihai durağı olan Medine İstasyonu'nun (Anberiye Garı) inşasında, dönemin 

zorlu lojistik koşulları ve çöl ikliminin oluşturduğu çevresel etkiler, malzeme seçimi ve strüktürel 

tasarım üzerinde belirleyici olmuştur. Yapının ana strüktürü, çöl koşullarında uygulanması en 

uygun ve güvenilir yöntemlerden biri olan donatısız yığma yapı tekniği ile inşa edilmiştir 

https://nabataea.net/travel/travel/medina-station/
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(Almasoudi vd., 2025). Bu yığma sistemin temel yapı malzemesini, Medine'nin jeolojik yapısında 

bulunan ve bölgede “Harre” olarak adlandırılan volkanik lav oluşumlarından elde edilen siyah 

bazalt taşı oluşturmaktadır (Çamlıkaya, 2022). İstasyon binasının dış cephelerinde, siyah renkli 

bazalt taşları ile beyaz renkli El-Ciri taşının birlikte kullanılmasıyla iki renkli taş örgü sistemi 

oluşturulmuştur (Çamlıkaya, 2022; Almasoudi vd., 2025). Bu taşların işlenerek kullanılması, 

yapının hem dayanımını artırmış hem de uzun süreli kullanımına olanak sağlayan önemli bir yapı 

malzemesi tercihi olmuştur (Almasoudi vd., 2025). Aynı taş işçiliği, istasyon kompleksinin 

yanında yer alan Hamidiye (Anberiye) Camii’nde de uygulanmıştır (Nurtur, 2020; Çamlıkaya, 

2022). 

İstasyonun ve bağlı bulunduğu demiryolu ağının inşasında taş malzemenin yanı sıra ahşap ve 

demir (çelik) malzeme kullanımı da önemli bir yer tutmaktadır. Güncel Tarihi Yapı Bilgi 

Modellemesi (HBIM) analizlerine göre, Medine İstasyonu'nun birinci kat döşemelerinde 

betonarme yerine ahşap döşeme sistemi kullanılmıştır (Almasoudi vd., 2025). Ahşap döşeme 

kullanımı, yapının toplam ölü yükünü azaltmış ve taşıyıcı duvarlara aktarılan yüklerin 

azaltılmasına katkı sağlamıştır (Almasoudi vd., 2025). Ayrıca beton üretimi için gerekli olan suyun 

çöl koşullarında temin edilmesinin zor olması nedeniyle, ahşap döşeme kullanımı inşaat sürecini 

kolaylaştıran bir çözüm olmuştur (Almasoudi vd., 2025). Demiryolu hattında başlangıçta ahşap 

traversler kullanılmış, ancak çöl ikliminin ahşap malzeme üzerindeki olumsuz etkileri ve ahşap 

traverslerin yakacak olarak kullanılması nedeniyle zamanla demir ve çelik traverslere geçilmiştir 

(Gülsoy ve Ochsenwald, 1998). Demir ve çelik malzeme, lokomotif bakım atölyelerinde, hangar 

yapılarında ve ray sistemlerinde de yaygın olarak kullanılmıştır (Gülsoy ve Ochsenwald, 1998). 

Taş ve tuğla malzemeden oluşan yığma taşıyıcı sistemde yer alan kemerler ve yığma kolonlar, 

yalnızca basınç kuvvetlerini karşılayacak şekilde tasarlanmıştır (Almasoudi vd., 2025). Bu 

sistemde kemer formu sayesinde yükler çekme gerilmesi oluşturmadan mesnetlere aktarılmakta 

ve böylece donatı kullanılmadan geniş açıklıkların geçilmesi mümkün olmaktadır (Almasoudi vd., 

2025). 

İstasyon binalarının ve çatı örtülerinin mimari tasarımında projede görev alan Alman 

mühendislerin etkisi görülmektedir. Demiryolu hattı boyunca inşa edilen birçok istasyon yapısı, 

yığma taş duvarlar üzerine oturan eğimli beşik çatılar ile inşa edilmiştir (Orbaşlı ve Woodward, 

2008). Bu çatı sistemi, Hicaz bölgesinin iklim koşullarına uygun şekilde yerel koşullara 

uyarlanmıştır. Çatı makaslarında demir ve ahşap elemanların birlikte kullanıldığı hafif taşıyıcı 

sistemler tercih edilmiştir. Çatı eğiminin fazla olması, bölgede nadiren görülen ancak ani ve 

şiddetli gerçekleşen yağışlar sonucunda oluşabilecek yüzey sularının yapıdan hızlı bir şekilde 

uzaklaştırılmasını sağlamaya yönelik bir mühendislik çözümü olarak değerlendirilebilir (Orbaşlı 

ve Woodward, 2008). 

Tüm bu teknik özellikler birlikte değerlendirildiğinde, Hicaz Demiryolu ve Medine İstasyonu 

projesinde malzeme seçimi ve yapım tekniklerinin, çevresel koşullar, malzeme temini, lojistik 

imkânlar ve iklim verileri dikkate alınarak belirlendiği anlaşılmaktadır. Kurak çöl ikliminin hâkim 

olduğu bölgede gündüz ve gece arasındaki yüksek sıcaklık farkları, yapıların termal performansını 

önemli bir tasarım kriteri hâline getirmiştir. Bu nedenle yapı malzemesi olarak yüksek termal 

kütleye sahip volkanik bazalt taşının kullanılması, iç mekân sıcaklığının dengelenmesine katkı 

sağlamıştır (Çamlıkaya, 2022). Kalın yığma taş duvarlar gündüz saatlerinde güneşten gelen ısıyı 

depolamakta, gece saatlerinde ise depolanan ısıyı iç mekâna vererek sıcaklık farklarını 

dengelemektedir. Ayrıca çimento ve beton gibi su gerektiren yapı malzemelerinin kullanımının 

sınırlı tutulması ve taş, ahşap ve demir malzemenin birlikte kullanılması, dönemin lojistik ve 

çevresel koşullarına uygun bir yapım tekniğinin tercih edildiğini göstermektedir (Almasoudi vd., 
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2025). Sonuç olarak Medine İstasyonu’nun yapımında kullanılan malzeme ve yapım teknikleri, 

yerel malzeme kullanımı, iklim verileri ve dönemin mühendislik imkânlarının birlikte 

değerlendirilmesiyle şekillenmiş bir yapı sistemi olarak değerlendirilebilir. 

5.2.Yapım Sistemi Ve Taşıyıcı Sistem 

Yirminci yüzyılın şafağında, Osmanlı İmparatorluğu'nun en prestijli ve stratejik altyapı hamlesi 

olarak inşa edilen Hicaz Demiryolu'nun nihai terminali Medine İstasyonu (Anberiye Garı), 

dönemin mühendislik sınırlarını zorlayan eşsiz bir strüktürel tasarıma sahiptir. Bu devasa yerleşke; 

çöl ikliminin getirdiği olağanüstü fiziksel zorluklar, malzeme tedarikindeki lojistik kısıtlamalar ve 

bölgenin jeolojik yapısı göz önüne alınarak, rasyonel mühendislik prensipleriyle geleneksel 

mimari formların kusursuz bir optimizasyonu sonucunda inşa edilmiştir (Almasoudi vd., 2025). 

İstasyonun yapım ve taşıyıcı sistemi, modern inşaat teknolojilerinin henüz emekleme aşamasında 

olduğu bir dönemde, hem yerel çevrenin sunduğu doğal kaynakların maksimize edilmesini 

sağlamış hem de yapının yüz yılı aşkın bir süre boyunca deprem, kum fırtınaları ve I. Dünya 

Savaşı'nın yıkıcı bombardımanları gibi sayısız felakete karşı ayakta kalmasını garanti altına 

almıştır. Günümüzde Tarihi Yapı Bilgi Modellemesi (HBIM), SAP2000 ve ETABS gibi ileri 

düzey yazılımlarla yapılan modern statik analizler, istasyonun taşıyıcı kurgusunun ne denli hassas 

ve ileri görüşlü bir mühendislik dehasıyla planlandığını bilimsel olarak kanıtlamaktadır 

(Almasoudi vd., 2025). Bu bağlamda yapının strüktürel anatomisi; yığma yapı tekniğinin anıtsal 

kullanımı, yük aktarımını sağlayan kalın taşıyıcı duvarlar, çöl şartlarına adapte edilmiş hafif 

döşeme ve çatı sistemleri ile geniş açıklıkları geçmeyi sağlayan ters kavisli kemer dizilimleri 

üzerinden okunmalıdır. 

 

5.2.1. Yığma Yapı Sistemi 

Medine İstasyonu'nun ana strüktürel omurgasını, o dönemde çöl coğrafyasında uygulanabilecek 

en güvenilir, dayanıklı ve uzun ömürlü inşa metodu olan donatısız yığma yapı sistemi 

oluşturmaktadır (Almasoudi vd., 2025). Çimento ve inşaat demiri gibi modern yapı 

malzemelerinin Avrupa'dan ithal edilerek deve kervanları veya henüz tamamlanmamış demiryolu 

hatları üzerinden çölün derinliklerine taşınmasının yarattığı büyük lojistik ve ekonomik engeller, 

mühendisleri yerel taşların ustalıkla örüldüğü bu geleneksel yığma sisteme yöneltmiştir. Sistem, 

çekme kuvvetlerinden ziyade tamamen basınç kuvvetlerini (compression load) karşılamak üzere 

tasarlanmış rijit bir kurguya sahiptir (Almasoudi vd., 2025). Ana yapı malzemesi olarak, 

Medine'nin "Harre" adı verilen volkanik arazisinden çıkarılan siyah oyma bazalt taşları ve onlara 

görsel bir tezat oluşturan beyaz El-Ciri taşları kullanılmıştır (Çamlıkaya, 2022). Bu taşların yüksek 

termal kütlesi (thermal mass) ve basınca karşı gösterdikleri olağanüstü mukavemet, yığma 

sistemin statik performansını en üst düzeye çıkarmıştır. Güncel ETABS modellemelerinde yapı 

malzemesinin "izotropik" (her yönde aynı fiziksel özellikleri gösteren) bir karakter sergilediği ve 

sismik veya dinamik yüklere karşı yapının kendi ağırlığıyla stabilite sağladığı tespit edilmiştir 

(Almasoudi vd., 2025). Donatısız yığma sistem, sadece ana terminal binasında değil, kompleksi 

çevreleyen duvarlarda, lokomotif tamir atölyelerinde ve istasyonun hemen yanına inşa edilen 

anıtsal Anberiye (Hamidiye) Camii'nde de kusursuz bir işçilikle uygulanmıştır. 

5.2.2. Taşıyıcı Duvarlar 

Medine İstasyonu'nun donatısız yığma sistemindeki en kritik yük aktarım elemanları, anıtsal 

boyutlara sahip taşıyıcı duvarlar ve onlara entegre edilmiş yığma kolonlardır. Modern yapısal 

analiz yazılımlarıyla (ETABS) yapılan tersine mühendislik çalışmalarında, bu taşıyıcı duvarların 

"Shell-Thick" modelleme tipinde ve ortalama 58 cm kalınlığında inşa edildiği saptanmıştır 

(Almasoudi vd., 2025). Duvarların bu denli kalın ve masif tasarlanmasının ardında iki temel 
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mühendislik gerekçesi yatmaktadır: Birincisi, çatından ve döşemelerden gelen dikey yüklerin 

hiçbir donatıya ihtiyaç duyulmadan güvenli bir şekilde doğrudan temele ve oradan da zemin 

kayasına aktarılmasıdır; ikincisi ise, çölün gündüzleri kavurucu, geceleri ise dondurucu olan sert 

iklimine karşı yapının iç mekânlarında pasif bir iklimlendirme kalkanı oluşturulmasıdır 

(Almasoudi vd., 2025; Orbaşlı ve Woodward, 2008). Taşıyıcı duvarları desteklemek ve yükü daha 

homojen dağıtmak amacıyla, belirli akslarda 47 cm çapında ve 176 cm yüksekliğinde, kare bir 

kaide üzerine oturtulmuş dairesel yığma kolonlar kullanılmıştır (Almasoudi vd., 2025). Kare 

tabanlı bu kolon tasarımı, zeminle olan temas yüzeyini artırarak yapının yanal rüzgâr yüklerine ve 

olası sismik sarsıntılara karşı stabilitesini maksimize etmiş; böylece taşıyıcı duvarların devrilme 

riskini minimize etmiştir. Duvarlardaki pencereler ve kapı boşlukları, üstlerindeki kemerli lentolar 

sayesinde üzerlerine gelen yükü güvenle yan mesnetlere aktaracak şekilde konumlandırılmış, 

böylece taşıyıcı duvarın yapısal bütünlüğü ve rijitliği hiçbir zafiyete uğratılmamıştır. 

5.2.3. Döşeme ve Çatı Sistemi 

Medine İstasyonu'nda uygulanan döşeme ve çatı sistemleri, döneminin en pragmatik ve yenilikçi 

hafifletme stratejilerini yansıtmaktadır. Ağır ve masif yığma taş duvarların aksine, istasyonun 

birinci kat döşemelerinde dönemin şartları için oldukça radikal bir tercih yapılarak betonarme 

yerine ahşap döşeme sistemi kullanılmıştır (Almasoudi vd., 2025). Bu mühendislik hamlesinin 

arkasında çok boyutlu avantajlar yatmaktadır: Ahşap döşeme kullanımı, binanın toplam ölü 

yükünü dramatik bir biçimde azaltarak taşıyıcı duvarlara ve temele binen stresi hafifletmiştir; 

ayrıca çölün ortasında beton karma ve dökme işlemlerinin gerektirdiği devasa su ihtiyacını ortadan 

kaldırmıştır (Almasoudi vd., 2025). Bunlara ek olarak, ahşap elemanların önceden boyutlandırılıp 

şantiyeye prefabrike olarak getirilmesi, inşaat sürecini olağanüstü derecede hızlandırmış ve 

yenilenebilir, düşük karbon emisyonlu bir malzeme kullanılması hasebiyle erken dönem bir 

sürdürülebilirlik örneği sergilemiştir (Almasoudi vd., 2025). Çatı sisteminde ise Alman 

mühendislerin karakteristik imzası olan, özenle örülmüş yığma taş duvarlar üzerinde yükselen 

eğimli beşik çatılar tercih edilmiştir (Orbaşlı ve Woodward, 2008). Genellikle demir çatı makasları 

ve ahşap aşıkların birlikte kullanıldığı bu karma sistem, çatı örtüsü olarak kiremit veya metal 

levhalarla kaplanmıştır. Çatının yüksek eğimli tasarımı, Hicaz bölgesinde nadir fakat son derece 

şiddetli görülen ani sel baskınlarına ve sağanak yağışlara karşı suyun yapıya zarar vermeden hızla 

tahliye edilmesini sağlamak üzere özel olarak kurgulanmıştır (Orbaşlı ve Woodward, 2008). 

5.2.4. Geniş Açıklık Geçen Mekânların Yapım Tekniği 

Büyük kalabalıkların, hacı kafilelerinin ve devasa buharlı lokomotiflerin sirkülasyonunu sağlamak 

için istasyon binalarında sütunsuz, geniş ve ferah iç mekânlara ihtiyaç duyulmuştur. Betonarme 

veya modern çelik kiriş teknolojilerinin kısıtlı olduğu bu şantiyede, geniş açıklıkları geçmek için 

antik çağlardan beri bilinen ancak Alman mühendisliğinin matematiksel hassasiyetiyle yeniden 

yorumlanan yığma kemer teknolojisi kullanılmıştır (Almasoudi vd., 2025). Kemerler, iki destek 

noktası (kolon veya duvar) arasında yukarı doğru kavis çizen ve üzerindeki yükü çekme kuvvetine 

mahal vermeden tamamen basınç kuvvetine dönüştürerek taşıyan rijit açıklık elemanlarıdır 

(Almasoudi vd., 2025). Güncel SAP2000 sonlu elemanlar (Finite Element - FE) analizleri, Medine 

İstasyonu'ndaki ana kemer dizilimlerinin 540 cm net açıklığa ve 327 cm tepe yüksekliğine sahip 

olduğunu ortaya koymuştur (Almasoudi vd., 2025). Kemerlerin bu spesifik ters kavisli geometrisi 

(kablo eğrisi formu), sadece estetik bir tercih değil, malzeme içindeki gerilme yığılmalarını 

önleyen mükemmel bir statik çözümdür. Parçalı taş blokların kilit taşıyla birbirine kenetlendiği bu 

kemerler, bekleme salonlarının, peron girişlerinin ve özellikle devasa lokomotif bakım 

hangarlarının çatısını taşıyarak, iç mekânda modern çelik makaslara ihtiyaç duyulmaksızın 

kesintisiz, anıtsal ve geniş hacimlerin yaratılmasını mümkün kılmıştır (Şekil 6). 
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Şekil 6. İç mekânda yığma kemer sistemi (Kaynak: https://nabataea.net/travel/travel/medina-

station/, Erişim Tarihi: 08.04.2026) 

 

5.2.5. Osmanlı ve Alman Mühendislik Tekniklerinin Birlikte Kullanımı 

Hicaz Demiryolu ve onun zirve noktası olan Medine İstasyonu'nun yapım tekniği; Alman 

mühendisliğinin katı rasyonalitesi, standartlaştırma becerisi ve teknolojik birikimi ile Osmanlı 

İmparatorluğu'nun (ve İslam dünyasının) derin manevi hassasiyetleri, yerel malzeme bilgisi ve 

neoklasik estetiğinin muazzam bir sentezini oluşturur (Orbaşlı ve Woodward, 2008). Projenin 

teknik liderliğini üstlenen ve Sultan II. Abdülhamid tarafından kendisine "Paşa" unvanı tevcih 

edilen Alman başmühendis Heinrich August Meissner (Meissner Paşa), demiryolu güzergâhı 

boyunca Alman demiryolu mimarisinin tipik özelliklerini yansıtan, eğimli çatılara sahip, rasyonel 

planlı ve sağlam yığma taş istasyonların inşasına öncülük etmiştir (Orbaşlı ve Woodward, 2008). 

Meissner'in lojistik planlamadaki dehası, şantiyelerdeki iş süreçlerini rasyonelleştirerek Osmanlı 

istihkâm askerlerinin verimliliğini en üst seviyeye çıkarmıştır. Ancak bu teknik hiyerarşi ve Alman 

ekolü, kutsal toprakların sınırında yerini tamamen yerel ve İslami bir mühendislik iradesine 

bırakmıştır. Gayrimüslimlerin kutsal topraklara (Harem bölgesine) girmesi dinen yasak 

olduğundan, hattın Medain-i Salih'ten (El-Ula) güneye, Medine'ye kadar olan son 323 kilometrelik 

kısmı ve Medine İstasyonu'nun inşası, Meissner Paşa'nın yetki alanından çıkarak tamamen 

Osmanlı mühendisi Hacı Muhtar Bey'in ve Müslüman teknik heyetin kontrolüne geçmiştir 

(Wikipedia, 2026). Bu geçiş, Medine İstasyonu'nun mimari kimliğine doğrudan yansımıştır. 

İstasyon, klasik Alman demiryolu istasyonlarının soğuk endüstriyel formlarından sıyrılarak; sivri 

Endülüs/Osmanlı kemerleri, simetrik cephe düzenlemeleri ve hemen yanına entegre edilen kesme 

taştan zarif Anberiye Camii ile Osmanlı neoklasik tarzının (Ottoman style) görkemli bir abidesine 

dönüşmüştür (Orbaşlı ve Woodward, 2008). Ayrıca, trenlerin şehre yaklaşırken çıkardığı sarsıntı 

ve gürültünün Hz. Muhammed'in ruhaniyetini rahatsız etmemesi için rayların altına keçe 

döşenmesi gibi teknik çözümler, salt Alman faydacılığının ötesine geçen, Osmanlı-İslam 

mühendislik felsefesinin ve manevi hürmetinin benzersiz bir yansıması olarak demiryolu tarihine 

altın harflerle geçmiştir (Nurtur, 2020; Bruxelles Korner, 2016). Sonuç olarak, Medine 

https://nabataea.net/travel/travel/medina-station/
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İstasyonu'nun taşıyıcı ve yapım sistemi, Doğu'nun estetik ve manevi kodlarıyla Batı'nın 

endüstriyel teknolojisinin inşaat sahasında tek bir vücut hâline gelmesinin en başarılı, somut ve 

ayakta kalan örneklerinden biridir (Şekil 7). 

 
Şekil 7. Medine İstasyonu ile Anberiye Camii arasındaki mekânsal ilişkiyi gösteren görünüm, 

2003 (Kaynak: https://nabataea.net/travel/travel/medina-station/, Erişim Tarihi: 08.04.2026) 

 

 

6. Yapının Günümüzdeki Durumu Ve Müze Olarak Kullanımı 

Birinci Dünya Savaşı’nın ardından yaşanan siyasi gelişmeler ve Arap İsyanı sonucunda Osmanlı 

İmparatorluğu’nun bölgeden çekilmesiyle birlikte, Hicaz Demiryolu’nun son durağı olan Medine 

İstasyonu (Anberiye Garı) asli işlevini yitirerek uzun yıllar boyunca atıl durumda kalmıştır 

(Nurtur, 2020; Çamlıkaya, 2022). Çöl ikliminin neden olduğu yüksek sıcaklık farkları, kum 

fırtınaları gibi sert çevresel etkiler ve uzun süreli bakımsızlık, donatısız yığma yapı (unreinforced 

masonry) tekniğiyle inşa edilmiş olan bu tarihi kompleksin strüktürel bütünlüğünü ciddi biçimde 

tehdit etmiştir (Almasoudi vd., 2025). Bununla birlikte, yapının sahip olduğu tarihi, dini ve sosyo-

kültürel değerler, yapının korunmasını gerekli kılan güçlü bir kültürel miras değeri oluşturmuştur. 

Bu kapsamda, Suudi Arabistan yetkilileri tarafından yapının mülkiyeti 1984 yılında Eski Eserler 

ve Müzeler Ajansı’na devredilmiş ve istasyonun koruma altına alınmasına yönelik ilk resmi 

adımlar atılmıştır (URL 3, 2021). Günümüzde ise yapının korunması, Suudi Arabistan’ın 2030 

Vizyonu hedefleri doğrultusunda sürdürülebilir kültürel miras yönetimi anlayışı çerçevesinde ele 

alınmaktadır (Almasoudi vd., 2025; Alyusuf, 2019). Tarihi istasyon kompleksinin korunması 

sürecinde, modern teknolojilerden Tarihi Yapı Bilgi Modellemesi ve 3D lazer tarama sistemleri 

kullanılarak yapının dijital ikizi oluşturulmakta; bu sayede yığma kemerlerde ve ahşap 

döşemelerde oluşan milimetrik deformasyonlar tespit edilerek yapının gelecekte karşılaşabileceği 

çevresel ve sismik risklere karşı güvenliği bilimsel veriler doğrultusunda değerlendirilmektedir. 

Medine İstasyonu’nun harap duruma gelmiş yapılarının ve demiryolu elemanlarının korunması 

amacıyla en kapsamlı fiziksel müdahale, 1998 yılında “Hicaz Demiryolu Restorasyon Projesi” 

kapsamında başlatılmıştır (URL 3, 2021). Suudi Arabistan Turizm ve Eski Eserler Komisyonu 

tarafından 2000 yılının Eylül ayında 22 milyon Riyal bütçe ayrılarak hızlandırılan restorasyon 

çalışmaları, kesintisiz olarak 3 yıl 4 ay sürmüş ve istasyon aslına uygun şekilde rehabilite edilmiştir 

(Çamlıkaya, 2022; Alyusuf, 2019). Restorasyon sürecinde ICOMOS ilkelerine uygun hareket 

edilmiş ve özgün yapı malzemelerinin korunmasına özen gösterilmiştir (Almasoudi vd., 2025). 
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Çatlak ve boşlukların doldurulmasında harç enjeksiyonu, taşıyıcı sistemin güçlendirilmesinde ise 

karbon lif takviyeli polimerler gibi geri döndürülebilir ve yapıya minimum müdahale içeren 

modern güçlendirme teknikleri uygulanmıştır (Almasoudi vd., 2025). Restorasyon çalışmaları 

yalnızca ana istasyon binasıyla sınırlı kalmamış; Anberiye Camii, lokomotif tamir atölyeleri, su 

depoları ile tarihi lokomotif ve vagonlar da kapsamlı bir restorasyon sürecinden geçirilmiştir 

(Çamlıkaya, 2022; Nurtur, 2020). Ulaşım işlevini tamamen yitiren istasyon kompleksinin kentsel 

yaşama yeniden kazandırılabilmesi amacıyla yeniden işlevlendirme yaklaşımı benimsenmiş ve 

kompleks bir müze ve kültür alanına dönüştürülmüştür. Bu dönüşüm sürecinin ilk aşaması 2006 

yılında ziyaretçilere açılmış, daha kapsamlı müze teşhir ve düzenleme çalışmalarını içeren birinci 

faz ise 2013 yılında tamamlanarak hizmete girmiştir (URL 3, 2021; URL 2). Bu yeniden 

işlevlendirme süreci yalnızca bir sergileme alanı oluşturmayı değil, aynı zamanda alanın eğitsel, 

kültürel ve turistik bir merkez hâline getirilmesini amaçlamıştır. Günümüzde kompleksin avluları 

ve açık alanları kültürel etkinlikler, eğitim faaliyetleri ve çeşitli organizasyonlara ev sahipliği 

yapan aktif bir kentsel odak noktası olarak kullanılmaktadır (Orbaşlı ve Woodward, 2008; URL 3, 

2021; URL 2). Müze olarak düzenlenen kompleks içerisinde farklı dönemlere ait eserlerin 

sergilendiği çok sayıda galeri yer almakta ve ana istasyon binası kronolojik bir sergileme 

kurgusuna göre yeniden düzenlenmiş bulunmaktadır. Bu galerilerde tarih öncesi dönemlerden 

İslam tarihine ve modern döneme kadar uzanan çok sayıda arkeolojik eser sergilenmektedir 

(Çamlıkaya, 2022; URL 2). Sergileme düzeninde, tarihi yapının özgün mekânsal özelliklerine 

zarar vermemek amacıyla sergileme elemanları bağımsız olarak yerleştirilmiş ve modern 

aydınlatma ile görsel-işitsel sistemler kullanılmıştır. Ayrıca müze alanında yer alan eski lokomotif 

tamir atölyesi demiryolu tarihine ayrılmış özel bir sergi salonuna dönüştürülmüş, açık alanlarda 

ise restore edilmiş tarihi lokomotif ve vagonlar sergilenmeye başlanmıştır (URL 3). Bununla 

birlikte restore edilen bazı tarihi vagonlar restoran ve sosyal mekân olarak yeniden 

işlevlendirilmiş, alana kafe, hediyelik eşya birimleri ve konferans salonları eklenerek kompleksin 

sosyal ve ekonomik açıdan sürdürülebilir bir yapıya kavuşması sağlanmıştır (URL 3). Geleceğe 

yönelik planlanan ikinci etap çalışmaları kapsamında ise yeni sergi alanları, kütüphane, çocuk 

müzesi ve dijital sergi alanlarının yer alacağı yeni müze yapılarının inşa edilmesi planlanmaktadır 

(URL 3). Bu süreç genel olarak değerlendirildiğinde, Medine İstasyonu’nun terk edilmiş ve 

yıkılma tehlikesi altında olan bir yapı kompleksinden, bilimsel restorasyon yöntemleri ve yeniden 

işlevlendirme çalışmaları sayesinde günümüzde önemli bir kültürel miras ve müze kompleksine 

dönüştürüldüğü görülmektedir (Şekil 8). Bu durum, endüstriyel miras yapılarının korunması ve 

yeniden kullanımı açısından önemli bir örnek oluşturmaktadır.  
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Şekil 8. İstasyonun günümüzde müze olarak kullanımı (Kaynak: 

https://nabataea.net/travel/travel/medina-station/, Erişim Tarihi: 08.04.2026) 

 

7. Sonuç 

Hicaz Demiryolu, Osmanlı İmparatorluğu’nun son döneminde gerçekleştirilen en önemli ulaşım 

ve altyapı projelerinden biri olup, yalnızca bir demiryolu hattı değil, aynı zamanda askerî, siyasi, 

ekonomik ve dini amaçları bir arada barındıran büyük bir mühendislik projesidir. Bu demiryolu 

hattının en önemli terminal yapılarından biri olan Medine İstasyonu, hattın son durağı olması 

nedeniyle hem lojistik hem de idari açıdan büyük önem taşımış ve bu doğrultuda yalnızca bir 

istasyon binası olarak değil, çok sayıda yardımcı yapıdan oluşan bir istasyon kompleksi olarak 

inşa edilmiştir. Bu yönüyle Medine İstasyonu, Osmanlı dönemi demiryolu yerleşkelerinin önemli 

ve kapsamlı örneklerinden biri olarak değerlendirilmektedir. 

Yapılan incelemeler sonucunda Medine İstasyonu’nun mimari özellikleri, yapı malzemeleri ve 

yapım sistemi açısından dönemin mühendislik anlayışını yansıtan önemli bir yapı olduğu 

görülmektedir. Yapının genel olarak donatısız yığma yapı sistemi ile inşa edildiği, taşıyıcı sistemin 

kalın taş duvarlar ve yığma kemerlerden oluştuğu, döşeme ve çatı sistemlerinde ise ahşap ve demir 

elemanların birlikte kullanıldığı anlaşılmaktadır. Yapım sisteminde tercih edilen bu yöntemlerin 

hem dönemin teknik imkânları hem de çöl ikliminin getirdiği çevresel koşullar doğrultusunda 

şekillendiği düşünülmektedir. Özellikle yerel bazalt taşının kullanılması, kalın yığma duvarlar, 

kemer sistemi ve hafif döşeme uygulamaları gibi çözümler, yapının hem dayanıklılığını artırmış 

hem de zorlu iklim koşullarına uyum sağlamasına yardımcı olmuştur. 

Medine İstasyonu’nun yapımında kullanılan malzeme ve yapım teknikleri incelendiğinde, yerel 

malzeme kullanımının ön planda olduğu, buna karşılık demir ve ahşap gibi endüstriyel 

malzemelerin ise özellikle çatı, döşeme ve demiryolu sistemlerinde kullanıldığı görülmektedir. Bu 

durum, yapım sürecinde hem geleneksel yığma yapı tekniklerinin hem de endüstri devrimi sonrası 

gelişen mühendislik teknolojilerinin birlikte kullanıldığını göstermektedir. Bu yönüyle Medine 

İstasyonu, geleneksel yapı teknikleri ile modern mühendislik uygulamalarının birlikte kullanıldığı 

bir geçiş dönemi yapısı olarak değerlendirilebilir. 

Sonuç olarak Medine Hicaz Demiryolu İstasyonu, mimari özellikleri, yapı malzemeleri ve yapım 

sistemi açısından değerlendirildiğinde, Osmanlı İmparatorluğu’nun son döneminde uygulanan 

demiryolu yapım teknolojisini ve mühendislik bilgisini yansıtan önemli bir endüstri mirası 

yapısıdır. Yapı hem tarihi hem de mühendislik açısından önemli bir belge niteliği taşımakta olup, 
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dönemin yapım teknolojisinin, malzeme kullanımının ve mühendislik çözümlerinin anlaşılması 

açısından önemli veriler sunmaktadır. Bu nedenle Medine İstasyonu ve benzeri demiryolu 

yapılarının korunması, belgelenmesi ve mühendislik açısından incelenmesi hem endüstri mirasının 

korunması hem de tarihi yapıların yapım teknolojisinin anlaşılması açısından büyük önem 

taşımaktadır.  
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Özet 

Hicaz Demiryolu yada diğer adıyla Hamidiye Hicaz Demiryolu, II. Abdülhamid tarafından 1900-

1908 yılları arasında Şam ile Medine arasında inşaa ettirilen 1322 km (821 mil) uzunluğundaki 

demiryolu hattıdır.[1] 1908 yılından sonraki eklemelerle 1900 km uzunluğa kadar çıkmıştır. Hicaz 

Demir Yolu’nun inşaası için siyasi ekonomik askeri dini bir çok sebep bulunmaktadır. İstanbul 

İle kutsal topraklar arasındaki ulaşımı güçlendirmek, bu bölgelere taşınacak askerlerin ulaşımını 

kolaylaştırmak, hacıların daha güvenli bir şekilde hacca gidip gelmesini sağlamak, Osmanlı 

imparatorluğunun bu topraklardaki fiiili hâkimiyetini güçlendirmek ve Arap ülkelerinin 

ekonomik gücünün artırılması yer almaktadır.[2] Bu çalışma, Hicaz Demiryolu kapsamında 

Haydarpaşa Gar İstasyonu'nun mimari ve yapısal özelliklerini incelemek amacıyla hazırlanmıştır. 

II. Abdülhamid döneminde 1900-1908 yılları arasında inşa edilen Hicaz Demiryolu, yalnızca 

askeri ve ekonomik bir proje olmanın ötesinde,  İstanbul İle kutsal topraklar arasındaki ulaşımı 

güçlendirmek, bu bölgelere taşınacak askerlerin ulaşımını kolaylaştırmak, hacıların daha güvenli 

bir şekilde hacca gidip gelmesini sağlamak, Osmanlı İmparatorluğu'nun kutsal topraklarla olan 

bağını ve hakimiyetini güçlendirmek için stratejik bir öneme sahiptir. Bu demiryolunun başlangıç 

istasyonu olan Haydarpaşa Garı ise dönemin mühendislik ve mimarlık anlayışını yansıtan eşsiz 

bir yapı olarak karşımıza çıkmaktadır. Araştırmada, Haydarpaşa Garı'nın mimari planları, taşıyıcı 

sistemi ve özellikle özgün ahşap çatı konstrüksiyonu detaylı bir şekilde ele alınmıştır. Yapının 

deniz üzerine 1100 ahşap kazık üzerine inşa edilmiş olması, neo-klasik üslubu ve Alman 

mimarların tasarımıyla Osmanlı mimarisinden ayrılan özellikleri üzerinde durulmuştur. Ayrıca, 

İstanbul Demiryolu Müzesi Arşivi, Frankfurt Institut für Stadtgeschichte Arşivi ve Başbakanlık 

Arşivi gibi çeşitli kaynaklardan elde edilen plan ve belgeler ışığında yapı incelenmiştir. 

Anahtar Kelimeler: Haydarpaşa, Hicaz Demiryolu, II. Abülhamid, Mimari Plan, Taşıyıcı Sistem  
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1. Giriş  Ve Amaç 

Hicaz Demiryolu ya da diğer adıyla Hamidiye Hicaz Demiryolu, II.Abdülhamid tarafından 

1900-1908 yılları arasında Şam ile Medine arasında inşa ettirilen 1.322 kilometre (821 mil) 

uzunluğundaki demiryolu hattıdır.[1] 1908 yılından sonraki eklemelerle 1.900 km uzunluğa kadar 

çıkmıştır. 

Hicaz Demiryolu'nun inşası için siyasi, ekonomik, askeri, dinî birçok sebep bulunmaktadır. 

İstanbul ile Kutsal Topraklar arasındaki ulaşımı güçlendirmek, bu bölgelere taşınacak askerlerin 

ulaşımını kolaylaştırmak, hacıların daha güvenli bir şekilde hacca gidip gelmesini sağlamak, 

Osmanlı İmparatorluğu'nun bu topraklardaki fiili hakimiyetini güçlendirmek ve Arap ülkelerinin 

ekonomik gücünü yükseltmek öncelikli hedefler arasındadır.[2] 

Demiryolunun inşası 1900 yılında başlamıştır, yapımında çoğunlukla Türkler, bölge işçileri ve 

Osmanlı askerleri çalışmış, ama bunun yanında Almanların teknik tavsiyeleri ve destekleri de 

alınmıştır. Yapımında Akman mühendislerin de yer almasın rağmen mühendislerin çok önemli bir 

kısmı Türk’tü ve kendilerini büyük ölçüde geliştirme imkanı buldular. 

İstanbul-Hicaz Demiryolu hattı: İstanbul-İzmir-Eskişehir-Ankara-Konya-Şam-Der’a-Amman-

Maan-Katrana-Tebük-El-Ula-Medine olmak üzere 13 istasyondan oluşmaktadır. 

İstanbul –Hicaz Demiryolu hattının ilk istasyonu olan Haydarpaşa Garı 1906-1908 yılları 

arasında İstanbul-Bağdat Demiryolu hattının başlangıç istasyonu olarak inşaa edilen ve 1908 

yılında hizmete giren Haydarpaşa Gar’ının gar binası olarak kullanılması 1870’li yıllara 

dayanmaktadır. 

Bu incelemede amacımız Haydarpaşa Garının incelenmesi ve yapısal özelliklerinin 

belirlenmesidir. 

 
 

Görsel [1][1] Hicaz Demir Yolu Güzergâhı 
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Haydarpaşa Garı 

1906 - 1908 yılları arasında İstanbul - Bağdat Demiryolu hattının başlangıç istasyonu olarak 

inşa edilen ve 1908 yılında hizmete giren Haydarpaşa Garı’nın inşaatı 1906 yılının mayısında 

başlanmış Haydarpaşa Garı ve Müdüriyet-i Umumiye binası 20 Mart 1908’de tamamlanmış ve 19 

Ağustos 1908’de açılmıştır. Plan ve projesi OttoRitter ve Helmuth Conu isimli Alman mühendis-

mimarlar tarafından çizilmiştir. 255 metrekareden ibaret arsa üzerine kurulan bina 3.836 

metrekarelik bir araziyi kaplamaktadır.[3] Gar binası olarak kullanılması 1870'li yıllara 

dayanmaktadır. 1871 yılında Haydarpaşa - İzmit arasında başlayan demiryolu çalışmaları 1873 

yılında tamamlanmıştır. Haydarpaşa Garı, ismini Selimiye Kışlası'nın yapımında emeği geçen 

Haydar Paşa'dan almıştır. Padişah III. Selim, kendi adını taşıyan kışlanın inşası sırasında üstün 

gayret gösteren Haydar Paşa’ya jest olarak bu semte ve civarına Haydarpaşa denmesini uygun 

görmüştür.[2] 

İstanbul-Hicaz Demiryolu hattı başlangıç noktası olan Haydarpaşa Garı, alışılagelmiş Osmanlı 

mimarisinin dışındadır. İki Alman mimarın yaptığı Haydarpaşa, neo-klasik bir yapı olarak 

adlandırılmaktadır. Yapının genel taşıyıcı sistemi “yığma” olup, geniş açıklıklı mahallerde çelik 

kirişler kullanılmıştır. Garı dönemin benzer han tipi yapılarından ayıran en önemli özelliği ise 

ahşap kazıklar kullanılarak deniz üzerine inşaa edilmesiydi.[4]. Gar binası denizin doldurulması 

ile oluşturulmuş ve suni bir zemine inşa edilmiştir. Zemini sağlamlaştırmak için 21 metre 

uzunluğunda 1700 ahşap kazık çakılarak temelleri atılan Haydarpaşa Garı, hafif delikli taşlar 

kullanılarak depreme dayanıklı hale getirilmiştir.[5] Toplamda 3 bin 836 metrekarelik bir alana 

yayılmış olan Haydarpaşa Garı 5 katlıdır. Her biri 21 metre uzunluğunda 1100 ahşap kazık üzerine 

inşa edilmiş olan binanın açık pembe renkli granit taşları Hereke'den getirtilmiştir. Gar'ın 

pencereleri ahşaptan ve dikdörtgen şeklinde inşa edilmiş olup pencereler arasında dikdörtgen süs 

kolonları yer almaktadır. Binanın denize bakan taraflarında binanın her iki ucuna denk gelecek 

şekilde tabandan çatıya doğru daralan dairesel kuleler bulunmaktadır. Binanın zemin ve asma 

katlarında Lefke - Osmaneli taşından cephe kaplamaları kullanılmıştır.[2] 

1906 yılının mayısında başlanmış olan Haydarpaşa Garı ve Müdüriyet-i Umumiyebinası 20 

Mart 1908’de tamamlanmış ve 19 Ağustos 1908’de açılmıştır. Plan ve projesi OttoRitter ve 

Helmuth Conu isimli Alman mühendis-mimarlar tarafından çizilmiştir. 255 metrekareden ibaret 

arsa üzerine kurulan bina 3.836 metrekarelik bir araziyi kaplamaktadır. 

 

 

 
 

Görsel [2][2] Haydarpaşa Garı 
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Görsel [3][3]Haydar Paşa Garı (2025) 

 

Haydarpaşa Garı kol uzunlukları birbirinden farklı, bir U formuna sahiptir. Marmara Denizi’ne 

cephe verecek şekilde kuzey-batı, güney-doğu yönünde konumlanmıştır.[3] Dışa bakan cepheleri 

Güney cephesi (orta kol), doğu cephesi (uzun kol) ve güneybatı cephesi (kısa kol) cepheleridir. 

Deniz cephesi (ana cephe), 68.30 m uzunluğundadır. Kadıköy koyuna bakan güney- doğu 

cephesinin (uzun kol) uzunluğu 79.45 m, kısa kolun uzunluğu ise 42,40 metredir. U biçimli kitle 

içinde kalan avlunun boyutları ise 22,5 m x 40.5 metredir. Ana cephenin deniz tarafında duvar 

kalınığı 1.80 m. gösterilmişken, avluya bakan cephede duvar kalınlığı 1.05 m. olarak 

belirtilmiştir.[6] (Görsel 4) 

 
Görsel [4] Ara Kat Planı, 1/100 (Istanbul Demiryolu Müzesi Arşivi). 
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Yapı giriş katı üzerinde yükselen üç kat ile bunlara eklenen bir arakat ile bodrumdan oluşur. 

Çatı alınlıklarındaki pencereler çatı içini aydınlatır. Simetrik bir yapı olan Haydarpaşa Garı’nın 

yolcular tarafından kullanılan ana girişi 12 mermer basamakla ile zeminden yükseltilmiştir. Garın 

insanlarla en iyi iletişim kurduğu nokta bu merdivenlerdir. Ara kat planı üzerinde numaraları 201 

- 286 arasında değişen mekanlar bulunmaktadır. Bu kata erişim güney-doğu köşesinde yer alan 

kule içindeki ana merdiven ya da kolların uçlarında yer alan merdivenler aracılığı ile 

sağlanmaktadır. Ana merdivenin kovasında bir de asansör planlanmıştır. Silindirik kuleler arasında 

kalan ana cephe, yolcuların giriş yaptığı ve peronlara açılan holdür. (Resim 4) [6]. 

Zemin kat bölümü, yolcuların ve istasyonun ihtiyacı olan farklı işlevli mekânların kurgulandığı 

alanlardan oluşmaktadır. Birçok mekân ihtiyacına göre düzenlenmesi sebebiyle simetrik bir 

kurguya sahip değildir. U şeklinde düzenlenen planın orta bölümü yolcu bekleme salonu olarak 

düzenlenmiş ve garın en görkemli mekânıdır. Bu mekân, dört adet fil ayağı üzerine oturtulmuş 

yuvarlak kemerlerle ayrılarak 3 büyük salon elde edilmiştir. Bu salonların tavan yükseklikleri diğer 

mekânların iki katı olup (8 metre) dışarıya ve peron kısmına büyük kemerli kapılar ile 

açılmaktadır. Kapıların iç kısımlarını Alman ressam Linneman’ın yaptığı vitraylar süslenmiştir 

fakat 1979’dakitanker kazasında bu vitraylar zarar görmüş ve Şükriye Işık tarafından 

yenilenmiştir.[8] 

 

 

        
 

Görsel [5]              Görsel [5] 
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Bir diğer plan ise, Yeni Haydarpaşa Garı (Neue Bahnhof Haidar - Pascha) olarak tanımlanmış 

paftadır. 1906 tarihli ve 1/100 ölçeklidir (Görsel 6) [5] 

 

 

 
 

Görsel [6]  I. Kat Planı, 1/100 (Istanbul Demiryolu Müzesi Arşivi). 

 

Paftanın sağ köşesinde yer alan ibarede bu çizimin 36230 no.lu pafta olduğu belirtilmektedir. 

Bu planda odalar için herhangi bir işlev belirtilmemiştir. Yalnızca vitrifiye elamanları belirtildiği 

için tuvaletlerin yeri kolaylıkla anlaşılmaktadır. 

Ancak bir önceki plandan farklı olarak buradaki tüm tuvaletler alafranga olarak tasarlanmıştır. 

Bu bilgi, paftanın başlığının Almanca olduğu dikkate alınırsa, inşaat şirketinin hazırladığı, fakat 

yerel uygulamaları henüz yapılmamış bir çizim olarak kabul edilebilir. 

Frankfurt’taki Institut für Stadtgeschichte’de bulunan Haydarpaşa Garı’nın 1909 yılındaki 

durumunu gösteren “C.F.O.A., Bahnhof Haïdar-Pacha, Philipp Hollzmann & Cie G.m.b.H.” 

başlıklı bir başka belgede, yapının zemin ve I. katları işlevleriyle gösterilmiştir (Görsel 7-8[6] 
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Görsel [7]. Zemin Kat Planı, 1909 (ISG Arşivi)  Görsel [8]. I. Kat Planı, 1909 (ISG Arşivi). 

    

 

Buna göre, zemin katta kuleler arasındaki bölüm yolcu hizmetlerine ayrılmıştır. Merdivenlerle 

ulaşılan platformdan iki giriş ile bu hole geçilir (Görsel 6). Kuzey yönündeki kapı, gelen yolculara 

(vestibule d’arrivèe), güney tarafındaki giden yolculara (vestibule de départ) ayrılmıştır. Ortadaki 

alan ise erişim denetimli, emanet eşya/yüklük bölümüdür (bagage). 

Fotoğraflarda bu bagaj alanın ahşap bir platform ile yükseltildiği gözlenir. Gidiş bölümünün bir 

kenarında bilet gişesi bulunur. Yolcu hizmetlerinin verildiği holden perona ulaşılır. Kuzeydeki 

kule vezne (caise) görevi görmekte, kısa kol gar hizmetlerine ait mekanlardan oluşmakta, en 

ucunda ise perondan kullanılabilen tuvaletler yer almaktadır. 

Güneydeki kulenin ana giriş holü (vestibule d’entré) olduğu buradan üst katlara çıkıldığı 

anlaşılmaktadır. Uzun koldaki koridor üzerinde özel bir bekleme mekanı (salle réservé), I. Ve II. 

Sınıf bekleme salonu (salle d’attente) ile ayrıca III. Sınıf bekleme salonu (salle d’attente) ve her 

iki mekanda kadınlara ayrı bekleme yeri bulunmaktadır. Uzun kolun en uç kısmında, cephede 

çıkıntı yapan bölümde restoran ve en sonda postahane ile polis birimleri yer almaktadır. Restoranın 

bir kenarında ve polis biriminin içinde alaturka tuvaletler vardır. Erkekler bölümünde bir dizi 

pisuar olduğu da gözlemlenmiştir. 

Bu tarihte yapının peron kısmına dört adet demiryolu hattı girmektedir. Yolcu salonlarından 

perona çıkıldığında bu alanın üstünün de örtülü olduğu, dört adet I putrelin varlığından 

anlaşılmaktadır .[6] 

I.Kat planına bakıldığında ise, yolcu salonunun üzerinde büro, bekleme salonu, konferans 

salonu, camekanlı büro bölümü görülür. Kuzeydeki kulede müdür odası ve kısa kol üzerinde 

bürolar yer alır. Bu kol, tuvalet ve merdivenle sonlanır. Güneydeki kule ise genel müdürün 

odasıdır, bu oda içinde özel bir tuvalet bulunur. Uzun kol üzerinde ise müfettiş odası, telefon, 

telgraf odası, bürolar ve tuvalet yer almaktadır. Bu koridor günümüzde hala kullanımda olan 

lojman ile sonlanmaktadır.[6] 
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Çatı Konstrüksiyonu 

Yapının ilk çatısının bütünüyle ahşaptan olduğu bilinmektedir. Frankfurt’taki Institut für 

Stadtgeschichte’de bulunan “Neuer Bahnhof Haidar Pacha” başlıklı 1/50 ölçekte çizilmiş mimari 

projeler ahşap çatı sistemine ilişkin detaylı veri sağlamaktadır (Görsel 8-11). 

Bunlara dayanarak çatının kuleler hariç her kolu ayrı ayrı örten kırma çatılar ile inşa edildiği 

anlaşılmaktadır. Yapının deniz cephesinin mahya kotu kolların mahya kotundan yüksektedir. 

Kolların taban aşığı ve mahya aşığı dışında iki seviyede aşıkları mevcuttur. Asma sistemdeki 

çatının makasları kamalarla takviyeli çift kirişlerden oluşmaktadır. Ancak takviyeli kirişleri 

oluşturan parçaların boyları eş değildir. İlk parça, çatı tabanından yukarıdaki ilk seviye aşığını 

aşacak uzunluğa sahipken, takviyeli çift kirişin diğer teki ikinci seviye aşıkları tutan çift gergilerin 

altına kadar ulaşır. Böylece çatının daha fazla yüke maruz kalan alt yarısı desteklenmiştir. Çift 

gergiler makasları ve mertekleri bağlamakta olup, aynı zamanda bırakma kirişi görevi üstlenmiştir. 

Takviyeli kirişlerin metal bayrakları andıran elemanlarla sabitlendiği görülmektedir. Bırakma 

kirişlerinin ise birbiri içine geçen hareketli bir sistemde inşa edildiği tahmin edilmektedir.[6] 

 

 
 

Görsel [9]. 20. Yüzyıl Başında Haydarpaşa Garı Çatı Krokisi. 
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Görsel [10]. Haydarpaşa Garı Çatısı A Detayı (Plan, 1/50) (ISG Arşivi) 

 

         
         Görsel [11]. B Detayı (ISG Arşivi)         Görsel [12]. C Detayı (Kesit, 1/20) (ISG Arşivi). 

 

               
 

Görsel [13].Arkitekt(1931) Haydarpaşa Garı Çatısı Tamiri (8) 261-263.(4) 13.03.2026-09:08 
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Görsel [14]. Haydarpaşa Garı Ana Cephesi, 1906 (İstanbul Demiryolu Müzesi Arşivi) 
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Görsel [15]. İlk Gar Binası (Başbakanlık Arşivi) 

 

2.Sonuçlar Ve Değerlendirme  

 Haydarpaşa Garı, yapıldığı ilk yıllarda Anadolu ve Doğu’dan gelen yolcuların batı ile 

karşılaştığı ilk yer olması sebebi ile sadece bir tren istasyonu binası değil çok önemli bir tarihsel 

ve kültürel bir yapıdır. 

Çalışmada incelenen belgeler ve planlar  Haydarpaşa Garı’nın tasarım sürecini, tarihsel 

önemini, yapısını, çatı strüktürünün özgün özelliklerini ortaya koyarak Haydarpaşa Garı’nın 

yalnızca estetik değil aynı zamanda mühendislik açısından da önemli bir yapı olduğunu ortaya 

koymaktadır.  

Tarihi Haydarpaşa Garını korumak ve gelecek nesillere aktarmak, yapılması gereken 

restorasyonları aslına uygun biçimde gerçekleştirmek ile mümkündür. 

Bu restorasyonlarda, gar yapılarının mimarisinin aslına uygun bir şekilde korunması 

mekânlarının ve mekân atmosferlerinin de aslına uygun bir şekilde korunması ve bu çalışmalar 

yapılırken aslına uygun şekilde gelecek nesillere aktarılması tarihsel ve kültürel hafıza açısından 

önem arz etmektedir.  

Bu çalışmanın Haydarpaşa Garı'nın sadece bir ulaşım yapısı olmadığını, aynı zamanda kültürel 

bir hafıza açısından taşıdığı değeri ortaya koyarak, ileride yapılacak olan restorasyon ve koruma 

çalışmalarına katkı sağlaması umulmaktadır 
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Özet 

Endüstriyel klimatik odalarda hassas sıcaklık ve bağıl nem kontrolü, soğutma sistemlerinin uzun 

süreli çalışmasını zorunlu kılmakta; bu durum kondenser tarafında önemli miktarda atık ısı 

oluşmasına neden olmaktadır. Geleneksel hava soğutmalı kondenser uygulamalarında atık ısı 

doğrudan ortama aktarılmakta, ortam sıcaklığını yükselterek sistemin verimliliğini olumsuz 

etkilemektedir. Bu çalışmada, R290 (propan) soğutucu akışkanlı bir soğutma sisteminde hava 

soğutmalı kondenser ile plakalı ısı değiştirici tasarımının termodinamik performansları 

karşılaştırılmış; atık ısı geri kazanım potansiyeli termodinamik, ekonomik ve çevresel açılardan 

incelenmiştir. Mevcut hava soğutmalı kondenser yapısında yoğuşma sıcaklığı yaz koşullarında 

45°C'ye ulaşmakta ve sistemin soğutma performans katsayısı (COP) 3,16 olarak hesaplanmıştır. 

Plakalı ısı değiştirici entegrasyonuyla yoğuşma sıcaklığı 35°C'ye düşürülmüş; COP değeri 4,06'ya 

yükselmesiyle birlikte sistem performansında %28,5 oranında iyileşme elde edilmiştir. Bu 

iyileşme aynı zamanda kompresör güç tüketiminin 0,719 kW’tan 0,594 kW'a gerilemesini 

sağlamış, sistemin toplam enerji talebini doğrudan azaltmıştır. Plakalı ısı değiştirici aracılığıyla 

sıcak su devresine aktarılan 3 kW'lık kondenser atık ısısı yıllık 26.280 kWh enerji geri kazanımına 

karşılık gelmektedir. 2026 yılı doğalgaz birim fiyatı esas alındığında yıllık ekonomik tasarruf 

67.174 TL olarak hesaplanmıştır. Çevresel açıdan ise Hükümetlerarası İklim Değişikliği Paneli 

(HİDP) emisyon faktörü kullanılarak yıllık 6.341 kg CO₂ emisyonunun önüne geçildiği 

belirlenmiştir. Elde edilen bulgular, doğal soğutucu akışkanlı sistemlerde plakalı ısı değiştirici 

entegrasyonunun enerji verimliliği, ekonomik sürdürülebilirlik ve karbon ayak izi azaltımı 

açısından etkin ve uygulanabilir bir çözüm sunduğunu ortaya koymaktadır. 

Anahtar Kelimeler: Soğutma, atık ısı geri kazanımı, R290, plakalı ısı değiştirici, karbon 

emisyonu.  
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THERMODYNAMIC ANALYSIS OF A CLIMATIC ROOM WITH WASTE HEAT 

RECOVERY 

 

 

 

Abstract 

Precise temperature and relative humidity control in industrial climatic chambers necessitates the 

continuous operation of refrigeration systems, leading to a significant amount of waste heat 

generation on the condenser side. In traditional air-cooled condenser applications, this waste heat 

is rejected directly into the ambient environment, which raises the ambient temperature and 

adversely affects system efficiency. In this study, the thermodynamic performances of an air-

cooled condenser and a plate heat exchanger design were compared in a refrigeration system 

utilizing R290 (propane) refrigerant; furthermore, the waste heat recovery potential was analyzed 

from thermodynamic, economic, and environmental perspectives. In the existing air-cooled 

condenser configuration, the condensing temperature reaches 45°C under summer conditions, 

resulting in a calculated Coefficient of Performance (COP) of 3.16. By integrating a plate heat 

exchanger, the condensing temperature was reduced to 35°C; with the COP increasing to 4.06, a 

28.5% improvement in system performance was achieved. This enhancement also led to a 

reduction in compressor power consumption from 0.719 kW to 0.594 kW, directly decreasing the 

total energy demand of the system. The 3 kW of condenser waste heat transferred to the hot water 

circuit via the plate heat exchanger corresponds to an annual energy recovery of 26,280 kWh. 

Based on 2026 natural gas unit prices, the annual economic savings were calculated at 67,174 TL. 

From an environmental standpoint, utilizing Intergovernmental Panel on Climate Change (IPCC) 

emission factors, it was determined that 6,341 kg CO₂ emissions are prevented annually. The 

findings demonstrate that plate heat exchanger integration in systems using natural refrigerants 

offers an effective and viable solution in terms of energy efficiency, economic sustainability, and 

carbon footprint reduction. 

Keywords: Refrigeration, waste heat recovery, R290, plate heat exchanger, carbon emission,  
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         1. Giriş 

Endüstriyel tesislerde enerji tüketiminin sürekli artması ve iklim değişikliğiyle mücadeleye 

yönelik uluslararası taahhütler, soğutma sistemlerinin tasarımında enerji verimliliğini belirleyici 

bir parametre hâline getirmiştir. Hassas sıcaklık ve bağıl nem kontrolü gerektiren klimatik odalar, 

sürekli çalışma döngüleri nedeniyle yüksek enerji tüketen sistemler arasında yer almakta; bu 

sistemler de kondenser tarafında oluşan atık ısı ise geleneksel uygulamalarda hava soğutmalı 

kondenserler aracılığıyla doğrudan atmosfere salınmaktadır. Söz konusu yaklaşım hem ekserji 

kaybına yol açmakta hem de soğutma performans katsayısını (COP) olumsuz yönde etkilemektedir 

(Yamankaradeniz vd., 2017). 

Literatürde bu soruna yönelik en etkili çözümlerden biri, hava soğutmalı kondenser 

yapılarının yerine su soğutmalı plakalı ısı değiştiricilerin kullanılmasıdır. R290/R600a ve R134a 

soğutucu akışkanlarla çalışan bir ev tipi soğutma sisteminde yürütülen deneysel çalışmada, su 

soğutmalı plakalı ısı değiştiricilerin kullanımının günlük enerji tüketimini %21–27 oranında 

azalttığı ve COP değerini %52–68 artırdığı kanıtlanmıştır (Raveendran, P.S. & Sekhar., 2016). 

Aynı araştırmacılar tarafından yürütülen ekserji analizinde, su soğutmalı plakalı ısı değiştiricilerin 

sistemin geleneksel sisteme kıyasla %34 daha düşük geri dönüşümsüzlük sergilediği ve ekserji 

veriminin %46–55 aralığında seyrettiği gösterilmiştir ( Raveendran, P.S. & Sekhar, 2017). Buna 

ek olarak, binalara entegre su soğutmalı kondenser üzerine yapılan bir diğer çalışmada, plakalı ısı 

değiştiricilerin sistemin COP değerinin hava soğutmalı sisteme kıyasla %57–75 daha yüksek 

olduğu ve toplam eşdeğer ısınma etki (TEWI) değerinin %5–43 arasında azaldığı ortaya 

konmuştur (Raveendran, P.S. & Sekhar., 2017).hyok 

Plakalı ısı değiştiricilerin yüksek performansı, kompakt yapıları ve düşük logaritmik 

ortalama sıcaklık farklarında bile yüksek ısı transferi sağlayan eğimli sinüzoidal kanal 

geometrilerinden kaynaklanmaktadır. Bu geometri, düşük Reynolds sayılarında bile türbülanslı 

akış koşulları oluşturarak ısı taşınımını önemli ölçüde iyileştirmektedir (Pulagam vd., 2024). 

Plakalı ısı değiştiricilerin havalandırma, ısıtma ve iklimlendirme (HVAC) uygulamalarındaki 

termohidrolik performansına ilişkin araştırmalar son yıllarda ivme kazanmış; hesaplamalı 

akışkanlar dinamiği yöntemlerinin bu alandaki tasarım süreçlerine entegre edildiği kapsamlı 

derleme çalışmaları yayımlanmıştır (Nithya vd., 2025). 

Atık ısı geri kazanımı yalnızca COP iyileştirmesiyle sınırlı kalmayıp, kondenser tarafındaki 

ısıl enerjinin kullanım sıcak suyu üretimi veya mahal ısıtması gibi tesis içi süreçlere aktarılmasıyla 

fosil yakıt tüketiminin ve karbon emisyonlarının azaltılmasına da doğrudan katkı sunmaktadır 

(Çengel vd., 2015). Çelik-demir, gıda ve seramik endüstrilerini kapsayan kapsamlı bir derleme 

çalışmasında, dünya genelinde endüstriyel tesislere ait enerji tüketiminin yaklaşık dörtte birinin 

atmosfere salınan atık ısı ile kaybolduğu ve bu kaybın plakalı ısı değiştiriciler başta olmak üzere 

çeşitli geri kazanım teknolojileriyle büyük ölçüde önlenebileceği gösterilmiştir (Jouhara vd., 

2018). Bu bağlamda, geri kazanılan ısıl enerjinin karbon emisyonu azaltımına katkısının 

hesaplanmasında uluslararası alanda kabul görmüş emisyon faktörleri kullanılmaktadır (IPCC, 

2006). Farklı soğutucu akışkanlarla çalışan kaskad soğutma sistemleri üzerine yapılan 

karşılaştırmalı termodinamik analizler, NH₃/CO₂ kombinasyonunun en yüksek genel performansı 

sergilediğini ortaya koymuş ve alternatif soğutucu akışkanların sistem verimliliğine etkisini sayısal 

olarak değerlendirmiştir (Adebayo vd., 2021). Soğutma sistemlerinden elde edilen atık ısının 

doğalgaz kazanı gibi geleneksel enerji kaynaklarıyla karşılaştırılmasında ise yakıtın ısıl değeri ve 

tesisat verimine ilişkin standart mühendislik parametreleri esas alınmaktadır (TMMOB, 1993). 

Bu çalışmanın amacı, mevcut bir klimatik odada hava soğutmalı kondenser yapısının yerine 

su soğutmalı plakalı ısı değiştirici entegre edilerek atık ısı geri kazanım sisteminin termodinamik, 
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ekonomik ve çevresel açıdan değerlendirilmesidir. Bu doğrultuda sistemin kondenser tarafında 

açığa çıkan yaklaşık 3 kW'lık ısıl güç, kapalı devre bir su döngüsüne aktarılmakta ve tesis içi sıcak 

su üretimi ile mahal ısıtması için değerlendirilmektedir. Sistemin performansı teorik olarak 

incelenmiş; geri kazanılan ısıl gücün ısıtma prosesinde kullanılması senaryosunda karbon 

emisyonu azaltım potansiyeli ortaya konmuştur. 

 

2. Teorik Analiz  

Klimatik odalarda oluşan atık ısının uzaklaştırılması, sistem performansı ve enerji verimliliği 

açısından kritik bir parametredir. Bu çalışmada, geleneksel hava soğutmalı kondenser yerine su 

soğutmalı ısı değiştirici kullanılan bir sistem ele alınmış ve ısı ile kütle transferi temelli teorik 

analiz gerçekleştirilmiştir. 

Sistem, temel olarak mekanik buhar sıkıştırmalı soğutma çevrimine dayanmaktadır. 

Evaporatörde klimatik ortamdan çekilen ısı, kompresör aracılığıyla yüksek basınç ve sıcaklığa 

ulaştırılan soğutucu akışkan ile kondenser tarafına taşınmaktadır. Buhar sıkıştırmalı soğutma 

çevriminin logP-h diyagramı üzerindeki hâl değişimleri Şekil 1.'de gösterilmiştir. 

 
1-2: Kompresörde sıkıştırma, 2-3: Sabit basınçta çevreye ısı atılması, 3-4: Kısılma vanası, 

4-1: Sabit basınçta ısı çekilmesi, 𝑄̇𝑐: Kondenser gücü, 𝑄̇𝑒: Evaporatör gücü, 𝑊̇c: Kompresör gücü, 

Pc: Kondenser Yüksek basınç (Yoğuşma basıncı), Pć: Plakalı Isı değiştirici Yüksek basınç Pe: 

Buharlaşma basıncı 

  

Şekil 1. R290 soğutkanının logP-h diyagramı  

 

Kompresör tarafından tüketilen güç, soğutucu akışkanın kütlesel debisine ve entalpi değişimine 

bağlı olup Eşitlik (1) ile hesaplanır (Çengel, Y.A. & Boles., 2015): 

 

𝑊̇𝑐 = ṁ. (ℎ2 − ℎ1)                                                                                                                          (1) 
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Bu noktada, kondenser görevini üstlenen ısı değiştiricide ısı, su devresine aktarılmaktadır. Suya 

verilen enerji Eşitlik (2) ile ifade edilir: 

 

𝑄̇𝑐 = 𝑚̇𝑠 ⋅ 𝑐𝑠 ⋅ (𝑇𝑠ç − 𝑇𝑠𝑔)                                                                                                             (2) 

 

Isı değiştiricide gerçekleşen ısı transferinin daha doğru analiz edilebilmesi için logaritmik ortalama 

sıcaklık farkı yöntemi kullanılmaktadır. Bu yöntem, plakalı ısı değiştirici boyunca değişen sıcaklık 

farklarının ortalama etkisini Eşitlik (3) ile gösterilir (Incropera vd.,2007):   

 

Δ𝑇𝑙𝑚 =
(Δ𝑇𝑟−Δ𝑇𝑠)

ln(
Δ𝑇𝑟
Δ𝑇𝑠

)
                                                                                                                                                       (3)          

 

Kondenserden atılan ısı miktarı, Eşitlik (4) ile ifade edilir (Incropera vd.,2007):   

 

𝑄̇𝑐 = ṁ. (ℎ2 − ℎ3)                                                                                                                                 (4) 

 

Evaporatörde çekilen ısı miktarı, aşağıdaki Eşitlik (5) ile ifade edilir: 

 

𝑄̇𝑒 = ṁ. (ℎ1 − ℎ4)                                                                                                                                                     (5)     

                                                                                                         

Soğutma performans katsayısı (COP) Eşitlik (6) ile ifade edilir (Hundy vd.,2008):                                                                                                 

 

 𝐶𝑂𝑃 = 𝑄̇𝑒
𝑊̇𝑐

                                                                                                                                        (6) 

 

Geri kazanılan gücün ikame ettiği doğalgaz miktarı (𝑉𝑑𝑔), aşağıdaki Eşitlik (7) ile hesaplanmıştır 

(TMMOB, 1993): 

 

V̇𝑑𝑔 =
𝑄̇𝑡𝑜𝑝

𝜂𝑘𝑎𝑧𝑎𝑛.𝐻𝑢
                                                                                                                                           (7) 

Sistemin çevresel etkisini belirlemek amacıyla, doğalgaz tüketiminin azalmasıyla engellenen yıllık 

karbon emisyonu (𝑀𝐶𝑂2
) miktarı, yıllık doğalgaz tasarrufu üzerinden hesaplanmıştır. Eşitlik (8) ile 

gösterilmiştir (IPCC, 2006): 

 

𝑀𝐶𝑂2
= 𝑉𝑑𝑔,𝑦𝚤𝑙𝑙𝚤𝑘. 2,02 [𝑘𝑔𝐶𝑂2

/𝑚3]                                                                                                         (8) 

 

Kompresörün izantropik verimi, Eşitlik (9) ile ifade edilir. Burada h₂ₛ, kompresör giriş basıncından 

kondenzasyon basıncına izantropik sıkıştırma sonunda elde edilen ideal çıkış entalpisini (kJ/kg) 

ifade etmektedir (Bolaji, B.O. & Huan, Z., 2013): 

 

𝜂𝑖𝑧 =
ℎ2𝑠−ℎ1

ℎ2−ℎ1
                                                                                                                                 (9) 

 

3. Materyal ve Metot 

Günümüz endüstriyel soğutma sistemlerinde, ekipmanların uzun ömürlü olması ve yüksek 

verimlilikle çalışması tasarım süreçlerindeki temel kriterler haline gelmiştir. Özellikle hassas 

iklimlendirme gerektiren klimatik odalarda operasyonel süreçler sonucunda açığa çıkan atık ısının 
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uzaklaştırılması, sistem performansı ve enerji yönetimi açısından kritik bir parametre teşkil 

etmektedir. Bu çalışma kapsamında, mevcut bir klimatik odanın çalışma döngüsü sırasında 

kondenser tarafında açığa çıkan atık ısının geri kazanılması amacıyla tasarlanan yeni bir sistem 

entegrasyonu ve bu sistemin konvansiyonel enerji kaynaklarıyla karşılaştırma gerçekleştirilmiştir.  

3.1. Mevcut Sistemin Analizi  

Mevcut sistemde, klimatik odanın iç ortam sıcaklık ve bağıl nem dengesini korumak için 

kullanılan bağımsız soğutma grubu, ısıl enerjiyi uzaklaştırmak için hava soğutmalı 

kondenserlerden faydalanmaktadır. Geleneksel çevrimde soğutucu akışkan kompresörde 

sıkıştırıldıktan sonra kondensere girmekte ve burada fanlar aracılığıyla bünyesindeki ısıyı 

doğrudan tesis içi atmosfere veya kanal sistemleri üzerinden dış ortama bırakmaktadır.  

Termodinamik açıdan en temel dezavantaj, yoğuşma sıcaklığının mevcut dış ortam hava 

sıcaklığına doğrudan bağımlı olmasıdır. Özellikle dış ortam sıcaklığının yükseldiği dönemlerde 

yoğuşma basıncının artması, kompresör üzerindeki iş yükünü doğrudan artırarak sistemin soğutma 

performans katsayısını verimsiz seviyelerde sınırlandırmaktadır. Ayrıca, kondenserden çıkan 

yüksek sıcaklıktaki ısıl enerjinin herhangi bir geri kazanım mekanizması olmaksızın atmosfere 

salınması, sistemin enerji verimliliğini düşüren ve tesis genelinde ciddi bir enerji israfına yol açan 

temel bir kayıptır. Bu kısıtlar, sistemin enerji tüketimini artırırken operasyonel verimliliği ve 

sürdürülebilirlik hedeflerini kısıtlamaktadır. Mevcut klimatik odanın genel görünümü ve sistemde 

kullanılan hava soğutmalı kondenserler Şekil 2'de gösterilmiştir. Çizelge 1'de ise klimatik oda 

sisteminde kullanılan ünitelerin operasyonel verileri ve ısıl yük dağılımı verilmiştir. 

 
                                         (a)                                                           (b)                             

 

Şekil 2. (a) Klimatik oda, (b) Klimatik odada kullanılan kondenserler 

Kondenserler 
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Çizelge 1. Klimatik oda sisteminde kullanılan ünitelerin operasyonel verileri ve ısıl yük 

dağılımı 

Parametre Soğutma üniteleri Birim 

Soğutucu Akışkan R290 - 

Evaporasyon Sıcaklığı 14 °C 

Odanın Sıcaklık Değeri 25 °C 

Odanın Bağıl Nemi 60 % 

Birim Kondenser Isıl Yükü 3,0 kW 

 

3.2. Atık Isı Geri Kazanım Sistemine Sahip Yeni Tasarım  

Geleneksel hava soğutmalı kondenser yapıları yerine su soğutmalı ısı değiştirici ve ısı geri 

kazanım ünitesinin kullanıldığı bu tasarımda, atık ısının kullanım sıcak suyu üretimi veya mahal 

ısıtma gibi süreçlere transfer edilmesi hedeflenmiştir. Analiz sürecinde; tasarlanan hibrit sistemin 

termodinamik verimliliği ve karbon emisyonu azaltım potansiyeli, şebeke elektriği ve doğalgaz 

kullanımıyla elde edilen veriler üzerinden teorik olarak kıyaslanmıştır. Tasarlanan sistemin 

şematik gösterimi Şekil 3’te verilmiştir. 

Şekil 3’te görüldüğü üzere sistem bileşenleri; evaporatör, kompresör, kondenser, genleşme 

valfi, ısı depolama tankı, dolaşım pompasından oluşmaktadır. Soğutma çevriminde kızgın buhar 

hâlindeki soğutucu akışkan, kompresörden çıkarak kondensere girmekte; burada su devresine 

ısısını aktararak yoğuşmaktadır. Yoğuşan akışkan, genleşme valfinden geçerek düşük basınca 

inmekte ve evaporatörde klimatik oda havasından ısı çekerek tekrar buharlaşmaktadır. 

Kondenserde geri kazanılan ısı, ısı depolama tankında biriktirilmektedir. Dolaşım pompası 

aracılığıyla sıcak su kullanım alanına iletilmektedir. 
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Şekil 3. Atık ısı geri kazanımlı klimatik oda soğutma sistemi şematik gösterimi 

 

İki sistem arasındaki temel fark, kondenser tipinin kondenzasyon sıcaklığı üzerindeki 

doğrudan etkisinden kaynaklanmaktadır. Hava soğutmalı kondenserde soğutucu akışkan ile 

soğutma havası arasında belirli bir yaklaşım sıcaklık farkı bulunmak zorundadır.  

İklim odası iç sıcaklığı 25°C, bağıl nemi %60 olarak sabit tutulmuş; her iki sistemde de 

evaporasyon sıcaklığı +14°C alınmıştır. Mevcut sistem ve önerilen sistem için elde edilen 

karşılaştırmalı analiz sonuçları Çizelge 2'de sunulmuştur. 

Tasarlanan sistemde plakalı ısı değiştiricinden elde edilen 3 kW'lık atık ısı, sıcak su tankına 

aktarılmakta ve tesisteki sıcak su ihtiyacının karşılanmasında değerlendirilmektedir. Bu sayede 

mevcut sistemde tamamen dış havaya atılan yoğuşma ısısı geri kazanılmakta; doğalgaz tüketimi 

ve buna bağlı karbondioksit emisyonu azaltılmaktadır. Sistemin yıllık 4380 saat kesintisiz çalıştığı 

varsayımıyla her iki sistem için yıllık atık ısı enerjisi 13.140 kWh/yıl olarak hesaplanmıştır. 

Çizelge 2'den görüldüğü üzere plakalı ısı değiştirici entegrasyonu sayesinde; kompresör kapasitesi 

ise 0,719 kW’tan 0,594 kW'a düşmektedir. 
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Çizelge 2. R290 soğutkanlı sistemin kondenser ve plakalı ısı değiştirici soğutma çevrimi 

termodinamik karşılaştırması 

 

Parametre 
Hava soğutmalı 

kondenser 

Atık ısı geri 

kazanımlı sulu 

plakalı ısı 

değiştirici 

Birim 

Buharlaşma sıcaklığı 14 14 °C 

Yoğuşma sıcaklığı 45 35 °C 

Kondenser gücü 3,00 3,00 kW 

Evaporasyon basıncı 7,118 7,118 bar 

Kondenzasyon basıncı 15,348 12,2 bar 

Kompresör izantropik verimi 0,862 0,914 % 

Soğutucu akışkan kütlesel 

debisi 
0,0085 0,0081 kg/s 

Evaporatör kapasitesi 2,306 2,414 kW 

Kompresör kapasitesi 0,719 0,594 kW 

COP 3,16 4,06 - 

 

4. Sonuç 

Bu çalışmada R290 soğutucu akışkanlı klimatik oda sisteminde hava soğutmalı kondenser 

ile plakalı ısı değiştirici konfigürasyonları termodinamik, ekonomik ve çevresel açılardan Çizelge 

3’te karşılaştırılmıştır. Kondenzasyon sıcaklığının 45°C'den 35°C'ye düşmesiyle COP değeri 

3,16'dan 4,06'ya yükselmiş; sistem performansında %28,5 iyileşme elde edilmiştir. 

Önerilen sistemde 3,00 kW kondenser ısıl gücüne karşılık gelen atık ısı, plakalı ısı değiştirici 

aracılığıyla sıcak su devresine aktarılmaktadır. Sistemin günde 24 saat kesintisiz çalıştığı 

varsayıldığında günlük atık ısı enerjisi 72,0 kWh, yıllık atık ısı enerjisi ise 26.280 kWh olarak 

hesaplanmıştır. Bu atık ısı miktarı, kazan verimi η = 0,90 ve doğalgazın alt ısıl değeri Hu = 9,3 

kWh/m³ alınarak değerlendirildiğinde, günde 8,60 m³, yılda ise 3.139 m³ doğalgazın yerine 

geçmektedir (IPCC, 2006). 

Ekonomik açıdan değerlendirildiğinde, doğalgaz birim fiyatı 21,4 TL/m³ olarak kabul 

edilmiştir. Buna göre ısı geri kazanımının sağladığı ekonomik tasarruf günde 184,04 TL, yılda ise 

67.174 TL olarak hesaplanmıştır. Elde edilen bu tasarruf değeri, plakalı ısı değiştirici yatırımının 

geri ödeme süresinin belirlenmesinde temel girdi niteliği taşımaktadır. 

Çevresel etki açısından IPCC emisyon faktörü (2,02 kgCO₂/m³) kullanılarak 

hesaplandığında, atık ısı geri kazanımı sayesinde günde 17,37 kg, yılda ise 6.341 kg CO₂ 

emisyonunun önüne geçilmektedir.Bu sonuç, plakalı ısı değiştirici entegrasyonunun yalnızca 

enerji verimliliğini artırmakla kalmadığını, aynı zamanda karbon ayak izinin azaltılmasına da 

anlamlı katkı sağladığını açıkça ortaya koymaktadır. Çizelge 3’te görüldüğü üzere, doğalgaz 

maliyetinden yıllık 67.174 TL tasarruf edilmektedir. 
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Çizelge 3. Atık Isı Geri Kazanım Analizi Sonuçları 

Parametre Günlük Yıllık 

Atık ısı enerjisi 72,0 kWh 26.280 kWh 

Karşılık gelen doğalgaz miktarı 8,60 m³ 3.139 m³ 

Doğalgaz maliyeti 184,04 TL 67.174 TL 

CO₂ emisyon azaltımı 17,37 kg 6.341 kg 

 

Sistemin geri ödeme süresi 1,26 yıl olarak hesaplanmıştır. Çizelge 3’te sunulan sonuçlar bir 

arada değerlendirildiğinde, R290 soğutucu akışkanlı klimatik oda sistemine entegre edilen plakalı 

ısı değiştiricinin hem termodinamik hem ekonomik hem de çevresel açıdan kayda değer 

iyileşmeler sağladığı görülmektedir.  

Teşekkür 

Bu çalışmaya vermiş olduğu katkılardan dolayı Nurdil Teknik Soğutma A.Ş.’ye teşekkür 

ederiz.  

 

Simgeler ve Kısaltmalar  

Simgeler     

η𝑘𝑎𝑧𝑎𝑛              Kazan verimi (%) 

𝜂𝑖𝑧                                          Kompresör izantropik verimi (%) 

𝑐𝑠              Suyun özgül ısısı (kJ/kg·K) 

𝑚̇              Soğutucu akışkan kütlesel debi, kg/s 

𝐻𝑢                         Doğalgazın alt ısıl değeri (kWh/m³) 

𝑀𝐶𝑂2 
              Yıllık karbon emisyonu miktarı (kgCO₂/yıl) 

𝑄̇𝑐    Kondenser gücü (kW) 

𝑄̇𝑒    Evaporatör yükü (kW) 

𝑄̇𝑡𝑜𝑝              Toplam geri kazanılan ısıl gücü (kW) 

𝑊̇𝑐    Kompresör gücü (kW) 

𝑚̇𝑠              Suyun kütlesel debisi (kg/s) 

𝑇𝑠𝑔                                         Suyun giriş sıcaklığı (°C)         

𝑇𝑠ç                                          Suyun çıkış sıcaklığı (°C)         

V̇𝑑𝑔                                        Geri kazanılan gücün ikame ettiği doğalgaz miktarı (m³/yıl) 

∆𝑇𝑙𝑚                                      Logaritmik ortalama sıcaklık farkı (°C) 

∆𝑇𝑟                                        Plakalı ısı değiştiricinin soğutucu akışkan sıcaklık farkı (°C) 

∆𝑇𝑠                                        Plakalı ısı değiştiricinin su tarafındaki sıcaklık farkı (°C) 

 

 

Kısaltmalar 

𝐶𝑂𝑃                         Performans Katsayısı  

HVAC                                   Isıtma, Havalandırma İklimlendirme  

IPCC                                   Hükümetler Arası İklim Değişikliği Paneli  

TEWI                                   Toplam Eşdeğer Isınma Etkisi  

𝑅290                                     Propan Soğutkanı 
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Özet 

Ticari teşhir tipi soğutucular perakende gıda sektöründe yaygın olarak kullanılmakta, ancak 

yüksek enerji tüketimi ve cam yüzeylerde yoğuşma sorunlarıyla karşılaşmaktadır. Bu çalışma, 

gelişmiş yalıtım malzemeleri ve yoğuşma önleyici cam teknolojilerini enerji verimliliği, ekonomik 

fizibilite ve çevresel etki açısından değerlendirerek en uygun sistem kombinasyonunu belirlemeyi 

amaçlamaktadır. Analiz, referans bir model (2,18×2,5×1,18 m; dış ortam 25°C, iç ortam 2°C, %60 

bağıl nem) üzerinden yapılmıştır. Dört yalıtım malzemesi Poliüretan Köpük (PUR), 

Poliizosiyanürat (PIR), Vakum Yalıtım Paneli (VIP) ve Aerojel; beş cam teknolojisi (çift cam, 

üçlü cam, Low-E + Argon, vakumlu cam, elektrikle ısıtmalı cam) ile karşılaştırılmıştır. 

Hesaplamalar Fourier yasası ve toplam ısı geçiş katsayısı (U-değeri) temelinde gerçekleştirilmiş; 

enerji tüketimi, geri ödeme süresi ve CO₂ azaltımı incelenmiştir. Sonuçlar, en yüksek enerji 

tasarrufunun VIP + vakumlu cam kombinasyonunda elde edildiğini göstermiştir (%72 duvarlarda, 

%75,9 camlarda). Bu sistem yıllık yaklaşık 5.353 TL tasarruf ve 602 kg CO₂ azaltımı sağlamıştır. 

En kısa geri ödeme süresi (0,8 yıl) ise PUR + Low-E + Argon kombinasyonlarında bulunmuştur. 

Aerojel sistemleri ekonomik açıdan dezavantajlı, yüzey kaplama teknolojileri ise yüksek bağıl nem 

koşullarında yetersizdir. Genel olarak, düşük maliyet ve hızlı geri dönüş için PUR/PIR + Low-E 

+ Argon; maksimum verimlilik ve sürdürülebilirlik için VIP + vakumlu cam en uygun 

seçeneklerdir. Çalışma, ileri teknoloji malzemelerin uzun vadede ekonomik ve çevresel faydalarını 

ortaya koymuştur. 

Anahtar Kelimeler: Soğutma, teşhir tipi soğutucu, ısı yalıtımı, yoğuşma karşıtı cam, 

sürdürülebilirlik, enerji verimliliği. 
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INVESTIGATION OF SUSTAINABLE THERMAL INSULATION TECHNOLOGIES IN 

THE DESIGN OF A REFRIGERATED DISPLAY CABINET 

 

 

Abstract 

Commercial refrigerated display cabinets are widely used in the retail food sector but face two 

major challenges: high energy consumption due to insufficient thermal insulation and 

condensation on glass surfaces that reduces product visibility. This study evaluates advanced 

insulation materials and anti-condensation glass technologies in terms of energy efficiency, 

economic feasibility, and environmental impact, aiming to identify the most suitable system 

combination. The analysis was conducted based on a reference model (2.18 × 2.5 × 1.18 m; 

ambient conditions: 25 °C, indoor conditions: 2 °C, 60% relative humidity). Four insulation 

materials, polyurethane foam (PUR), polyisocyanurate (PIR), vacuum insulation panels (VIP), and 

aerogel, and five glazing technologies (double glazing, triple glazing, Low-E with argon, vacuum 

glazing, and electrically heated glazing) were comparatively evaluated. Calculations were based 

on Fourier’s law and overall heat transfer coefficient (U-value), with assessments of annual energy 

use, payback period and CO₂ reduction. Results show that the VIP + vacuum glass combination 

achieved the highest energy savings, reducing heat losses by over 70%, saving about 5.353 TL 

annually, and cutting 602 kg CO₂ compared to the reference system (PUR + double glass). The 

shortest payback period (0.8 years) was found with PUR + Low-E + argon. Aerogel systems 

proved economically disadvantageous, while surface coating technologies alone were insufficient 

under high relative humidity. In conclusion, the optimal choice depends on design priorities: 

PUR/PIR + Low-E + argon for low cost and quick payback, and VIP + vacuum glass for maximum 

efficiency and sustainability. The findings highlight that advanced Technological materials 

provide significant long-term economic and environmental benefits. 

Keywords: Refrigeration, refrigerated display cabinet, thermal insulation, anti-fogging glass, 

sustainability, energy efficiency. 
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1. Giriş 

 

Teşhir tipi soğutucular, modern perakende gıda sektörünün temel ekipmanları arasında yer 

almaktadır. Süpermarketler ve büyük mağazalar, taze ve dondurulmuş gıda ürünlerini tüketicilere 

estetik ve dikkat çekici bir şekilde sunabilmek için bu sistemleri yaygın olarak kullanmaktadır. 

Ancak, ticari açıdan büyük öneme sahip olmalarına rağmen, teşhir tipi soğutucular performans ve 

işletme verimliliğini doğrudan etkileyen çeşitli teknik problemlerle karşı karşıyadır. Bu 

problemlerin başında, geleneksel yalıtım sistemlerinin yetersizliği nedeniyle ortaya çıkan yüksek 

enerji tüketimi gelmektedir. Yetersiz yalıtım, dış ortamdan iç ortama ısı geçişine neden olarak 

soğutma sisteminin ısıl yükünü artırmakta ve buna bağlı olarak enerji tüketimini yükseltmektedir. 

Bunun yanı sıra, cam yüzeylerde meydana gelen yoğuşma (buğulanma) problemi de önemli bir 

sorun oluşturmaktadır. Cam yüzeylerde oluşan buğu veya su damlacıkları, ürünlerin 

görünürlüğünü azaltmakta, görsel sunumu olumsuz etkilemekte ve tüketicilerin satın alma kararını 

negatif yönde etkileyebilmektedir. 

Literatürde bu konuyla ilgili bir çalışmada, yalnızca poliüretan (PU) yalıtımlı standart model 

ile yüzey alanının %52'sini kaplayan 20 mm Vakum Yalıtım Paneli (VIP) model incelenmiştir. 

Sonuçlar, VIP kullanımının yalıtımdan gerçekleşen ısı akışını %38,5–41,6 oranında azalttığını 

göstermiştir. Ölçümler ise günlük enerji tüketiminde soğutma modunda %12,5, dondurma 

modunda ise %12,4 oranında düşüş sağlandığını ortaya koymuştur (Hammond & Evans, 2014). 

Dong ve arkadaşları, soğuk zincir lojistiğinde kullanılan XPS, PU, VIP ve aerojel yalıtım 

malzemelerini termal performans, güvenlik ve ekonomik açıdan incelemiştir. VIP panellerin 

0,0046–0,0059 W/mK seviyesindeki düşük termal iletkenlikleri sayesinde PU ve XPS'e göre 6–9 

kat daha yüksek yalıtım performansı sunduğu ifade edilmiştir (Dong vd., 2023).  

Smith ve arkadaşları, soğutma cihazlarında VIP ve PU yalıtımların uzun vadeli performans 

kaybını incelemiştir. Çalışmada VIP performansının zamanla gaz ve su buharı geçirgenliğine bağlı 

olarak değiştiği, yeni nesil bariyer filmlerinin ömrünün 20 yılı aşabildiği, eski tiplerin ise 7–10 yıl 

ile sınırlı kaldığı belirtilmiştir. PU köpükte ise 2 yıl içinde yaklaşık %20, 20 yıl sonunda ise %30'a 

varan performans düşüşü ve yüksek nem koşullarında 250 günde %40'a kadar kayıp görüldüğü 

rapor edilmiştir (Smith vd., 2010). Li ve arkadaşları, silika aerojel ısı yalıtım battaniyelerinin 

termal performansını hem teorik hem de deneysel olarak incelemiştir. Çalışmada aerojelin termal 

iletkenliği yaklaşık 0,015 W/mK olarak belirlenmiş ve bu değerin havadan bile düşük olduğu rapor 

edilmiştir. 3–12 mm kalınlık artışı yüzey sıcaklığında yalnızca yaklaşık 2–11°C iyileşme 

sağlarken, ısı kaynağı ile mesafe artışının çok daha etkili olduğu gösterilmiştir (Li vd., 2024). 

Teşhir tipi soğutucularda yoğuşmayı önlemek ve enerji verimliliğini artırmak amacıyla, ısıl 

iletkenliği düşük PVC profillerin ve argon gazı dolgulu camların kullanımı incelenmiştir. Yeni 

kapı tasarımıyla ısı transfer katsayısında %30,26 oranında iyileşme sağlanmış ve yüzey 

sıcaklıklarının optimize edilmesiyle yoğuşma sorunu giderilmiştir. Bu iyileştirmeler neticesinde 

yıllık enerji tüketimi 2489 kWh/yıl değerine gerileyerek %3,94'lük bir tasarruf elde edilmiştir 

(Erdoğmuş vd., 2025). Vakumlu cam teknolojisi (vacuum glazing), iki cam levha arasında 

oluşturulan vakum (0,1 Pa altı) ve düşük emisyonlu (Low-E) kaplamalar sayesinde gaz kaynaklı 

iletimi ve radyasyonu minimize eden ileri bir yalıtım çözümü olarak incelenmiştir. Yapılan 

analizler, özel destek kolonları ve kaplamalarla toplam ısı geçiş katsayısının 0,2 W/m²K gibi 

oldukça düşük seviyelere çekilebildiğini, aerojel destekli tasarımların ise ısıl performansı %46–53 

oranında artırabildiğini göstermiştir. Bu teknoloji, binaların yanı sıra dikey dondurucu kapıları gibi 

ticari soğutma uygulamalarında da elektrikli ısıtma ihtiyacını ortadan kaldırarak yüksek enerji 

tasarrufu ve karbon emisyonu azaltımı sağlama potansiyeline sahiptir (Cüce & Cüce, 2016). 
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Bu araştırmanın temel amacı, teşhir tipi soğutucularda kullanılmak üzere geliştirilmiş yüksek 

ısıl dirençli yalıtım sistemleri ve yeni nesil yoğuşma karşıtı cam teknolojilerinin performansını 

incelemek ve değerlendirmektir. Bu kapsamda, geleneksel yalıtım malzemeleri (poliüretan köpük 

vb.) ile yüksek ısıl dirençli malzemelerin (vakum yalıtım panelleri - VIP, aerojel vb.) ısıl 

performansları karşılaştırılmış ve enerji verimliliğine katkıları belirlenmiştir. Farklı yoğuşma 

önleyici cam teknolojilerinin soğutucu iç ortam koşullarında yoğuşmayı önleme performansı 

analiz edilmiş ve görüntü kalitesine etkisi değerlendirilmiştir. 

 

2. Yöntem 

 

2.1.Referans Model 

Çalışmada yürütülen ısıl analizlerin endüstriyel geçerliliğini artırmak amacıyla, sektörün 

standart tasarımlarını yansıtan dikey tip ticari bir teşhir soğutucusu (Şekil 1) referans model olarak 

belirlenmiştir. Mevcut model, hem opak gövde yüzeylerindeki iletimsel ısı yüklerini hem de geniş 

cam yüzeylerdeki karmaşık ısı geçişlerini temsil edebilecek teknik özelliklere sahiptir. Kullanılan 

temel parametreler Tablo 1.'de verilmiştir. 

                                                                  Tablo 1. Referans model parametreleri 

                  Şekil 1. Referans model  

 

2.2.Yalıtım Malzemeleri ve Hesaplama 

Yöntemi 

Gövde yalıtımında dört farklı malzeme 

incelenmiştir. Poliüretan köpük (PUR), teşhir tipi soğutucularda en yaygın kullanılan yalıtım 

malzemesi olup düşük maliyeti ve kolay uygulanabilirliği sayesinde endüstri standardı haline 

gelmiştir (k değeri 0,025 W/mK). Poliizosiyanürat köpük (PIR), PUR'a benzer ancak daha yüksek 

sıcaklık direnci ve biraz daha iyi ısıl performans sunan bir malzemedir (k değeri 0,021 W/mK). 

Vakum Yalıtım Paneli (VIP), iki tabakalı metalik bariyer film arasına yerleştirilen mikro gözenekli 

bir dolgu malzemesinin vakum altında kapatılmasıyla üretilmektedir. Bu yapı sayesinde termal 

iletkenliği son derece düşük olmakta ve aynı kalınlıktaki geleneksel yalıtım malzemelerinden 6–9 

kat daha üstün performans sergilemektedir (k değeri 0,007 W/mK) (Dong vd., 2023). Aerojel ise 

%95'ten fazlası hava olan nano gözenekli yapısıyla bilinen en düşük yoğunluklu katı 

malzemelerden biridir. Isıl iletkenliği (k değeri 0,014 W/mK) havadan bile düşük olup üstün termal 

Parametre Değer 

Boyutlar (Y × G × D) 2180×2500×1180 

mm 

Toplam duvar alanı 

(Aduvar) 

10,6 m² 

Cam kapı alanı (Acam) 5,45 m² 

Duvar kalınlığı 40 mm 

Dış ortam sıcaklığı  25°C  

İç ortam sıcaklığı +2°C  

Bağıl nem %60  

Sıcaklık farkı (ΔT) 23 K 

COP (R449A) 2,4  
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özellikleri vardır; ancak üretim maliyeti yüksektir (Li vd., 2024). Tüm malzemeler için 40 mm 

sabit kalınlık esas alınmıştır. 

Isı yalıtım hesaplamalarında Fourier'in ısı iletim yasası Denklemleri (1), (2), (3), (4) 

kullanılmıştır (Çengel, 2023): 

 𝑅 =
𝑑

𝑘
                                                                   (1) 

𝑞 =
Δ𝑇

𝑅
                                                                  (2) 

𝑄̇ = 𝑞 𝐴                                                                 (3) 

Wyıl = (𝑄̇ 8760h) / (COP)                                           (4) 

 

Burada R ısıl direnç (m²K/W), d kalınlık (m), k ısıl iletkenlik (W/mK), q ısı akısı (W/m²), 𝑄̇ 

toplam ısı gücü (W), A yüzey alanı (m²) ve COP = 2,4 enerji performans katsayısıdır. 

Malzemelerin ısıl özellikleri ve hesaplanan yıllık enerji değerleri Tablo 2.'de sunulmuştur. 

 

Tablo 2. Yalıtım malzemeleri termal performans karşılaştırması 

Malzeme k (W/mK) R 

(m²K/W) 

Q 

(kWh/yıl) 

W 

(kWh/yıl) 

Tasarruf 

(%) 

PUR 

(Referans) 

0,025 (Dong vd., 2023) 1,600 1334,805 556,17 – 

PIR 0,021 (Makaveckas vd, 

2020) 

1,905 1121,24 467,18 16,0 

Aerojel 0,014 (Li vd., 2024) 2,857 747,49 311,45 44,0 

VIP 0,007 (Dong vd., 2023) 5,714 373,75 155,73 72,0 

 

2.3. Cam Teknolojileri ve Yoğuşma Analizi 

Cam kapılardaki ısı kazancını ve yoğuşmayı azaltmak için beş farklı teknoloji incelenmiştir. 

Çift cam, iki cam levha arasında hava boşluğu bulunan standart yapıdır ve referans olarak 

alınmıştır (U değeri 2,7 W/m²K) (Cüce & Cüce, 2016). Üçlü cam, üç cam levha ve iki boşluktan 

oluşan daha gelişmiş bir yapıdır (U değeri 2,0 W/m²K). Low-E + Argon, cam yüzeyine uygulanan 

düşük emisyonlu metal kaplama ile argon gazı dolgusu kombinasyonudur; ısıl ışınımı azaltarak 

verimli yalıtım sağlar (U değeri 1,42 W/m²K) (ASHRAE, 2021). Vakumlu cam, iki cam levha 

arasında vakum (0,1 Pa altı) oluşturulmasıyla gaz kaynaklı ısı iletimini neredeyse tamamen ortadan 

kaldıran ileri bir teknolojidir (U değeri 0,65 W/m²K) (Cüce & Cüce, 2016). Elektrikle ısıtmalı cam, 

entegre iletken tel ile aktif ısıtma sağlayarak yoğuşmayı tamamen önler ancak ek elektrik tüketimi 

gerektirir (U değeri 1,75 W/m²K). 

Cam analizlerinde Denklem (5),(6) ve (7) kulanılmaktadır: 

 

  𝑞 = 𝑈 Δ𝑇                                                       (5) 

𝑄̇ = 𝑞 𝐴cam                                                     (6) 

𝑊elektrik,yıl =
𝑄soğutma,yıl

COP
                                           (7) 

25°C ve %60 bağıl neme sahip havanın çiy noktası sıcaklığı 16,7°C'dir. Cam yüzey 

sıcaklığının bu değerin üzerinde kalması yoğuşmayı önlemek için zorunludur. Tablo 3.'te her cam 

tipinin karşılaştırması sunulmuştur. 
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                                Tablo 3. Cam teknolojileri karşılaştırmalı performansı 

Cam Tipi U (W/m²K) W (kWh/yıl) Tasarruf (%) 

Çift cam (Referans) 2,7 (Cüce & Cüce, 2016) 1235,38 – 

Üçlü cam 2,0 (ASHRAE, 2021) 915,08 25,9 

Elektrikle ısıtmalı 1,75 (ASHRAE, 2021) 800,58 35,2 

Low-E + Argon 1,4 (ASHRAE, 2021) 640,58 48,1 

Vakumlu cam 0,65 (Cüce & Cüce, 2016) 297,46 75,9 

 

2.4.Ekonomik ve Çevresel Analiz Yöntemi 

Her yalıtım + cam kombinasyonu için toplam yıllık elektrik tüketimi (duvar + cam 

bileşenleri toplanarak) hesaplanmış ve referans sistem (PUR + Çift cam, 1791,5 kWh/yıl) ile 

karşılaştırılmıştır. Yıllık parasal tasarruf, enerji farkının elektrik fiyatı ile çarpımından (4 TL/kWh 

Kabul edilmiştir). Malzeme birim fiyatları duvar alanı (10,6 m²) ve cam alanı (5,45 m²) ile 

çarpılarak kurulum maliyeti belirlenmiş; referansa göre oluşan ek yatırım, yıllık tasarrufa 

bölünerek basit geri ödeme süresi Denklem (8) ile hesaplanmıştır: 

 

Geri ödeme süresi (yıl) = Ek yatırım (TL) / Yıllık tasarruf miktarı (TL/yıl)                      (8) 

 

Çevresel etki değerlendirmesinde Türkiye elektrik şebekesi için ortalama emisyon faktörü 

0,45 kg CO₂/kWh olarak kullanılmıştır, her kombinasyonun yıllık CO₂ azaltımı Denklem (9) ile 

hesaplanmıştır: 

 

CO₂ azaltımı (kg/yıl) = ΔW (kWh/yıl) × 0,45 kg CO₂/kWh                          (9) 

 

3. Bulgular ve Tartışma 

Yalıtım malzemeleri arasında VIP, 5,714 m²K/W ısıl direnci ile referans PUR'a kıyasla %72 

enerji tasarrufu sağlamaktadır. Aerojel 0,014 W/mK ile ikinci en iyi ısıl performansı sunmakta 

(%44 tasarruf) ancak yüksek maliyeti nedeniyle ekonomik açıdan dezavantajlıdır. PIR ise benzer 

fiyata karşın PUR'a göre %16 tasarruf sunmaktadır. 

Cam teknolojileri değerlendirildiğinde, vakumlu camın 0,65 W/m²K ile en düşük U-değerine 

sahip olduğu ve dış yüzey sıcaklığını 24,0°C'ye yükselttiği görülmektedir. Bu değer çiy noktasının 

(16,7°C) çok üzerinde olup ek enerji harcamadan tam yoğuşma önleme imkânı sağlamaktadır. 

Low-E + Argon ise 22,9°C dış yüzey sıcaklığıyla fiyat/performans dengesi en iyi seçenek olarak 

öne çıkmaktadır. Elektrikle ısıtmalı cam %100 yoğuşmasız çalışma sağlamakla birlikte ek enerji 

tüketimi gerektirdiğinden net tasarruf azalmaktadır. 
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Şekil 2: Kombinasyonların ekonomik ve çevresel analizi 

 

PUR + Low-E + Argon kombinasyonu, yalnızca 0,8 yıl geri ödeme süresiyle en hızlı kazancı 

sunmaktadır. Bunun yanında, yıllık 268 kg CO₂ azaltımı sağlamaktadır. VIP + Vakumlu cam ise 

6,55 yıl geri ödeme süresine sahip olmakla birlikte soğutucunun 10–15 yıl kullanım ömrü göz 

önüne alındığında ekonomik açıdan kârlı bir yatırımdır; yıllık 5.353 TL tasarruf ve 602 kg CO₂ 

azaltımıyla en yüksek enerji ve çevresel performansı sunmaktadır. Aerojel + Çift cam 

kombinasyonu 24,09 yıl geri ödeme süresiyle soğutucunun kullanım ömrünü aşmakta ve bu 

anlamda önerilmemektedir.  

 

4. Sonuç 

Bu çalışma, referans alınan teşhir tipi soğutucu için ısı yalıtım malzemeleri ve cam 

teknolojilerinin enerji, ekonomi ve çevre boyutlarını bütünleşik olarak değerlendirmiş ve aşağıdaki 

sonuçlara ulaşmıştır: 

• En yüksek termal performans VIP malzemeye aittir (%72 duvar enerji tasarrufu). Vakumlu 

cam ise %75,9 cam tasarrufu ile cam teknolojileri arasında öne çıkmaktadır. 

• VIP + Vakumlu cam kombinasyonu yıllık 5.353 TL tasarruf ve 602 kg CO₂ azaltımı 

sağlamakta; ek enerji harcamadan yoğuşmayı tamamen önlemektedir. 6,55 yıl geri ödeme 

süresi, soğutucunun 10–15 yıl ömrü göz önüne alındığında ekonomik açıdan uygundur. 

• Ekonomik olarak en kısa geri ödeme süresi açısından PUR/PIR + Low-E + Argon en uygun 

seçenektir. 0,80–0,83 yıl geri ödeme süresi ve 268–308 kg CO₂/yıl azaltımı ile hem hızlı 

kazanç hem de çevresel katkı sunmaktadır. 

• Aerojel malzeme, üstün termal özelliklere karşın yüksek maliyete sahiptir (24 yıla kadar 

geri ödeme süresi). 

• Yüzey kaplama teknolojileri (hidrofilik/hidrofobik/nano) tek başına yetersiz kalmakta; 

mutlaka termal yalıtım çözümleriyle birlikte kullanılmalıdır. 

Teşekkür 

Bu çalışmaya vermiş olduğu katkılardan dolayı Nurdil Teknik Soğutma A.Ş.’ye teşekkür 

ederiz.  
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ABSTRACT  

Protein folding prediction is one of the most important challenges in the field of bioinformatics 

and molecular biology. Proteins must fold into specific three-dimensional structures to perform 

their biological functions correctly. Incorrect folding can lead to serious diseases such as 

Alzheimer’s disease, Parkinson’s disease, and cancer. Traditional laboratory methods used to 

determine protein structures are accurate but often require high cost, advanced equipment, and 

long processing time. Artificial Intelligence (AI) has emerged as a powerful solution for improving 

the speed and accuracy of protein structure prediction. 

AI-based protein folding systems use machine learning and deep learning algorithms to analyze 

amino acid sequences and predict the final structure of proteins. These models are trained using 

large biological databases containing known protein structures. Advanced AI techniques, 

especially neural networks, can identify hidden patterns and relationships between protein 

sequences and their spatial arrangements. Modern AI systems such as AlphaFold have 

demonstrated highly accurate predictions, helping researchers accelerate drug discovery, disease 

analysis, and biotechnology research. 

KEYWORDS 

Protein Folding, Artificial Intelligence, Bioinformatics, Deep Learning, Machine Learning, Neural 

Networks, Amino Acid Sequence, Protein Structure Prediction, Computational Biology, Drug 

Discovery, Molecular Biology, AlphaFold, Biotechnology, Disease Analysis, Structural Biology. 
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[1] INTODUCTION  

Predicting the three-dimensional structure of proteins has been a major challenge in molecular 

biology and bioinformatics for many years. Traditional experimental techniques such as X-ray 

crystallography, nuclear magnetic resonance (NMR), and cryo-electron microscopy are commonly 

used to determine protein structures. Although these methods provide accurate results, they are 

time-consuming, expensive, and require sophisticated laboratory facilities. 

Artificial Intelligence (AI) has recently transformed the field of protein folding prediction by 

providing faster and more efficient computational methods. AI techniques such as machine 

learning and deep learning can analyze large biological datasets and identify complex patterns in 

amino acid sequences. These systems are capable of predicting protein structures with high 

accuracy in less time compared to traditional methods. One of the major breakthroughs in this field 

is AlphaFold, which demonstrated remarkable success in predicting protein structures and 

advancing biological research. 

[2] STRUCTURE AND FUNCTION OF PROTEINS 

Structure of Proteins 

A. Primary Structure: The primary structure is the linear sequence of amino acids in a protein 

chain. This sequence is unique for every protein and forms the basis for higher levels of folding. 

B. Secondary Structure: The secondary structure refers to local folding patterns formed by 

hydrogen bonds between amino acids. The two common forms are alpha-helices and beta-sheets. 

C. Tertiary Structure: The tertiary structure is the complete three-dimensional shape of a single 

protein molecule. It is formed through interactions such as hydrogen bonds, ionic bonds, and 

hydrophobic interactions. 

D. Quaternary Structure: The quaternary structure exists when two or more protein chains 

combine to form a functional protein complex. 

Function of Proteins 

A. Enzymatic Function: Enzymes are proteins that speed up biochemical reactions in the body, 

such as digestion and energy production. 

B. Structural Function: Structural proteins provide support and strength to cells and tissues. 

Examples include collagen and keratin. 

C. Transport Function: Transport proteins carry substances like oxygen, nutrients, and ions 

throughout the body. Hemoglobin is an example of a transport protein. 

D. Defense Function: Proteins called antibodies help protect the body against harmful bacteria 

and viruses. 

E. Hormonal and Signaling Function: Some proteins act as hormones and chemical messengers 

that help in communication between cells. 

F. Movement Function: Certain proteins support muscle movement and cellular motion. Actin 

and myosin are examples involved in muscle contraction. 

[3] IMPORTANCE OF PROTEIN FOLDING PREDICTION 

Protein folding prediction is important because the function of a protein depends on its three-

dimensional structure. Correct protein folding helps proteins perform biological activities 

properly, while incorrect folding can cause diseases such as Alzheimer’s disease and Parkinson’s 

disease. 

Protein structure prediction helps scientists understand diseases, develop new medicines, and 

improve drug discovery. It also reduces the time and cost required for laboratory experiments. In 

biotechnology and medical research, predicting protein structures supports the development of 

vaccines, therapeutic proteins, and improved treatments. Artificial Intelligence technologies such 
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as AlphaFold have made protein folding prediction faster and more accurate, greatly benefiting 

healthcare and biological research. 

[4] TRADITIONAL METHODS OF PROTEIN STRUCTURE PREDICTION 

A. X-ray Crystallography: X-ray crystallography is one of the most common methods used to 

study protein structures. In this technique, proteins are converted into crystal form and exposed to 

X-ray beams. The diffraction patterns produced by the crystals are analyzed to determine the 

arrangement of atoms within the protein. This method provides highly detailed structural 

information but requires successful crystal formation, which can be difficult for some proteins. 

B. Nuclear Magnetic Resonance Spectroscopy: NMR spectroscopy is used to determine protein 

structures in liquid form. It studies the magnetic properties of atomic nuclei to identify the positions 

of atoms in a protein molecule. This method is useful for analyzing smaller proteins and 

understanding protein movement and flexibility. However, it becomes less effective for large and 

complex proteins. 

C. Cryo-Electron Microscopy: Cryo-electron microscopy is a modern imaging technique in 

which protein samples are frozen at very low temperatures and examined using electron 

microscopes. It allows researchers to observe protein structures without crystallization. Cryo-EM 

is especially useful for studying large protein complexes, but the equipment required is expensive 

and highly advanced. 

D. Homology Modeling: Homology modeling is a computational method based on the similarity 

between proteins. If the structure of a related protein is already known, scientists can predict the 

structure of a new protein using sequence comparison. The accuracy of this method depends on 

the similarity between the known and unknown proteins. 

[5] MACHINE LEARNING TECHNIQUES IN PROTEIN PREDICTION 

A. Supervised Learning: Supervised learning is widely used in protein prediction. In this method, 

algorithms are trained using labeled datasets containing known protein sequences and structures. 

The model learns the relationship between sequence patterns and protein structures, allowing it to 

predict unknown protein configurations accurately. 

B. Artificial Neural Networks: Artificial Neural Networks are inspired by the functioning of the 

human brain. They process large amounts of biological data and identify hidden relationships 

between amino acids. Neural networks are highly effective in recognizing complex structural 

patterns in proteins. 

C. Deep Learning: Deep learning is an advanced form of machine learning that uses multiple 

neural network layers to analyze biological information. Deep learning models can study protein 

folding patterns, residue interactions, and structural relationships more efficiently than traditional 

computational methods. Modern AI systems such as AlphaFold use deep learning techniques to 

achieve highly accurate protein structure predictions. 

D. Support Vector Machines: Support Vector Machines are used for classification tasks in 

bioinformatics. They help identify protein properties such as secondary structure, folding patterns, 

and functional regions based on sequence data. 

E. Random Forest Algorithms: Random Forest is a machine learning method that combines 

multiple decision trees to improve prediction accuracy. It is commonly used for protein 

classification, structure prediction, and identifying protein interactions. 

[6] WORKING PRINCIPLE OF ALPHAFOLD 

AlphaFold works by using Artificial Intelligence and deep learning techniques to predict the three-

dimensional structure of proteins from their amino acid sequences. The system analyzes the input 

protein sequence and compares it with large biological databases containing known protein 
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structures. Using deep neural networks, AlphaFold identifies patterns, predicts distances and 

interactions between amino acids, and determines how the protein folds in space. It continuously 

refines the predicted model to improve accuracy and also provides confidence scores for the 

generated structure. This advanced AI-based approach helps researchers obtain accurate protein 

structures quickly, reducing the time and cost required by traditional laboratory methods. 

 

[7] CHALLENGES AND LIMITATIONS 

 

Challenges 

 

 

Limitations 

 

 

 

High cost 

 

 

Prediction errors 

 

 

Large datasets 

 

 

Limited accuracy 

 

 

Complex proteins 

 

 

Lab verification needed 

 

 

Heavy computation 

 

 

Data dependency 

 

 

Technical expertise 

 

 

Incomplete analysis 

 

 

Time-consuming training 

 

 

Environmental factors ignored 

 

 

Data management 

 

 

Cannot replace experiments 

 

 

[8] CONCLUSION  

Protein folding prediction with Artificial Intelligence has transformed the field of bioinformatics 

and molecular biology by providing faster and more accurate methods for determining protein 

structures. AI techniques such as machine learning and deep learning help researchers analyze 

complex protein sequences efficiently and support advancements in drug discovery, disease 

research, and biotechnology. Systems like AlphaFold have significantly improved prediction 

accuracy and reduced the time required compared to traditional laboratory methods. Although 

challenges such as high computational requirements and prediction limitations still exist, AI 

continues to play a major role in advancing healthcare and scientific research. Future developments 

in AI are expected to further improve protein structure prediction and contribute to better medical 

treatments and biological understanding.  
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ABSTRACT 

Medicinal plants continue to play a vital role in traditional and modern healthcare systems due to 

their diverse bioactive compounds and therapeutic potential. Azadirachta indica [Neem] and 

Acalypha indica [Kuppaimeni] are widely used in traditional medicine, particularly in Ayurveda 

and Siddha systems, for the management of various ailments. This review aims to provide a 

comprehensive overview of the phytochemical constituents and medicinal applications of these 

two plants. Neem is rich in bioactive compounds such as azadirachtin, nimbin, nimbidin, 

flavonoids, and tannins, which exhibit antimicrobial, anti-inflammatory, antioxidant, antidiabetic, 

and anticancer properties. Similarly, Kuppaimeni contains alkaloids, flavonoids, saponins, and 

phenolic compounds, contributing to its pharmacological activities including antimicrobial, 

antifungal, anti-inflammatory, wound healing, and antiparasitic effects. Both plants have shown 

significant potential in the treatment of skin disorders, respiratory conditions, gastrointestinal 

issues, and infectious diseases. Recent scientific studies also support their role in green synthesis 

of nanoparticles, enhancing their relevance in nanomedicine. Despite their extensive traditional 

usage, further clinical studies and standardization are necessary to validate their efficacy, safety, 

and dosage. This review highlights the importance of Neem and Kuppaimeni as valuable sources 

of natural therapeutics and encourages future research for their integration into modern drug 

development. 

Keywords: Azadirachta indica, Acalypha indica, Phytochemistry, Medicinal plants, 

Antimicrobial activity, Anti-inflammatory, Antioxidant. 
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1. INTRODUCTION: 

1.1 Importance of Medicinal Plants: 

Medicinal plants have been used for centuries as primary sources of healthcare and continue to 

play a crucial role in disease prevention and treatment. They contain a diverse range of bioactive 

compounds, including alkaloids, flavonoids, terpenoids, phenolics, tannins, and glycosides, which 

contribute to their therapeutic properties. The increasing prevalence of chronic diseases, 

antimicrobial resistance, and the adverse effects associated with synthetic drugs have renewed 

interest in plant-based medicines. Medicinal plants are often considered safer, more affordable, 

and readily accessible than conventional pharmaceuticals, particularly in developing countries. 

Furthermore, many modern drugs have originated from natural products, highlighting the 

importance of medicinal plants in drug discovery and development [1]. 

 

1.2 Role of Traditional Medicine in Healthcare: 

Traditional medicine encompasses knowledge, skills, and practices developed over generations for 

maintaining health and treating diseases. Systems such as Ayurveda, Siddha, Unani, and 

Traditional Chinese Medicine extensively utilize medicinal plants as therapeutic agents. 

According to global health estimates, a significant proportion of the world's population relies on 

herbal medicines for primary healthcare needs. Traditional medicine provides holistic treatment 

approaches that focus on restoring balance within the body while minimizing adverse effects. The 

integration of traditional knowledge with modern scientific research has enhanced understanding 

of the pharmacological activities of medicinal plants and facilitated the development of evidence-

based herbal therapies [2]. 

 

1.3 Significance of Azadirachta indica and Acalypha indica: 

Azadirachta indica (Neem) and Acalypha indica (Indian Copperleaf) are two medicinal plants 

widely recognized for their therapeutic potential. Neem belongs to the family Meliaceae and has 

been extensively used in traditional medicine for the treatment of infections, inflammation, 

diabetes, skin disorders, and wound healing. Various parts of the plant, including leaves, bark, 

seeds, and flowers, possess medicinal properties due to the presence of bioactive compounds such 

as azadirachtin, nimbin, nimbolide, quercetin, and other limonoids [3]. 

Acalypha indica, a member of the Euphorbiaceae family, is commonly employed in traditional 

healthcare systems for the treatment of respiratory disorders, skin diseases, gastrointestinal 

ailments, and inflammatory conditions. The plant contains several phytochemicals including 

alkaloids, flavonoids, tannins, saponins, and phenolic compounds that contribute to its 

pharmacological activities. Scientific studies have demonstrated antimicrobial, antioxidant, anti-

inflammatory, antidiabetic, and wound-healing properties of Acalypha indica. The therapeutic 

versatility of both plants makes them valuable resources for pharmaceutical and biomedical 

applications [4]. 

 

1.4 Objectives of the Review: 

The present review aims to provide a comprehensive overview of the phytochemical composition 

and medicinal applications of Azadirachta indica and Acalypha indica. It focuses on their botanical 

characteristics, traditional uses, phytochemical constituents, pharmacological activities, 

biomedical applications, safety profiles, and future research prospects. Additionally, the review 

compares the therapeutic potential of both plants to highlight their significance in modern 

healthcare and drug development [5]. 
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2. BOTANICAL DESCRIPTION: 

 

2.1 Taxonomy and Classification: 

 

 
Figure 1: Azadirachta indica 

 

Azadirachta indica 

• Kingdom: Plantae  

• Division: Magnoliophyta  

• Class: Magnoliopsida  

• Order: Sapindales  

• Family: Meliaceae  

• Genus: Azadirachta  

• Species: Azadirachta indica A. Juss.  

Acalypha indica 

• Kingdom: Plantae  

• Division: Magnoliophyta  

• Class: Magnoliopsida  

• Order: Malpighiales  

• Family: Euphorbiaceae  

• Genus: Acalypha  

• Species: Acalypha indica Linn.  

Both species are angiosperms and are widely distributed in tropical and subtropical regions where 

they have been utilized for medicinal purposes for centuries [6]. 
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Figure 2: Acalypha indica 

 

2.2 Morphological Characteristics: 

Azadirachta indica is a fast-growing evergreen tree that can attain heights of 15–30 meters. The 

tree possesses a straight trunk with rough brown bark and a broad crown. Leaves are pinnately 

compound with serrated leaflets. Flowers are small, white, fragrant, and arranged in axillary 

panicles. Fruits are smooth, olive-like drupes containing a single seed rich in medicinally active 

compounds. Acalypha indica is an erect annual herb growing up to 30–80 cm in height. It has a 

slender stem and ovate leaves with serrated margins. The flowers are greenish and arranged in 

axillary spikes. The plant produces small capsule-like fruits containing seeds. Unlike neem, which 

is a tree, Acalypha indica is a herbaceous plant commonly found in wastelands, roadsides, and 

cultivated fields [7]. 

 

2.3 Geographical Distribution and Habitat: 

Azadirachta indica is native to the Indian subcontinent and is widely distributed throughout India, 

Pakistan, Bangladesh, Sri Lanka, and Southeast Asia. It has also been introduced to Africa, 

Australia, and parts of the Americas due to its medicinal and agricultural importance. Neem thrives 

in tropical and semi-arid climates and is highly resistant to drought conditions. Acalypha indica is 

distributed throughout tropical Asia, Africa, and other warm regions of the world. It commonly 

grows in disturbed habitats, grasslands, gardens, roadsides, and agricultural fields. The plant 

prefers moist, fertile soils and warm climatic conditions. Its widespread distribution and 

adaptability contribute to its extensive use in traditional medicine [8]. 

 

3. TRADITIONAL AND ETHNOMEDICINAL USES: 

3.1 Traditional Uses of Azadirachta indica: 

Neem has been an integral component of Ayurveda, Siddha, and Unani medicine for centuries. 

Leaves are traditionally used to treat skin infections, eczema, psoriasis, acne, and wounds. Neem 

bark is employed for managing fever, malaria, and gastrointestinal disorders. Seeds and seed oil 

are used for treating parasitic infections and inflammatory conditions. Neem twigs are commonly 

utilized as natural toothbrushes due to their antimicrobial properties. Additionally, neem extracts 

are widely used in agriculture as eco-friendly biopesticides [9]. 
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3.2 Traditional Uses of Acalypha indica: 

Acalypha indica has been traditionally employed as an expectorant, laxative, diuretic, and wound-

healing agent. The leaves are commonly used to manage respiratory disorders such as asthma, 

bronchitis, and cough. Leaf paste is applied topically for skin infections, wounds, burns, and insect 

bites. The plant is also used to alleviate digestive disorders, constipation, and inflammatory 

conditions. In some traditional systems, Acalypha indica is utilized for the treatment of snake bites 

and parasitic infections [10]. 

 

3.3 Comparative Ethnomedicinal Applications: 

Both Azadirachta indica and Acalypha indica are extensively used in traditional medicine for 

treating infections, inflammation, and skin disorders. However, neem is more commonly 

associated with antimicrobial, antidiabetic, and dental applications, whereas Acalypha indica is 

particularly valued for respiratory and gastrointestinal disorders. The complementary therapeutic 

properties of these plants support their continued use in herbal medicine and encourage further 

scientific investigation [11]. 

 

4. PHYTOCHEMICAL CONSTITUENTS: 

Phytochemicals are naturally occurring bioactive compounds that contribute significantly to the 

medicinal properties of plants. The therapeutic potential of Azadirachta indica and Acalypha 

indica is largely attributed to their rich and diverse phytochemical composition. These compounds 

exhibit antimicrobial, antioxidant, anti-inflammatory, anticancer, antidiabetic, and wound-healing 

activities. 

 

4.1 Phytochemicals Present in Azadirachta indica: 

Azadirachta indica contains more than 300 biologically active compounds distributed throughout 

its leaves, bark, seeds, flowers, fruits, and roots. Among these, limonoids, flavonoids, terpenoids, 

and phenolic compounds are the most extensively studied. 

 

a) Limonoids: 

Limonoids represent the major class of bioactive compounds found in neem. Important limonoids 

include azadirachtin, nimbin, nimbidin, salannin, gedunin, and nimbolide. These compounds are 

primarily concentrated in the seeds and leaves. Azadirachtin is well known for its insecticidal 

activity, while nimbidin and nimbolide possess significant antimicrobial, anti-inflammatory, and 

anticancer properties. Gedunin has demonstrated antimalarial and antiproliferative activities in 

several studies. 

b) Flavonoids: 

Neem contains several flavonoids such as quercetin, rutin, kaempferol, and catechin. These 

compounds exhibit strong antioxidant properties by scavenging reactive oxygen species and 

reducing oxidative stress. Flavonoids also contribute to anti-inflammatory, hepatoprotective, and 

cardioprotective effects. 

c) Terpenoids: 

Terpenoids constitute another important group of secondary metabolites in neem. These 

compounds play a crucial role in plant defense and possess antibacterial, antifungal, antiviral, and 

anti-inflammatory activities. The terpenoid-rich fractions of neem have shown potential 

therapeutic applications in infectious and inflammatory diseases. 
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d) Phenolic Compounds: 

Phenolic compounds including gallic acid, ferulic acid, caffeic acid, and chlorogenic acid are 

present in various parts of neem. These compounds contribute to antioxidant activity by 

neutralizing free radicals and protecting cellular components from oxidative damage. Phenolics 

also exhibit antimicrobial and anticancer properties [12-17]. 

 

4.2 Phytochemicals Present in Acalypha indica: 

Acalypha indica is rich in numerous secondary metabolites that contribute to its medicinal 

importance. Phytochemical screening has identified alkaloids, flavonoids, tannins, saponins, 

steroids, glycosides, and phenolic compounds. 

 

a) Alkaloids: 

Alkaloids are nitrogen-containing compounds known for their diverse pharmacological activities. 

Several alkaloids isolated from Acalypha indica exhibit antimicrobial, analgesic, anti-

inflammatory, and neuroprotective effects. These compounds contribute significantly to the 

therapeutic potential of the plant. 

b) Flavonoids: 

Flavonoids such as quercetin and kaempferol derivatives are commonly found in Acalypha indica. 

These compounds exhibit potent antioxidant activity and help reduce cellular damage caused by 

oxidative stress. Flavonoids are also associated with anti-inflammatory and anticancer effects. 

c) Tannins: 

Tannins are polyphenolic compounds that possess antimicrobial, antioxidant, and astringent 

properties. They contribute to wound healing by promoting tissue contraction and preventing 

microbial infection. The presence of tannins supports the traditional use of Acalypha indica in 

treating skin diseases and wounds. 

d) Saponins: 

Saponins are glycosidic compounds known for their antimicrobial and immunomodulatory 

properties. They enhance membrane permeability and contribute to the plant's therapeutic effects 

against infections and inflammatory conditions. 

e) Phenolic Compounds: 

Phenolic acids and related compounds present in Acalypha indica exhibit strong antioxidant 

activities. These compounds protect biological systems from oxidative damage and may reduce 

the risk of chronic diseases associated with oxidative stress [18-21]. 

 

4.3 Comparative Phytochemical Profile: 

Although both plants contain flavonoids and phenolic compounds, significant differences exist in 

their phytochemical composition. Neem is particularly rich in limonoids and terpenoids, which are 

largely responsible for its insecticidal, antimicrobial, and anticancer activities. In contrast, 

Acalypha indica contains higher concentrations of alkaloids, tannins, and saponins, which 

contribute to its traditional use in respiratory and gastrointestinal disorders. Both plants exhibit 

considerable antioxidant potential due to the presence of flavonoids and phenolic compounds. 

Their complementary phytochemical profiles suggest that they may serve as valuable sources of 

bioactive molecules for pharmaceutical development and herbal formulations [22]. 
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5. PHARMACOLOGICAL ACTIVITIES: 

The pharmacological properties of Azadirachta indica and Acalypha indica have been extensively 

investigated through in vitro and in vivo studies. Their biological activities are largely attributed 

to the synergistic effects of multiple phytochemicals. 

 

5.1 Antimicrobial Activity: 

Both plants possess broad-spectrum antimicrobial activity against bacteria, fungi, viruses, and 

parasites. Neem extracts have demonstrated inhibitory effects against pathogens such as 

Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans. 

Limonoids and flavonoids are considered major contributors to this activity. Similarly, Acalypha 

indica exhibits antibacterial and antifungal effects against various pathogenic microorganisms. 

Leaf extracts have shown effectiveness against skin pathogens and respiratory pathogens. The 

antimicrobial activity is mainly attributed to alkaloids, tannins, flavonoids, and saponins [23]. 

 

5.2 Antioxidant Activity: 

Oxidative stress plays a critical role in the development of numerous diseases, including cancer, 

diabetes, cardiovascular disorders, and neurodegenerative conditions. Both neem and Acalypha 

indica contain potent antioxidant compounds capable of scavenging free radicals and reducing 

oxidative damage. Flavonoids, phenolic acids, and tannins present in these plants enhance 

antioxidant defense mechanisms and protect cells from lipid peroxidation, protein oxidation, and 

DNA damage [24]. 

 

5.3 Anti-inflammatory Activity: 

Inflammation is a protective physiological response; however, chronic inflammation contributes 

to the progression of many diseases. Neem extracts inhibit inflammatory mediators such as 

prostaglandins, cytokines, and nitric oxide. Compounds such as nimbidin and nimbolide have 

demonstrated significant anti-inflammatory activity. Acalypha indica also exhibits anti-

inflammatory effects by suppressing inflammatory pathways and reducing edema. Traditional use 

of the plant for inflammatory conditions is supported by experimental studies demonstrating its 

ability to alleviate tissue inflammation [25]. 

 

5.4 Antidiabetic Activity: 

Diabetes mellitus is a major global health concern characterized by elevated blood glucose levels. 

Neem has been widely studied for its antidiabetic effects and has demonstrated the ability to 

improve glucose metabolism, enhance insulin sensitivity, and reduce blood sugar levels in 

experimental models. Acalypha indica has also shown promising antidiabetic activity through 

antioxidant mechanisms and regulation of carbohydrate metabolism. The presence of flavonoids 

and phenolic compounds contributes significantly to these effects [26]. 

 

5.5 Anticancer Activity: 

Numerous studies have reported anticancer properties of neem-derived compounds. Nimbolide, 

azadirachtin, and gedunin have demonstrated the ability to induce apoptosis, inhibit tumor cell 

proliferation, and suppress metastasis in various cancer cell lines. Similarly, extracts of Acalypha 

indica have exhibited cytotoxic activity against cancer cells. The plant's antioxidant and anti-

inflammatory properties may contribute to cancer prevention and therapy. However, additional 

clinical investigations are required to validate these findings [27]. 
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5.6 Wound Healing Activity: 

Wound healing involves a complex series of events including inflammation, tissue formation, and 

remodeling. Neem has traditionally been used for treating wounds, ulcers, and skin infections. 

Studies indicate that neem extracts accelerate wound closure, collagen synthesis, and tissue 

regeneration. Acalypha indica is also widely used in traditional medicine for wound management. 

The antimicrobial and antioxidant properties of the plant promote faster healing by preventing 

infection and reducing oxidative damage at the wound site [28]. 

 

6. BIOMEDICAL AND PHARMACEUTICAL APPLICATIONS: 

The increasing interest in natural products has led to extensive research on the biomedical and 

pharmaceutical applications of Azadirachta indica and Acalypha indica. Their rich phytochemical 

composition and broad spectrum of biological activities make them promising candidates for the 

development of herbal medicines, nanomedicine, cosmetics, and nutraceutical products. 

 

6.1 Herbal Formulations: 

Azadirachta indica is widely incorporated into herbal formulations such as tablets, capsules, 

syrups, ointments, creams, mouthwashes, soaps, and shampoos. Neem-based products are 

commonly used for the management of skin infections, acne, periodontal diseases, diabetes, and 

inflammatory conditions. Due to its potent antimicrobial and anti-inflammatory properties, neem 

has gained significant importance in traditional and modern healthcare systems. Acalypha indica 

is also used in various herbal preparations, particularly for treating respiratory disorders, skin 

diseases, wounds, and digestive ailments. Leaf extracts are formulated into topical creams and 

herbal remedies for wound healing and infection control. The plant's medicinal properties support 

its inclusion in several traditional therapeutic formulations. The growing demand for plant-based 

medicines has encouraged pharmaceutical industries to explore standardized extracts of both plants 

for therapeutic applications. Standardization of herbal formulations is essential to ensure 

consistency, efficacy, and safety [29]. 

 

6.2 Nanotechnology-Based Applications: 

Nanotechnology has emerged as a promising approach for enhancing the therapeutic efficacy of 

medicinal plants. Plant-mediated synthesis of nanoparticles offers an environmentally friendly and 

cost-effective alternative to conventional chemical methods. Neem extracts have been extensively 

utilized for the green synthesis of metallic nanoparticles such as silver, gold, zinc oxide, and copper 

oxide nanoparticles. These nanoparticles exhibit enhanced antimicrobial, antioxidant, anticancer, 

and wound-healing properties. Neem-mediated zinc oxide nanoparticles have demonstrated 

significant antibacterial activity against various pathogenic microorganisms and have shown 

potential in biomedical applications. Similarly, Acalypha indica extracts have been employed in 

the biosynthesis of nanoparticles with improved biological activities. Plant-mediated nanoparticles 

synthesized using Acalypha indica have demonstrated antimicrobial and antioxidant effects. The 

bioactive compounds present in the plant act as reducing and stabilizing agents during nanoparticle 

formation, contributing to their enhanced therapeutic potential. Nanotechnology based 

formulations may improve drug delivery, increase bioavailability, reduce toxicity, and provide 

targeted therapeutic effects. Consequently, both plants have attracted considerable attention in 

nanomedicine research [30] . 
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6.3 Cosmetic and Nutraceutical Uses: 

Neem is widely used in cosmetic products due to its antimicrobial, antioxidant, and anti-

inflammatory properties. Neem-containing soaps, face washes, shampoos, lotions, and creams are 

commonly marketed for managing acne, dandruff, skin infections, and other dermatological 

conditions. The antioxidant compounds present in neem may also contribute to anti-aging effects 

by protecting the skin from oxidative stress. Acalypha indica has gained attention in herbal 

cosmetic formulations due to its skin-protective and wound-healing properties. Traditional 

applications of the plant for treating skin disorders support its potential use in dermatological 

products. Both plants possess significant nutraceutical potential owing to their antioxidant-rich 

phytochemical profiles. Plant-derived supplements may help promote overall health and reduce 

the risk of chronic diseases associated with oxidative stress and inflammation[31]. 

 

7. TOXICITY AND SAFETY PROFILE: 

Although medicinal plants are generally considered safer than synthetic drugs, their safety profiles 

must be thoroughly evaluated to ensure appropriate therapeutic use. 

 

7.1 Toxicological Studies: 

Several toxicological studies have investigated the safety of Azadirachta indica. Experimental 

studies suggest that moderate doses of neem extracts are generally safe; however, excessive 

consumption may lead to adverse effects such as gastrointestinal disturbances, liver toxicity, and 

neurological complications. Neem oil ingestion has been associated with toxic effects, particularly 

in children, emphasizing the importance of dose regulation. Studies on Acalypha indica have 

demonstrated relatively low toxicity at therapeutic doses. Acute toxicity investigations indicate 

that plant extracts are generally well tolerated. Nevertheless, high concentrations or prolonged use 

may result in undesirable effects. Further studies are required to establish comprehensive safety 

profiles and therapeutic dosage ranges [32]. 

 

7.2 Safety Considerations and Limitations: 

The safety of herbal medicines depends on factors such as plant source, extraction method, dosage, 

duration of use, and patient-specific conditions. Standardization and quality control are essential 

to minimize variations in phytochemical composition. Potential herb-drug interactions should also 

be considered, especially in patients receiving conventional medications. Although both plants 

exhibit promising therapeutic properties, comprehensive clinical studies are necessary to confirm 

their long-term safety and efficacy [33]. 

 

8. COMPARATIVE ANALYSIS OF Azadirachta indica and Acalypha indica: 

8.1 Similarities: 

Both plants possess a long history of use in traditional medicine and contain diverse bioactive 

compounds responsible for various pharmacological activities. They exhibit antimicrobial, 

antioxidant, anti-inflammatory, antidiabetic, anticancer, and wound-healing properties [34]. 

Flavonoids and phenolic compounds are present in both species and contribute significantly to 

their therapeutic effects. Furthermore, both plants have shown potential applications in 

pharmaceutical formulations, nanotechnology, and complementary medicine. Their natural origin 

and broad biological activities make them attractive candidates for future drug development [35]. 
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8.2 Differences: 

Despite their similarities, notable differences exist between the two species. Azadirachta indica is 

a large evergreen tree belonging to the family Meliaceae, whereas Acalypha indica is a herbaceous 

plant belonging to the family Euphorbiaceae. Neem is particularly rich in limonoids such as 

azadirachtin, nimbin, and nimbolide, which are largely responsible for its insecticidal and 

antimicrobial properties. In contrast, Acalypha indica contains higher concentrations of alkaloids, 

tannins, and saponins that contribute to its effectiveness in respiratory and gastrointestinal 

disorders. Neem has received greater scientific attention and has a wider range of documented 

pharmacological activities. However, Acalypha indica remains an important medicinal plant with 

significant therapeutic potential that warrants further investigation [36]. 

 

8.3 Therapeutic Advantages: 

The complementary phytochemical profiles of these plants provide unique therapeutic advantages. 

Neem is particularly effective in managing infections, inflammation, diabetes, and skin disorders, 

while Acalypha indica shows promise in treating respiratory diseases, digestive disorders, and 

wound healing. The combined use of both plants may offer synergistic therapeutic effects due to 

the presence of multiple bioactive compounds with different mechanisms of action. Future studies 

should explore the potential benefits of combined formulations and novel drug delivery systems 

[37]. 

 

9. FUTURE PERSPECTIVES AND RESEARCH GAPS: 

Although considerable progress has been made in understanding the medicinal properties of 

Azadirachta indica and Acalypha indica, several research gaps remain. Most studies have focused 

on in vitro experiments and animal models, while clinical investigations are relatively limited. 

Large-scale clinical trials are required to validate their therapeutic efficacy and establish 

standardized treatment protocols. 

Future research should focus on: 

• Isolation and characterization of novel bioactive compounds.  

• Elucidation of molecular mechanisms underlying pharmacological activities.  

• Development of standardized herbal formulations.  

• Exploration of synergistic interactions among phytochemicals.  

• Advancement of nanoparticle-based drug delivery systems.  

• Comprehensive toxicological and clinical evaluations.  

• Investigation of combined therapeutic applications of both plants.  

Addressing these research gaps will facilitate the translation of laboratory findings into clinically 

useful therapeutic products [38-40]. 

 

CONCLUSION: 

Azadirachta indica and Acalypha indica are valuable medicinal plants with extensive 

ethnomedicinal histories and significant therapeutic potential. Their rich phytochemical 

composition, including limonoids, flavonoids, alkaloids, tannins, saponins, terpenoids, and 

phenolic compounds, contributes to a wide range of pharmacological activities. Scientific studies 

have demonstrated their antimicrobial, antioxidant, anti-inflammatory, antidiabetic, anticancer, 

and wound-healing properties, supporting their traditional uses. Neem remains one of the most 

extensively investigated medicinal plants due to its diverse biological activities and pharmaceutical 

applications. Although Acalypha indica has received comparatively less scientific attention, 
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emerging evidence highlights its considerable therapeutic value. Both plants have demonstrated 

potential applications in herbal medicine, nanotechnology, cosmetics, and nutraceutical 

development. Continued research aimed at identifying active constituents, elucidating mechanisms 

of action, and conducting well-designed clinical studies will further enhance the medicinal 

significance of these plants. The integration of traditional knowledge with modern scientific 

approaches may contribute to the development of safe, effective, and sustainable plant-based 

therapeutic agents for future healthcare needs. 
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1.Abstract 

 

The rapid growth of information technology has significantly increased energy consumption and 

electronic waste, leading to serious environmental concerns. Data centers, computing devices, and 

network infrastructures consume large amounts of electricity, contributing to carbon emissions and 

global warming. Additionally, improper disposal of electronic waste poses health and ecological 

risks due to toxic materials. Green computing has emerged as an effective approach to address 

these challenges by promoting environmentally sustainable practices in the design, usage, and 

disposal of computing systems. It focuses on energy efficiency, resource optimization, and 

reduction of environmental impact.  This paper presents an analytical study of green computing, 

highlighting its principles, key technologies, and implementation strategies. The study also 

discusses major challenges such as high initial cost, lack of awareness, and technological 

limitations. The analysis emphasizes the importance of adopting sustainable computing practices 

to reduce energy consumption, minimize e-waste, and support environmental conservation. 

2.Keyword 

Green Computing, Energy Efficiency, Sustainable Technology, E-Waste Management, Carbon 

Footprint, Data Centers, Eco-Friendly IT 
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3.Introduction 

 

The advancement of information and communication technology has transformed modern society, 

enabling faster communication, automation, and digital innovation. However, this rapid growth 

has also led to increased energy consumption and environmental degradation. Computers, servers, 

and networking devices require continuous power supply, contributing to higher electricity usage 

and carbon emissions. 

Traditional computing practices often overlook environmental sustainability, resulting in 

inefficient energy usage and excessive electronic waste. The disposal of outdated electronic 

devices releases hazardous substances such as lead and mercury, which can harm both human 

health and the environment. These issues highlight the urgent need for sustainable computing 

practices. 

 

Green computing, also known as sustainable computing, focuses on reducing the environmental 

impact of IT systems. It involves designing energy-efficient hardware, optimizing software 

performance, and promoting responsible disposal and recycling of electronic devices. By adopting 

green computing practices, organizations and individuals can reduce energy consumption, lower 

operational costs, and contribute to environmental protection. 

This paper explores the concept of green computing by analyzing its key components, applications, 

advantages, and challenges. The study aims to highlight the role of sustainable technology 

solutions in building an eco-friendly digital future. 

 

4.Related Work 

 

Research in green computing has gained significant attention due to increasing concerns about 

energy consumption and environmental sustainability. Early studies focused on reducing power 

usage in computer hardware through energy-efficient processors and low-power devices. 

Techniques such as dynamic voltage scaling and power management were introduced to optimize 

energy consumption. 

 

With the growth of large-scale data centers, researchers explored methods to reduce energy usage 

through virtualization and efficient cooling systems. Cloud computing has also been recognized 

as a sustainable solution, as it reduces the need for physical infrastructure and improves resource 

utilization. 

 

Recent studies emphasize the importance of software optimization in reducing energy 

consumption. Efficient algorithms and coding practices can significantly lower processing 

requirements and power usage. Additionally, research highlights the importance of e-waste 

management through recycling and reuse of electronic components. 

 

Despite these advancements, challenges such as high implementation cost, lack of awareness, and 

technological limitations continue to hinder the widespread adoption of green computing practices. 

These findings indicate that further research and innovation are required to achieve sustainable 

computing at a global scale. 
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5.Proposed Methodology 

 

The proposed green computing approach focuses on minimizing energy consumption and 

environmental impact through a combination of hardware, software, and operational strategies. 

Initially, energy-efficient hardware components such as low-power processors and energy-

certified devices are utilized to reduce electricity consumption. Virtualization techniques are 

implemented to optimize resource usage by running multiple virtual machines on a single physical 

system, thereby reducing hardware requirements. 

 

Software optimization plays a key role in green computing by improving code efficiency and 

minimizing unnecessary processing. Efficient algorithms and lightweight applications help reduce 

energy usage and enhance system performance. 

 

Data center optimization is achieved through advanced cooling systems, renewable energy 

sources, and efficient workload management. Proper e-waste management practices, including 

recycling and safe disposal, are also integrated into the system to minimize environmental impact. 

 

This methodology ensures sustainable computing by combining energy efficiency, resource 

optimization, and environmental responsibility. 

 

6.Advantages 

 

Green computing offers several important benefits: 

 

6.1Energy Efficiency: Reduces electricity consumption through optimized hardware and software. 

 

6.2Environmental Protection: Minimizes carbon emissions and reduces ecological impact. 

 

6.3Cost Savings: Lower energy usage leads to reduced operational expenses. 

Resource Optimization: Efficient use of computing resources improves performance. 

 

6.4E-Waste Reduction: Promotes recycling and safe disposal of electronic devices. 

6.5Sustainability: Supports long-term environmental and technological balance. 

 

7.Challenges and Limitations 

 

Despite its advantages, green computing faces several challenges: 

 

7.1High Initial Cost: Implementation of energy-efficient systems can be expensive. 

 

7.2Lack of Awareness: Many organizations are unaware of sustainable practices. 

 

7.3Technological Limitations: Not all systems support energy-efficient operations. 

 

7.4E-Waste Management Issues: Improper disposal practices still exist. 

Performance Trade-offs: Energy optimization may affect system performance. 
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7.5Infrastructure Constraints: Upgrading existing systems requires significant investment. 

Addressing these challenges is essential for the successful adoption of green computing practices. 

 

8.Conclusion 

 

This paper analyzed green computing as a sustainable solution to reduce the environmental impact 

of information technology. By focusing on energy efficiency, resource optimization, and 

responsible disposal practices, green computing plays a vital role in promoting environmental 

sustainability. 

 

Although challenges such as cost, awareness, and technological limitations exist, continuous 

advancements in technology and increased global awareness are driving the adoption of 

sustainable computing practices. Future developments in renewable energy integration, AI-based 

optimization, and eco-friendly system design will further enhance the effectiveness of green 

computing. 

 

Adopting green computing is not only beneficial for organizations but also essential for building 

a sustainable and environmentally responsible digital future. 
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1. Abstract 

Artificial Intelligence (AI) has advanced rapidly in recent years, especially in the field of language 

processing. AI systems can now understand, generate, and translate human languages with high 

accuracy. A key question that arises is whether AI can create its own language independent of 

human design. Research shows that AI systems, particularly those using deep learning and 

reinforcement learning, can develop unique communication patterns when interacting with each 

other. These emergent languages are often optimized for efficiency but may not be understandable 

to humans. While AI-generated languages can improve machine-to-machine communication, they 

raise concerns about transparency, control, and ethical implications. This paper explores how AI 

creates communication systems, compares them with human languages, and evaluates their 

advantages, limitations, and future potential. 

Keywords:Artificial Intelligence, Language Generation, Emergent Communication, NLP, 

Machine Learning, AI Communication, Deep Learning 
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2. Introduction 

Language is a fundamental part of human communication, enabling the exchange of ideas, 

emotions, and knowledge. Traditionally, languages are developed and evolved by humans over 

long periods. However, with the development of Artificial Intelligence and Natural Language 

Processing (NLP), machines are now capable of understanding and generating human language. 

AI models are trained on large datasets of text and can produce human-like sentences. In some 

experiments, AI agents interacting with each other have developed their own simplified 

communication methods to complete tasks more efficiently. These AI-generated communication 

systems are not pre-programmed but emerge during training. 

Such developments raise an important question: Can AI truly create its own language, and if so, 

how does it differ from human language? 

AI-created languages are often task-specific and optimized for performance, unlike human 

languages, which are influenced by culture, emotion, and social interaction. This paper examines 

the nature of AI-generated language and its implications. 

3. Objectives of the Study 

1. To understand AI-generated language systems 

2. To analyze how AI creates communication patterns 

3. To compare AI language with human language 

4. To study advantages and challenges 

5. To explore future developments 

4. Conceptual Overview 

4.1 What is AI-Generated Language? 

AI-generated language refers to communication systems created by AI models during training 

without direct human design. 

4.2 Emergent Communication in AI 

● AI agents develop communication strategies 

● Occurs in multi-agent systems 

● Optimized for task completion 

4.3 Natural Language Processing (NLP) 

● Enables AI to understand human language 

● Used in chatbots, translation, and speech recognition 

4.4 Machine Learning and Deep Learning 

● Neural networks learn language patterns 

● Reinforcement learning helps agents create efficient communication 

4.5 Differences from Human Language 

● AI language is task-specific 

● Lacks cultural and emotional context 

● Not naturally interpretable by humans 

5. Working Process of AI Language Creation 

1. AI agents are trained on tasks 

2. Agents interact with each other 

3. Communication patterns emerge 

4. Language becomes optimized for efficiency 

5. System improves through learning 

6. Comparison Table 
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7. Graph (Efficiency Comparison) 

 
Example Data: 

Type Efficiency 

Human Language 80% 

AI Language 90% 

8. Diagram – AI Language Creation 

 

AI Agents 

        /      \ 

   Agent A    Agent B 

        |        | 

   Interaction & Learning 

Feature Human Language AI-Generated Language 

Origin Social & cultural Data-driven 

Structure Complex & flexible Simplified & optimized 

Emotion Present Absent 

Understandability High (for humans) Low (for humans) 

Purpose Communication & expression Task efficiency 
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        |        | 

   Emergent Communication 

        | 

   AI-Generated Language 

9. Applications 

Machine Communication 

AI systems communicate efficiently in automation tasks 

Robotics 

Robots coordinate using optimized communication 

Gaming AI 

Agents develop strategies using their own signals 

Data Processing 

Improves system efficiency in large-scale environments 

10. Advantages 

1. High communication efficiency 

2. Faster task completion 

3. Optimized for specific tasks 

4. Reduces ambiguity 

5. Enables machine collaboration 

11. Challenges 

1. Lack of transparency 

2. Difficult for humans to understand 

3. Ethical concerns 

4. Risk of loss of control 

5. Limited real-world application 

AI-generated language may become difficult to monitor and interpret. 

12. Future Scope 

Future research focuses on: 

● Making AI language interpretable 

● Combining human and AI communication 

● Improving transparency and control 

● Developing explainable AI systems 

AI may create hybrid communication systems that work alongside humans. 

13. Conclusion 

Artificial Intelligence has the capability to create its own communication systems through 

learning and interaction. These AI-generated languages are efficient and optimized for specific 

tasks but lack the emotional and cultural richness of human language. While AI can develop its 

own language, it cannot fully replace human communication. Instead, AI-generated languages 

should be used as tools to enhance machine communication while maintaining human oversight. 

The future lies in combining human and AI communication systems for better collaboration. 
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 Abstract 

AI agents and AutoGPT-style autonomous systems represent a significant evolution in artificial 

intelligence, moving beyond single-turn responses toward goal-driven, self-directed behavior. 

These systems combine large language models with planning, memory, tool use, and feedback 

loops to autonomously decompose high-level objectives into actionable tasks, execute them across 

digital environments, and iteratively refine outcomes with minimal human intervention. By 

integrating components such as task orchestration, long- and short-term memory, external APIs, 

and self-evaluation mechanisms, autonomous agents can perform complex workflows including 

research, software development, data analysis, and decision support. Despite their promise, these 

systems raise critical challenges related to reliability, alignment, safety, scalability, and resource 

efficiency. Issues such as error propagation, unintended goal pursuit, hallucinations, security 

vulnerabilities, and ethical concerns around accountability and control remain active areas of 

research. This abstract highlights the core architecture of AI agents and AutoGPT-style systems, 

surveys their capabilities and limitations, and outlines future directions for developing robust, 

transparent, and human-aligned autonomous AI. 

[1] Key word 

AI Agents, AutoGPT, Autonomous Systems, Goal-Oriented Intelligence, Task Decomposition, 

Autonomous Planning, Tool and API Integration, Memory Mechanisms, Self-Reflection and 

Feedback Loops, Multi-Step Reasoning, Workflow Automation, Scalability and Efficiency, Error 

Propagation, Hallucination, AI Alignment, Ethical Challenges, Security and Accountability, 

Human–AI Interaction  
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[2] Introduction 

AI agents and AutoGPT-style autonomous systems represent a transformative step in the evolution 

of artificial intelligence, shifting from reactive, prompt-based models to proactive, goal-oriented 

entities capable of sustained reasoning and action. Unlike traditional AI applications that operate 

within narrowly defined interactions, these systems can interpret high-level user goals, decompose 

them into structured sub-tasks, plan execution strategies, and iteratively adapt based on 

intermediate outcomes. By integrating large language models with memory mechanisms, tool and 

API access, and self-reflection or feedback loops, AutoGPT-style agents are able to autonomously 

perform complex, multi-step activities such as in-depth research, software development, data 

analysis, and workflow automation over extended periods. This increased autonomy significantly 

enhances efficiency and scalability but also introduces new technical and ethical challenges. Errors 

can compound over time, hallucinations may influence decision-making, and misaligned 

objectives can lead to unintended behavior. Additionally, concerns around security, transparency, 

and accountability become more pronounced as these systems are entrusted with greater 

responsibility. 

[3] Architecture 

The architecture of AI agents and AutoGPT-style autonomous systems is typically organized as a 

modular, layered framework that enables goal-driven behavior and continuous operation. At the 

core is a large language model (LLM) that provides reasoning, natural language understanding, 

and decision-making capabilities. A goal management and planning module sits above the LLM, 

responsible for interpreting high-level user objectives, decomposing them into sub-tasks, 

prioritizing actions, and generating execution plans. To support continuity and learning, the system 

includes memory components, often divided into short-term memory for maintaining current 

context and long-term memory for storing past actions, knowledge, and outcomes, frequently 

implemented using vector databases. 

Surrounding these core elements is a tool and environment interface layer, which allows the agent 

to interact with external systems such as APIs, databases, web browsers, code execution 

environments, and software tools. An execution and control loop coordinates task selection, action 

execution, observation of results, and iterative refinement. Many architectures also incorporate a 

self-evaluation or reflection module, enabling the agent to assess performance, detect errors, and 

adjust future actions. Finally, safety, alignment, and governance mechanisms—including 

constraints, permission systems, and human-in-the-loop controls—are integrated to reduce risks 

and ensure responsible behavior. Together, these components form a closed-loop autonomous 

system capable of reasoning, acting, learning, and adapting toward complex goals with minimal 

human supervision. 

[4] Advantage 

AI agents and AutoGPT-style autonomous systems offer several key advantages by enabling 

intelligent, goal-driven automation beyond traditional AI applications. One major advantage is 

end-to-end task autonomy, where complex objectives can be completed with minimal human 

intervention through automatic task decomposition, planning, and execution. These systems 

significantly improve productivity and efficiency by handling repetitive, time-consuming, or 

multi-step workflows such as research, coding, data analysis, and report generation. Their ability 

to integrate with external tools and APIs allows for flexible, real-world interaction, making them 

adaptable across diverse domains. Additionally, built-in memory and feedback mechanisms 

support context awareness and continuous improvement, enabling agents to learn from past actions 

and refine future decisions. By operating continuously and at scale, autonomous AI agents reduce 
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human workload, accelerate decision-making, and open new possibilities for intelligent 

automation in complex and dynamic environments. 

[5] Table 

Aspect 

 

AI Agents AutoGPT-Style 

Autonomous Systems 

Autonomy Semi-autonomous Highly autonomous 

Goal Handling Limited or predefined goals High-level goal 

decomposition 

Planning Basic planning Advanced multi-step 

planning 

Memory Minimal or task-based Short- and long-term memory 

Tool Use Limited Extensive tool/API 

integration 

Human Involvement Frequent Minimal 

Complexity Moderate High 

Examples Chatbots, game agents AutoGPT, BabyAGI 

[6] Barchart 
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[7] Conclusion 

The success of these autonomous systems depends on a "Human-in-the-Loop" (HITL) 

framework. While AI can handle data-heavy tasks like real-time grading and content adaptation, 

human educators remain the essential architects of the learning experience. They provide the 

ethical oversight, emotional intelligence, and mentorship that algorithms cannot replicate. By 

automating routine administrative and instructional tasks, autonomous agents don't replace 

teachers; they "unbundle" the teaching profession, allowing educators to focus on the high-value, 

mission-critical work of inspiring and guiding students. The future of education is therefore not a 

choice between humans or machines, but a powerful collaboration where technology amplifies 

human potential to ensure no learner is left behind.  
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 Abstract: 

Sleep is a vital biological process essential for physical health, mental well-being, and overall 

functioning. This paper explores the science behind sleep, its stages, and its importance in 

maintaining body systems. It also highlights the consequences of sleep deprivation and suggests 

ways to improve sleep quality. 
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[1] Introduction: 

Sleep is a natural state of rest for the body and mind, during which consciousness is reduced and 

bodily functions slow down. Despite being a daily activity, sleep plays a crucial role in human 

survival. Scientific research shows that proper sleep improves memory, concentration, and 

emotional stability. This paper aims to explain why sleep is necessary and how it affects our health. 

 

 

[2] Keywords: 

● Sleep cycle  

● Circadian rhythm  

● REM sleep  

● NREM sleep  

● Biological clock  

 

 

[3] Objectives of the Study: 

● To understand the biological process of sleep  

● To study the stages of sleep  

● To analyses the importance of sleep for health  

● To examine the effects of sleep deprivation 

 

  

[4] Methodology: 

This research is based on secondary data, collected from: 

● Books and scientific journals  

● Health websites  

● Research articles  

 

 

[5] Literature Review: 

Previous studies show that sleep is controlled by the brain and influenced by circadian rhythms 

(biological clock). Researchers have found that lack of sleep can lead to serious health issues like 

stress, obesity, and poor memory. Studies also highlight that teenagers need around 7–9 hours of 

sleep daily for proper development. 

 

 

[6] The Science of Sleep: 

Sleep is regulated by the brain, especially the hypothalamus. It follows a cycle called the circadian 

rhythm, which responds to light and darkness. 

Stages of Sleep 

Sleep is divided into two main types: 

1. NREM (Non-Rapid Eye Movement) Sleep  

● Stage 1: Light sleep  

● Stage 2: Body temperature drops, heart rate slows  

● Stage 3: Deep sleep (important for physical recovery)  

2. REM (Rapid Eye Movement) Sleep  
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● Brain activity increases  

● Dreams occur  

● Important for memory and learning  

 

 

[7] Importance of Sleep: 

● Physical Health: Helps repair tissues and boost immunity  

● Mental Health: Reduces stress and improves mood  

● Memory & Learning: Strengthens brain function  

● Growth & Development: Essential for teenagers 

 

  

[8] Effects of Sleep Deprivation: 

Lack of sleep can cause: 

● Poor concentration  

● Weak immune system  

● Increased stress and anxiety  

● Risk of diseases like obesity and heart problems  

 

 

[9] Ways to Improve Sleep Quality: 

● Maintain a regular sleep schedule  

● Avoid screens before bedtime  

● Create a comfortable sleeping environment  

● Reduce caffeine intake  

[10] Conclusion: 

Sleep is not just a passive activity but a critical process necessary for overall health and well-being. 

Understanding the science of sleep helps individuals make better lifestyle choices. Proper sleep is 

essential for a healthy and productive life. 
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Abstract 

Financial risk tolerance is traditionally viewed as a static, mathematical calculation based on time 

horizons and capital availability. However, contemporary behavioural finance suggests that risk 

tolerance is a dynamic state heavily influenced by affective states, specifically fear. This report 

examines the neurological and psychological drivers of fear in financial contexts, its impact on 

asset allocation, and how emotional volatility leads to suboptimal investment outcomes. 

 

Keywords 

Fear, Emotions, Financial risk tolerance, Risk-taking behaviours, financial decision-making, 

Investment behaviour, Anxiety, Loss aversion, behavioural finance, Uncertainty, Money 

management, psychological factors. 
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[1] Introduction 

This research topic examines how emotions, especially fear, influence the amount of financial risk 

a person is willing to accept. In financial life, people often face choices that involve uncertainty, 

such as investing, saving, borrowing, or starting a business. While some decisions appear logical, 

emotions can strongly shape them in the background. Fear may cause individuals to avoid 

profitable opportunities, hold too much cash, or make overly cautious choices. 

 

[2] The Biological Basis of Financial Fear 

2.1 The Neurobiology of the Amygdala 

Fear in finance is rooted in the amygdala, the brain's emotional processing centre. When an 

investor sees a significant drop in their portfolio value, the amygdala triggers a "fight-or-flight" 

response. 

● Cortisol Release: Stress hormones increase, focusing the brain on immediate survival 

(preserving remaining capital) rather than long-term growth. 

● Prefrontal Cortex Inhibition: The rational, decision-making part of the brain is 

effectively "hijacked" by emotional impulses, making complex financial calculations 

difficult to perform. 

2.2 The Pain of Loss 

Neuroeconomic studies using fMRI show that the brain processes financial loss in the same regions 

that process physical pain (the insular cortex). This explains why the fear of a market crash feels 

like a physical threat to many investors. 

 

[3] Background of the Study 

Financial risk tolerance refers to how much uncertainty or possible loss a person can handle when 

making money-related decisions. Emotional responses play an important role in this process 

because humans do not always behave purely rationally. Fear often increases when people 

experience market losses, economic instability, personal financial stress, or negative past 

experiences. As a result, emotional reactions can reduce confidence and change the way people 

judge financial risks. 

 

[4] Psychological Mechanisms & Distortions 

4.1 Myopic Loss Aversion 

This concept describes the tendency of investors to focus on short-term losses at the expense of 

long-term gains. The more frequently an investor checks their portfolio during a downturn, the 

more "fear" they experience, which artificially lowers their perceived risk tolerance. 

4.2 The Affect Heuristic 

The Affect Heuristic is a mental shortcut where people let their current emotions (fear, anxiety, 

or excitement) colour their beliefs about the world. 

● In a fearful state: Investors perceive risks as higher and potential benefits as lower. 

● In an optimistic state: Risks are perceived as lower, and benefits are magnified. 

 

[5] Methodology 

The research will follow a descriptive and analytical approach to study how fear influences 

financial decision-making. It aims to understand the connection between emotions, risk tolerance, 

and money-related choices. 

5.1 Research Design 
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A survey-based research design will be used to collect responses from selected participants. This 

design is suitable because it helps gather information about personal attitudes, emotions, and 

financial behaviours in a structured way. 

5.2 Data Collection Method 

Primary data will be collected through questionnaires and interviews. The questionnaire will 

include questions on emotional responses, risk tolerance, and financial decision patterns, while 

interviews will provide deeper insight into how individuals react during uncertain financial 

situation. 

5.3 Research Tools 

The main research tools will be a structured questionnaire and an interview guide. These tools will 

help in collecting both quantitative and qualitative information for a better understanding of the 

topic. 

5.4 Expected Outcome 

This methodology is expected to reveal how emotional pressure affects financial choices. It may 

also show whether fear leads to more conservative decisions or avoidance of risk altogether. 

 

[6] Data and Measurement 

Measuring the impact of fear on risk tolerance often involves comparing "Declared Risk 

Tolerance" (what an investor says they can handle) versus "Revealed Risk Tolerance" (how they 

actually behave during a crash). 

Variable 
Influence of 

Fear 
Behavioural Outcome 

Asset Allocation High Shifting from equities to cash during a dip. 

Decision Speed High Impulsive trading based on news cycles. 

Confidence Level Inverse Sharp decrease in self-efficacy during volatility. 

 

[7] Impact of Fear on Financial Risk Tolerance 
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[8] Fear and Risk Tolerance 

The picture shows how fear can influence financial risk tolerance in decision-making. It illustrates 

that as fear increases, a person’s willingness to take financial risks usually decreases. The visual 

uses a clean academic style, with clear labels and simple design elements to make the concept easy 

to understand. It is suitable for a research presentation because it explains the relationship in a 

direct and professional way. 
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[9] Conclusion 

The Fear Factor: How Emotions Dictate Financial Risk Tolerance is a meaningful research 

topic because it connects psychology with financial behaviours. It helps explain why emotional 

responses can override logic in uncertain money-related situations. A study on this topic can 

provide valuable insight into the human side of financial decision-making. This makes it suitable 

for research in finance, psychology, and behavioural studies. 
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Abstract 

Apigenin, a naturally occurring flavonoid found in many fruits and vegetables, has drawn 

significant attention for its wide-ranging therapeutic effects, especially its anticancer, anti-

inflammatory, antioxidant, and neuroprotective properties. While numerous experimental studies 

have examined its benefits, a comprehensive bioinformatics analysis to pinpoint its molecular 

targets and mechanisms has been lacking. This study employs a variety of computational methods 

to delve deeply into the molecular actions that drive apigenin’s therapeutic potential. 

To uncover these mechanisms, researchers analyzed overlapping gene sets using the STRING 

database to build a high-confidence protein–protein interaction (PPI) network Through Cytoscape 

and its topological scoring algorithms, key hub genes—such as TP53, AKT1, ESR1, JUN, and 

IL6—were identified. Further Gene Ontology (GO) analysis highlighted the compound’s strong 

involvement in apoptosis, inflammatory responses, oxidative stress regulation, and signaling 

pathways. Additionally, KEGG pathway analysis showed significant associations with cancer-

related pathways like PI3K-Akt, MAPK, and NF-κB. 

mailto:meherunmerry@ru.ac.bd,%20merryzoolru@gmail.com
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Molecular docking experiments further validated apigenin’s strong binding affinities with major 

target proteins, showing favorable binding energies and stable interactions. Taken together, this 

integrative computational study showcases apigenin’s ability to act on multiple molecular fronts, 

supporting its potential as a treatment for cancer and inflammatory diseases. These insights provide 

a valuable foundation for future laboratory and clinical studies, as well as drug development 

efforts. 
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1.Introduction 

Apigenin (4′,5,7-trihydroxyflavone), a naturally occurring flavone, has obtained vital attention due 

to its vast spectrum of biological activities, including anti-inflammatory [1], antioxidant, 

anticancer [2], and neuroprotective effects [3]. Apigenin is largely found in many medicinal plants, 

including Hyptis suaveolens [4] ,a species known for its traditional therapeutic use [5]. Although 

comprehensive studies on its pharmacological effects, the molecular mechanisms basic apigenin’s 

interactions with human proteins remain limited explored [6]. 

Advancements in proteomics and bioinformatics have supplied powerful tools to investigate 

compound-protein interactions at a systems level. Computational resources such as STITCH [7], 

STRING [8], UniProt(9), and Omics Box [10] allow researchers to predict and investigate protein 

targets, functional networks, and biological pathways interconnected with small bioactive 

molecules. By coordinating these tools, we can acquire deeper insights into the molecular basis of 

apigenin’s impact, clearing the way for novel therapeutic use.  

Understanding the pharmacokinetic properties of apigenin is crucial for evaluating its drug-like 

characteristics. SwissADME, an online tool for predicting the physicochemical properties and 

pharmacokinetics of compounds, plays a significant role in this process. Using SwissADME, 

researchers can assess apigenin’s solubility, lipophilicity, and permeability, which are key factors 

in its bioavailability and efficacy as a drug. Apigenin adheres to Lipinski’s Rule of Five, which 

states that compounds are more likely to be orally active if they meet certain criteria: a molecular 

weight under 500 Da, a logP (lipophilicity) under 5, fewer than 5 hydrogen bond donors, and fewer 

than 10 hydrogen bond acceptors [11]. Apigenin’s favorable properties, such as its low molecular 

weight, moderate lipophilicity, and ability to penetrate biological membranes, make it an attractive 

candidate for drug development. Furthermore, SwissADME helps identify potential adverse drug 

reactions and interactions, ensuring the safe design of apigenin-based therapies. 

Molecular docking studies provide a powerful approach to simulate and predict how apigenin 

binds to its target proteins at the atomic level. These studies enable researchers to visualize the 

binding affinity and interactions between apigenin and various proteins, helping to identify key 

binding sites, amino acid residues involved in the interaction, and the stability of the resulting 

complexes. Molecular docking studies have shown that apigenin can effectively bind to the active 

sites of several important proteins [12], inhibiting their activity and exerting therapeutic effects. 

By understanding the binding modes and interaction patterns, these findings can help inform the 

design of apigenin-based drugs or analogs with improved potency and selectivity, contributing to 

more effective treatments 

This study aim is to explore apigenin-protein interactions using a bioinformatics- approach and 

analyze its potential health effect in humans. Through network analysis, functional annotation, and 

pathway enrichment studies, we search to clarify the key molecular targets and biological 

processes determined by apigenin extracted from Hyptis suaveolens. The findings of this research 

will contribute to the understanding of apigenin’s structured roles and its potential use in drug 

detection and disease oversight.

 

2. Materials and Methods 

2.1. Data Acquisition:  

This study analyzes the apigenin-protein interactions in humans, highlighting the bioactive 

compound from Hyptis suaveolens. The protein targets connected to apigenin were detected 

through a detailed search of the UniProt database which delivers detailed protein sequences, 

functions, and biological processes [13]. 
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2.2. Protein-Protein Interaction Network Construction 

To investigate the interactions between apigenin and human proteins, we applied STITCH (v5.0) 

and STRING (v12.0), both of which are famous for predicting and confirming protein-protein 

interactions. 

STITCH (http://stitch.embl.de/), this tool was used to predict capability interactions between 

apigenin and human proteins. The interactions were attracted from various sources, including 

investigational data and computational predictions, providing a strong interaction network. A 

confidence limit of 0.4 was applied to confirm high-quality predictions [14]. 

 STRING (https://string-db.org/) was used to confirm and improve the interaction network. By 

combining experimental and computational data, STRING delivers high-confidence interactions, 

which were further confirmed by setting the confidence score to 0.4. The protein-protein 

interaction (PPI) network collected from STRING was used to determine collection of highly 

interacting proteins [15]. 

2.3. Functional Annotation and Enrichment Analysis 

The biological functions of the detected proteins were investigated using Omics Box, which offers 

combined tools for functional annotation and enrichment analysis. 

Gene Ontology (GO), the proteins were categorized into biological processes, molecular functions, 

and cellular components to understand their roles in human health [16]. Pathway Enrichment 

Analysis, the KEGG database was used to identify relevant signaling pathways that may be 

modulated by apigenin through its interactions with human proteins [17]. 

2.4. Identification of Critical Proteins and Their Key Pathways:  

To identify the key proteins interacting with apigenin, we utilized degree centrality, which 

quantifies the number of direct connections a protein (node) has within a network. Proteins with a 

high degree of centrality, often referred to as hubs, are integral to various biological processes. 

The protein interaction data were retrieved from the STRING database, and the clusters and critical 

interaction pathways associated with these pivotal proteins were further examined using [18] the 

Enrichr server (maayanlab. cloud/Enrichr/ )  [19] 

2.5 Collection and Preparation of Protein Structures and Ligands 

We retrieved ten protein structures from the AlphaFold Protein Structure Database 

(https://alphafold.com/) [20]. The ligand structure of apigenin was obtained from the PubChem 

database and converted from SDF to PDBQT format using the PyMOL visualizer (v.3.1.3.1). The 

geometries of the ligands were further optimized for structure and energy using Avogadro (Version 

1.2.0). Various properties, including physicochemical characteristics, lipophilicity, 

pharmacokinetics, and water solubility, were analyzed using SwissADME 

(http://www.swissadme.ch/index.php) [21]. Additionally, the SCFBio server (Supercomputing 

Facility for Bioinformatics and Computational Biology, IIT Delhi, New Delhi, India) was 

employed to predict compliance with the Lipinski Rule of Five [18] . Protein structures and ligands 

were prepared using MGL Tools (Python Molecule Viewer) v.1.5.7. 

2.5 Molecular Docking Function: 

Molecular docking studies were conducted using AutoDock Vina v.1.1.2, a widely recognized and 

efficient tool for predicting protein-ligand interactions [22]. The docking process involved the 

preparation of protein and ligand structures, followed by the identification of binding sites and the 

evaluation of binding affinities. The docking results were then visualized and analyzed using 

BIOVIA Discovery Studio Visualizer v.24.1.0, a comprehensive molecular modeling and 

simulation software that provides advanced capabilities for visualizing protein-ligand interactions, 

analyzing binding modes, and assessing the stability of the resulting complexes [23]. This 

https://alphafold.com/
http://www.swissadme.ch/index.php
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approach enabled a detailed exploration of the interaction between apigenin and its target proteins 

at the molecular level, facilitating the identification of key binding sites and providing insights into 

the potential therapeutic mechanisms of apigenin. 

3. Results and Discussion: 

3.1.Apigenin Protein Interaction Network:  

To investigate the molecular interactions between apigenin and proteins connected with health 

impacts in humans, we applied the STITCH bioinformatics tool [24]. Based on the compounds 

extracted from Hyptis suaveolens, we detected 10 proteins (MAOA, UGT1A1, CYP1B1, 

CDK1, ESR1, TP53, CASP3, PARP1, AKT1 & PTGS2) that bind directly to apigenin. The 

identified proteins are as follows 

  

                                                 
Figure 1: Apigenin interacted with ten human Proteins 

 

3.2. Protein-Protein Interaction (PPI) Network:  

The STRING database is a valuable resource for examining and visualizing how proteins interact 

with each other [25]. Initially, Apigenin was shown to bind directly with ten specific proteins 

(ESR1, CDK1, CASP3, PARP1, UGT1A1, PTGS2, CYP1B1, AKT1, TP53, and MAOA), based 

on findings from the STITCH tool. A more detailed analysis of these interactions (shown in Figure 

1) revealed that the top ten proteins are components of a significantly larger network of over 100 

proteins, as identified using the STRING tool. This broader network suggests that Apigenin 

doesn’t just interact with its initial targets, it also affects other proteins connected to them. This 

chain reaction implies that Apigenin could potentially impact various biochemical pathways and 

physiological processes 
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                                           Figure 2: Apigenin interacted with 100 proteins 

 

Table 2:  Apigenin  interacted with 100 proteins 
ESR1 CDK1 CASP3 PARP1 UGT1A1 PTGS2 CYP1B1 AKT1 TP53 MAOA 

NCOR1 CCNA1 CASP9 XRCC1 UGT1A6 PTGIS GSTP1 MDM2 SIRT1 COMT 

 

FOS 

CCNB1 CASP8 CASP3 UGT1A9 PTGES COMT PHLPP1 RPA1 LRTOM

T 

NRIP1 BUB1B PARP1 XRCC6 UGT1A3 CXCL8 UGT1A6 HSP90AA

1 

MDM2 DBH 

SP1 CCNB2 XIAP POLB UGT1A8 IL1B LRTOM

T 

PDPK1 CREBBP DDC 

HSP90AA

1 

CKS1B APAF1 SMARCA

4 

UGT1A1

0 

TP53 EPHX1 MTOR EP300 ALDH2 

JUN CDC25

C 

BIRC3 XRCC5 UGT1A4 ALOX5 UGT1A1 HSP90AB

1 

DAXX AOC2 

NCOA3 CDC20 CYCS CASP7 UGT1A7 ALOX15 UGT1A1

0 

FOXO1 ATM AOC1 

SRC CKS2 BIRC2 PRKDC CYP3A4 PTGES2 UGT1A4 CDC42 HSP90AA

1 

MAOB 

NCOA1 CCNL2 CDKN1

A 

PARG CYP1A1 PLA2G4

A 

UGT1A7 PIK3CA SFN CYP2D6 

NCOA2 CCNA2 BIRC7 CASP9 SLC35A

2 

IL6 UGT1A8 FOXO3 TP53BP2 AOC3 
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3. Functional Enrichment and Pathway Analysis: 

 
                                  Figure 3: Score Distribution of Biological Process 

 

To gain mechanistic insights into the role of apigenin in human biological systems, Gene Ontology 

(GO) enrichment analysis was conducted by Omics Box. The Biological Process (BP), Molecular  

 

Function (MF), and Cellular Component (CC) annotations [26] of apigenin-associated proteins 

revealed statistically significant functional associations (p < 0.01). 

 

3.1. Biological Process (BP) Enrichment: 

Apigenin-associated proteins influence a wide array of biological processes, significantly enriched 

across numerous functional categories. The most prominent among these was anatomical structure 

development, accounting for 9.5% (60 occurrences) of the total identified processes. This was 

followed by signaling pathways (8.55%, 54 occurrences), highlighting apigenin’s key role in 

cellular communication and regulation [27]. Processes linked to programmed cell death (7.28%, 

46 occurrences) and cell differentiation (6.49%, 41 occurrences) were also notably enriched, 

underscoring its involvement in apoptosis and  developmental pathways. Regulation of DNA-

templated transcription (5.54%, 35 occurrences) and immune system processes (5.22%, 33 

occurrences) further indicate potential roles in transcriptional control and immune modulation. 
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Figure 4: Score distribution of cellular component 

 

Additional enriched categories included lipid metabolic processes (4.91%, 31 occurrences) and 

reproductive processes (4.34%, 27.44 occurrences), as well as responses associated with 

inflammation (3.64%, 23 occurrences) and defense against other organisms (3.32%, 21 

occurrences), reflecting apigenin’s anti-inflammatory and immunomodulatory potential. Other 

significantly represented processes were mitotic cell cycle (3.62%, 22.88 occurrences), telomere 

organization (1.58%, 10 occurrences), autophagy (1.74%, 11 occurrences), DNA repair (1.9%, 12 

occurrences), nervous system functions (2.22%, 14 occurrences), cytoskeleton organization 

(2.06%, 13 occurrences), intracellular protein  transport (1.9%, 12 occurrences), vesicle-mediated 

transport (1.42%, 9 occurrences), and nucleocytoplasmic transport (1.74%, 11 occurrences). 

 

Overall, these findings suggest that apigenin exerts broad biological effects by interacting with 

diverse cellular and molecular pathways, particularly those involved in signaling, apoptosis, 

immune responses, and gene regulation. The enrichment of pathways related to oxidative stress, 

neuroprotection, and metabolic control reinforces its potential as a therapeutic agent. 

 

3.2. Cellular Component (CC) Enrichment 

The locational distributions of the cellular components of apigenin-targeted proteins were 

various subcellular or intracellular compartments, indicating their diversity of molecular 

interactions. The cytosol, occupying  

20.66% (55 counts), was the most significant in localization, indicating that many apigenin-

related proteins are involved in signaling and metabolic processes in the cytoplasm. Nucleoplasm 

(46 counts; 17.28%), which suggests an important function in nuclear regulation mechanisms [28] 

(e.g., transcription, DNA repair), followed. 

Similarly, the chromosome (10.44%, 27.8), and endoplasmic reticulum (9.77%, 26) were well 

represented, these findings too support apigenin being involved in genomic stability and protein 

processing. Appate formation was also seen in type 1 diabetes models exposed to mitochondria 

(JP between mitochondria and nuclei, p 9.77%, 26 counts) and plasma membrane (p 9.02%, 24 
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counts), suggesting that apigenin may be associated with the regulation of energy metabolism and 

membrane receptor interactions. 

Additional key cellular components found were the extracellular region (7.21% [19.2]), 

cytoplasmic vesicles (6.08% [16.2]), and the microtubule organizing center (5.26% [14]), which 

indicate emergence of functions in intercellular communication and cytoskeletal reorganization 

3.3: Molecular Function (MF) Enrichment 

The molecular function related to the proteins targeted by apigenin were abundant in 

various functional processes with molecular  function regulator activity being the most  

prominent, accounting for 21.76% (47.65 occurrences). Next was the transferase activity 

(16.9%, 37), which apigenin is related to protein transfer processes and other biochemical 

reactions. 

 
Figure 5: Molecular Function 

 

Other prominent functions were catalytic activity, acting on a protein (12.79%, 28 times) and DNA 

binding (9.13%, 20 times). Key roles in apigenin’s metabolic processes and cellular signaling are 

played by hydrolase activity (9.17%, 20.08 occurrences) and lipid binding (6.85%, 15 occurrences) 

and protein binding (2.85%, 6.24 occurrences) [29]. 

The highest proportion of 7.31% (16 occurrences) were transcription regulator activity, followed 

by oxidoreductase activity, also 7.31% (16 occurrences), indicating that apigenin might be 

involved in the regulation of gene expression. 

These results showed that apigenin interacted with many molecular functions that regulate cellular 

signaling and metabolic processes and may have anti-inflammatory, neuroprotective and 

anticancer effects 

      3.4 Pathways and Regulated Processes Associated with Diseases: 

Pathway analysis was conducted using Omics Box, which facilitated the identification of key 

biological pathways associated with various diseases [30]. The analysis provided insights into the 

regulatory processes involved.  
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Table 4: Pathways analysis with associated & regulated disease 

Reactome ID Associated Disease Regulated Disease 

R-HSA- 6804116 Cancer suppression mechanisms G1 cell cycle arrest 

R-HSA- 6804114 Cancer suppression mechanisms G2 cell cycle arrest 

R-HSA- 445355 Muscle disorders Muscle contraction and 

relaxation 

R-HSA- 5579016 Hyperbilirubinemia Bilirubin metabolism 

R-HSA- 444257 Cancer signaling pathways Protein kinase activity 

R-HSA- 174048 Cell cycle dysregulation Mitotic exit 

R-HSA- 5663220 Cytoskeletal disorders Cytoskeletal rearrangements 

R-HSA- 168638 Inflammatory diseases Innate immune signaling 

R-HSA- 5579002 Hyperbilirubinemia Bilirubin clearance 

R-HSA- 5579000 Glaucoma Retinoid metabolism 

R-HSA- 5654732 Skeletal dysplasia Growth factor receptor signaling 

R-HSA- 3270619 Viral infections Interferon signaling 

R-HSA- 5654720 Cancer and growth disorders PI3K/AKT signaling 

R-HSA- 5673001 Cancer signaling pathways MAPK signaling 

R-HSA- 5654727 Skeletal dysplasia Growth factor receptor signaling 

R-HSA- 5654726 Skeletal dysplasia Growth factor receptor signaling 

R-HSA- 9755779 COVID-19 Innate immune signaling 

R-HSA- 380612 Mood disorders Neurotransmitter metabolism 

R-HSA- 6803211 Cancer apoptosis pathways Apoptotic signaling 

R-HSA- 3299685 Oxidative stress- related diseases Antioxidant defense 

R-HSA- 139915 Cancer apoptosis pathways Apoptotic signaling 

R-HSA- 9617629 Aging and metabolic disorders Transcriptional regulation of 

longevity-related genes 

R-HSA- 456926 Coagulation disorders Hemostasis and thrombosis 

R-HSA- 9018519 Hormone-related disorders Hormone-responsive 

transcription 

R-HSA- 168176 Inflammatory diseases Innate immune response 

R-HSA- 168164 Immune disorders Viral immune defense 

R-HSA- 5696394 DNA repair deficiencies DNA repair 

R-HSA- 1253288 Cancer suppression mechanisms Growth factor receptor signaling 

R-HSA- 9670613 Cancer predisposition Telomere maintenance 

R-HSA- 6811558 Cancer signaling pathways PI3K/AKT signaling 
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3.6. Critical human proteins with degree centrality that interacted with Apigenin: 

 

 

 

 

 

 

 

 

 

 

           Figure 6. 

Critical nodes of human proteins 

that interact with Apigenin, deep 

red color 

indicating the most 

crucial nodes (TP53, AKT1, 

ESR1, HSP90AA1 & JUN) 

 

Table 5: Critical human proteins with degree centrality that interacted with Apigenin 

Rank Gene/Protein 

Name 

Degree Rank Gene/Protein 

name 

Degree 

1 TP53 64 10 CDKN1A 47 

2 ESR1 61 12 PARP1 46 

3 AKT1 58 12 HSP90AB1 46 

4 HSP90AA1 55 14 EP300 45 

5 JUN 53 15 CCNB1 44 

6 IL6 51 16 CCNA2 43 

7 CASP3 49 17 IL1B 42 

7 ATM 49 17 FOS 42 

9 MDM2 48 19 SRC 41 

10 CDK1 47 19 CYCS 41 

 

3.7. Key Pathways That Are Regulated by Identified Critical Human Proteins: 

The Reactome clustergram of TP53, AKT1, ESR1, HSP90AA1, JUN, IL6 & CASP3 

indicates that these proteins largely influence the 20 essential Reactome pathways (Figure A). 

However, the p-value analysis reveals a strong interaction of these proteins (Table 6). Alternately, 

the KEGG clustergram showed these proteins interacted with 20 KEGG pathways (Figure B), but 

based on the p-value, it was shown that these proteins strongly regulate (Table 6) [31] 

(A)                                                                  (B)                                                                       

(C) 
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Figure 7: Clustergram analysis of Reactome (B) & KEGG (A) pathways regulate, 

Betweenness Centrality (C)  

Table 6: Reactome and KEGG clustering pathways of seven critical protein that 

interacted with Apigenin  
Reactome Pathways Name P-value Adjusted P-

value 

Connected Proteins 

Signaling by Interleukins 8.854e-10 2.842e-7 HSP90AA1,JUN,IL6,CASP3, 

AKT1,TP53  

Cytokine Signaling in Immune System 2.267e-8 0.000002583

  

HSP90AA1,JUN,IL6,CASP3, 

AKT1,TP53 

Cellular Responses to Stress 2.466e-8  0.000002583

  

HSP90AA1, JUN, AKT1, 

TP53, ESR1 

Interleukin-4 and Interleukin-13 

Signaling 

3.219e-8 0.000002583

  

IL6, AKT1, TP53, HSP90AA1 

Cellular Responses to Stimuli 5.043e-8 0.000003237

  

JUN, IL6, AKT1, TP53, ESR1, 

HSP90AA1 

Diseases of Signal Transduction by 

Growth Factor Receptors and Second 

Messengers 

1.154e-7 0.000006173

  

JUN, AKT1, TP53, ESR1, 

HSP9OAA1 

ESR-mediated Signaling 2.817e-7 0.00001292

  

JUN, AKT1, ESR1, 

HSP90AA1 

Programmed Cell Death 3.452e-7  0.00001385

  

AKT1, TP53, CASP3, 

HSP90AA1 

Signal Transduction 6.452e-7 0.00002194 JUN, IL6, CASP3, AKT1, 

TP53, ESR1, HSP90AA1 

Intrinsic Pathway for Apoptosis 6.833e-7  0.00002194

  

CASP3, AKT1, TP53 

Regulated Necrosis 9.366e-7 0.00002733

  

HSP90AA1, CASP3, TP53 

Signaling by Nuclear Receptors 0.000001101 0.00002946

  

HSP90AA1, JUN, AKT1, 

ESR1 

PIP3 Activates AKT Signaling 0.000001291 0.00003189 JUN, AKT1, TP53, ESR1 

Extra-nuclear Estrogen Signaling 0.000001754

  

0.00002946

  

AKT1, ESR1, HSP9OAA1 

Gene Expression (Transcription) 0.000001791 0.00003833 JUN, IL6, AKT1, TP53, ESR1, 

HSP90AA1 

Intracellular Signaling by Second 

Messengers 

0.000002194 0.00004402

  

JUN, AKT1, TP53, ESR1 

Tetrahydrobiopterin (BH4) Synthesis, 

Recycling, Salvage and Regulation 

0.000004719 0.00008910 HSP90AA1, AKT1 

Estrogen-dependent Gene Expression 0.000007427

  

0.0001325

  

JUN, ESR1, HSP90AA1 

eNOS Activation 0.000008175 0.0001381

  

AKT1, HSP90AA1 
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Disease 0.000009251 0.0001422

  

ESR1, TP53, AKT1, IL6, JUN, 

HSP9OAA1 

KEGG Pathways P-value Adjusted P-value Connected Protein 

Pathways in cancer 8.944e-12 7.188e-10 HSP90AA1, JUN, IL6, CASP3, 

AKT1, TP53, ESR1 

Lipid and atherosclerosis 9.983e-12 7.188e-10 HSP90AA1, JUN, IL6, CASP3, 

AKT1, TP53 

Measles 6.792e-10  2.445e-8  JUN, IL6, CASP3, AKT1, TP53 

Kaposi sarcoma-associated herpesvirus 

infection 

1.642e-9 4.730e-8 JUN, IL6, CASP3, AKT1, TP53 

Epstein-Barr virus infection 2.066e-9 4.958e-8 JUN, IL6, CASP3, AKT1, TP53 

Salmonella infection 5.913e-9 1.216e-7 HSP90AA1, JUN, IL6, CASP3, 

AKT1 

Colorectal cancer 1.104e-8  1.987e-7 JUN, CASP3, AKT1, TP53 

IL-17 signaling pathway 1.584e-8 2.534e-7  HSP90AA1, JUN, IL6, CASP3 

AGE-RAGE signaling pathway in diabetic 

complications 

2.035e-8  2.931e-7 JUN, IL6, CASP3, AKT1, TP53 

TNF signaling pathway 3.219e-8 4.214e-7 JUN, IL6, CASP3, AKT1, TP53 

Estrogen signaling pathway 7.257e-8 8.522e-7  HSP90AA1, JUN, AKT1, ESR1 

Fluid shear stress and atherosclerosis 7.693e-8 8.522e-7  HSP90AA1, JUN, AKT1, ESR1 

Apoptosis 8.384e-8 8.624e-7 JUN, CASP3, AKT1, TP53 

Breast cancer 9.637e-8 9.252e-7  JUN, AKT1, TP53, ESR1 

Non-alcoholic fatty liver disease 1.193e-7 0.000001073 JUN, IL6, CASP3, AKT1 

Proteoglycans in cancer 3.662e-7 0.000003102 CASP3, AKT1, TP53, ESR1 

Human T-cell leukemia virus 1 infection 4.771e-7 0.000003817 JUN, IL6, AKT1, TP53 

Human cytomegalovirus infection 5.316e-7 0.000004029

  

IL6, CASP3, AKT1, TP53 

Chemical carcinogenesis 6.767e-7 0.000004872 HSP90AA1, JUN, AKT1, ESR1 

Hepatitis B 6.792e-10 2.445e-8  JUN, IL6, CASP3, AKT1, TP53 

 

3.8. SwissADME Results & Result of Lipinski’s Rule for Apigenin: 

 

                           Table 7. Properties of ligands identified with SwissADM 

Apigenin                  90.90                          1                        2.11                         High                 Moderately 

Soluble         Yes 

 

 

                           Table 8. Results of Lipinski’s Rule of 5 for the Apigenin 

Property 

Ligand Mass (mg/mol) H Donor H Acceptor Log p Molar 

Refractivity 

Apigenin              270 3 5           2.419599           70.813881 

 

  

Bonds 

 
Ligand Name 

Filters 

Physicochemical Properties Lipophilicity Pharmacokinetics 

TPSA (Å2) 
No. of Rotatable 

Consensus Log p GI Absorption 
Water Solubility Lead Likeness 
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3.9. Result of hypothetical proteins chemical interactions: 

AutoDock Vina was used to dock [32] the Apigenin ligand with 10 targeted proteins. The 

docking results (binding energy/affinity) are demonstrated in Table 10.  

Table 9. AutoDock Vina Docking Results- mode and binding affinity for Apigenin with 

identified (by STITCH) 10 proteins 

Protein mode Binding Affinity (Kcal/mol) 

AKT1 1 -6.0 

2 -5.9 

CASP3 1 -6.5 

2 -6.1 

CDK1 1 -7.6 

2 -7.5 

CYP1B1 1 -9.4 

2 -9.1 

ESR1 1 -5.9 

2 -5.7 

MAOA 1 -6.5 

2 -6.3 

PARP1 1 -8.5 

2 -8.0 

PTGS2 1 -8.2 

 -8.0 

TP53 1 -8.0 

2 -7.9 

UGT1A1 1 -8.4 

2 -8.3 

 

 

 

 

 

 

 

 

 

 

 

                                                                            (AKT1) 
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                                  Figure 8: 

Visualization of molecular docking by Discovery Studio 

 

Discussion: Herein, we present a comprehensive silico platform for the exploration of the 

pharmacological potential of apigenin, a naturally occurring flavone present in Hyptis suaveolens, 

[33] through its molecular interaction with human proteins. Using proteomic databases (STITCH, 

STRING), functional annotation tools (Omics Box), and molecular docking (AutoDock Vina), we 

present compelling multi-dimensional data supporting a wide array of biological activities of 

apigenin [34] across oncology, immunology, neurobiology, and metabolic regulation. 

Identification of ten major protein targets—TP53, ESR1, AKT1, CASP3, and PARP1—with high 

confidence scores showed apigenin interaction with proteins that modulate vital biological 

responses including apoptosis, regulation of transcription, inflammation, and metabolism. In 

particular, the degree centrality analysis indicates that TP53 represents the most central node in 

the interaction network, reinforcing its importance in cancer suppression and cell cycle control 

[35]. These findings corroborate earlier studies showing apigenin's anticancer action with 

modulation of p53; however, our systems-level examination additionally uncovers pleiotropic 

effects of apigenin on pathways involving NF-κB, NOTCH, NOD, and estrogen signaling. 

Secondly, STRING-based extendibility of the apigenin interactome from 10 to 100 proteins 

revealed a network amplification effect, which provides additional evidence for the compound's 

systemic pharmacological relevance. These findings emphasize apigenin’s ability to operate, 

among others, via indirect cascades that can modulate cellular homeostasis [36] rather than 

exclusively via direct binding of ligand to the target protein. 

 

Functional enrichment analysis confirms that apigenin participates in numerous biological 

processes. Gene Ontology (GO) enrichment also revealed its intrinsic functional association with 

mediating the development of anatomical structures, cell differentiation, DNA repair, autophagy, 

and immune response. These results are consistent with studies reporting immunomodulatory and 

neuroprotective properties of flavonoids, but our study further describes accurate pathways 

involving specific proteins. 

Pathway enrichment analysis with the Reactome and KEGG databases further validates apigenin’s 

involvement in G1/S and G2/M cell cycle checkpoints, cytokine signaling, oxidative stress 

response, and mitochondria-mediated apoptosis. Crucially, the pathway-level associations with 

COVID-19, hyperbilirubinemia, glaucoma, and neurodegenerative disorders suggest emerging 

therapeutic indications for apigenin, specifically in the context of immune dysregulation during 

pandemics and age-related chronic disorders. 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

899 
 

 

CYP1B1, PARP1 and TP53; using molecular docking studies to validate their binding affinity 

and selectivity; notable binding energy (-9.4 kcal/mol for CYP1B1, -8.5 kcal/mol for PARP1 and 

-8.0 kcal/mol for TP53) was established. Hydrogen bonds and hydrophobic contacts at critical 

active site residues then stabilize the interactions, confirming the thermodynamic viability of 

apigenin-target complexes. Furthermore, the analysis of SwissADME confirmed compliance of 

apigenin with Lipinski’s Rule of Five, high gastrointestinal absorption, and moderate solubility, 

which are essential parameters of oral bioavailability and drug-likeness. 

This study is the first to systematically integrate multi-platform bioinformatics, PPI networks, 

molecular docking, and pathway annotation to create a relevant pharmacological landscape of 

apigenin from Hyptis suaveolens. Providing a new perspective on network pharmacology of 

flavonoids, the authors proposed a novel method with degree centrality and betweenness analysis 

to screen therapeutic leverage points. 

While there are many strengths to this study, the computational nature of this study affords 

inherent limitations. Custom-created docking and pathway predictions yield high confidence 

targets and predicted mechanisms, but such predictions must be followed up with experimental 

validation in both in vitro and in vivo systems to confirm these interactions. 

Additionally, pharmacokinetics, toxicity profiling, and structure-activity relationship (SAR) 

studies need to be performed to inform drug development pipelines. 

Future studies can aim at the development of synthetic analogues that can enhance the identified 

bioactivity of apigenin, and at the creation of multi-target models for the treatment of diseases such 

as cancer and neuroinflammation. Due to its involvement in both immune and viral paracrine 

signaling pathways, clinical studies in COVID-19-induced inflammatory syndromes or hormone-

dependent malignancies may provide translational perspectives. 

 

Conclusion: By combining proteomics, bioinformatics, and molecular docking analyses, this 

study offers a holistic systems-level uncovering of apigenin, a bioactive flavone isolated from 

Hyptis suaveolens. Nevertheless, by identifying ten direct protein targets, including some of the 

most prominent regulators of cellular activity (e.g., TP53, AKT1, ESR1, and CASP3), expanding 

the results into a network that includes over 100 proteins, the obtained results classify apigenin as 

a multi-target modulator that significantly impacts on the core networks of the most important 

biological processes. 

The impact of apigenin on oncogenic pathways, especially those related to cell cycle control, 

apoptosis, DNA repairing, and transcriptional regulation, emphasizes its potential role in 

oncology and chemoprevention. Enrichment of immune and inflammatory pathways, such as NF-

κB, IL-17 and cytokine signaling pathways, suggests a more global role in immunomodulation and 

anti-inflammatory therapies. Notably, although the compound regulation of viral infection 

pathways, especially in terms of SARS-CoV-2 intracellular modulating, presents novel 

translational opportunity in the treatment of infectious diseases. 

The molecular docking study also confirmed the draggability of apigenin, which showed a high-

affinity binding to multiple proteins, particularly to CYP1B1 (–9.4 kcal/mol) and PARP1 (–8.5 

kcal/mol). These results, along with its advantageous pharmacokinetic properties (including 

compliance with Lipinski’s Rule of 5, intragastrointestinal absorption and moderate solubility), 

indicate the drug-like properties of apigenin and its potential for being a lead compound in the 

process of drug development. 
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In addition, the broad subcellular localization of apigenin-interacting proteins—including cytosol 

and nucleoplasm, mitochondria, and plasma membrane—suggest that it acts in multiple 

organelles, permitting a variety of physiological regulation. Such versatility further underlines its 

pleiotropic therapeutic potential in complex, multifactorial diseases, such as cancer, 

neurodegeneration, metabolic syndromes and autoimmune diseases. 

Overall, this study augments molecular insight regarding apigenin and presents it as a strategically 

viable candidate for multitarget drug discovery. Its extensive biological interactions, strong 

docking stability, and pharmacokinetic feasibility lay the foundation for both its implementation 

in preclinical pipelines and motivation towards clinical validation. In subsequent stages, 

experimental studies—from in vitro testing (in cell lines), animal models and human 

pharmacodynamics—are crucial to optimizing apigenin’s therapeutic utility, allowing for 

progress towards precision phytomedicine and systems pharmacology-focused therapies 
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Özet 

Bu çalışma, otomotiv yan sanayinde üretim yapan bir işletmenin 39 temel operasyondan oluşan 

otobüs koltuğu montaj hattındaki verimlilik sorunlarını çözmek amacıyla gerçekleştirilmiştir. 

Yüksek parça çeşitliliği ve karmaşık montaj kısıtları içeren bu süreç, istasyon sayısının sabit tutulup 

çevrim süresinin minimize edildiği Tip-2 Montaj Hattı Dengeleme Problemi (ALBP-2) 

çerçevesinde optimize edilmiştir. Çalışmanın literatüre sağladığı temel özgünlük, teorik modellerin 

ötesine geçerek "Zorunlu Birliktelik" ve "Ardışık Atama" gibi sahaya özgü operasyonel kısıtları 

matematiksel modele entegre etmesidir. Bu kısıtlar sayesinde, montaj hassasiyeti gerektiren 

görevlerin aynı istasyona atanması ve teknik süreklilik arz eden blokların birbirini takip eden 

istasyonlarda işlenmesi garanti altına alınarak teorik sonuçların atölye zeminindeki fiziksel 

gerçeklerle tam uyumu sağlanmıştır. Metodolojik olarak, Karma Tamsayılı Doğrusal Programlama 

(MILP) modeli ile elde edilen global optimum değerler referans alınmış; Genetik Algoritma (GA), 

Karınca Kolonisi Optimizasyonu (ACO) ve Yapay Arı Kolonisi (ABC) gibi meta-sezgisel 

yaklaşımların performansları karşılaştırmalı olarak analiz edilmiştir. 5 ile 15 istasyon aralığında 

gerçekleştirilen kapsamlı duyarlılık analizleri sonucunda, meta-sezgisel algoritmaların karmaşık 

kısıt yapılarına rağmen kesin çözüme %90’ın üzerinde bir oranda yakınsadığı ve endüstriyel 

uygulama için makul sürelerde güvenilir sonuçlar ürettiği kanıtlanmıştır. Araştırma bulguları, ilgili 

üretim hattı için üretim hızı ile kaynak kullanım maliyeti arasındaki en ideal dengenin 10-12 

istasyon bandında sağlandığını ve bu aralığın darboğaz minimizasyonu için kritik bir eşik olduğunu 

ortaya koymaktadır. Sonuç olarak geliştirilen bu model, işletme yönetimine farklı talep senaryoları 

altında hızlı ve bilimsel temelli karar alma imkanı tanıyan esnek bir karar destek mekanizması 

sunmaktadır.  

Anahtar Kelimeler: Hat verimliliği, Karma tamsayılı doğrusal programlama (MILP), Meta-

sezgisel algoritmalar, Otomotiv endüstrisi, Tip-2 montaj hattı dengeleme 
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COMPARATIVE ANALYSIS OF MIXED-INTEGER LINEAR PROGRAMMING 

AND META-HEURISTIC APPROACHES IN THE BUS SEAT ASSEMBLY LINE 

BALANCING PROBLEM 

 

 

 

Abstract 

This study was conducted to resolve efficiency problems in the bus seat assembly line of an 

enterprise operating in the automotive supplier industry, consisting of 39 basic operations. This 

process, which involves high parts variety and complex assembly constraints, was optimized within 

the framework of the Type-2 Assembly Line Balancing Problem (ALBP-2), where the number of 

stations is kept constant and the cycle time is minimized. The fundamental originality that this 

study contributes to the literature lies in integrating field-specific operational constraints such as 

"Compulsory Association" and "Consecutive Assignment" into the mathematical model, moving 

beyond theoretical models. Thanks to these constraints, tasks requiring assembly precision are 

assigned to the same station and blocks requiring technical continuity are guaranteed to be 

processed in consecutive stations, ensuring full alignment of theoretical results with the physical 

realities of the shop floor. Methodologically, the global optimum values determined by the Mixed-

Integer Linear Programming (MILP) model were taken as a reference, and the performances of 

meta-heuristic approaches such as Genetic Algorithm (GA), Ant Colony Optimization (ACO), and 

Artificial Bee Colony (ABC) were comparatively analyzed. As a result of comprehensive 

sensitivity analyses performed in the range of 5 to 15 stations, it was proven that meta-heuristic 

algorithms converged to the exact solution at a rate of over 90% despite the complex constraint 

structures and produced reliable results in reasonable times for industrial application. The research 

findings reveal that the most ideal balance between production rate and resource usage cost for the 

relevant production line is achieved in the 10-12 station band, and this range represents a critical 

threshold for bottleneck minimization. Consequently, this developed model offers a flexible 

decision support mechanism that enables business management to make rapid and scientifically 

based decisions under different demand scenarios. 

Keywords: Automotive industry, Line efficiency, Meta-heuristic algorithms, Mixed-integer linear 

programming (MILP), Type-2 assembly line balancing 
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1. Giriş 

(Helgeson & Birnie, 1961) tarafından karmaşık ürün yapılarının belirli bir iş akışı ve öncelik 

ilişkisiyle istasyonlara bölündüğü temel üretim yapıları olarak tanımlanan montaj hatları, otomotiv 

sektöründe verimlilik yönünden kritik öneme sahiptir. Bu çalışma, otomotiv yan sanayindeki bir 

işletmenin yüksek parça çeşitliliğine sahip otobüs koltuğu hattını Tip-2 Montaj Hattı Dengeleme 

(ALBP-2) yaklaşımıyla optimize etmeyi amaçlamaktadır. Fiziksel kısıtlar nedeniyle istasyon 

sayısının sabit tutulup çevrim süresinin en küçüklenmeye çalışıldığı bu araştırmada; kesin çözüm 

yöntemi MILP ile Genetik Algoritma (GA), Karınca Kolonisi (ACO) ve Yapay Arı Kolonisi (ABC) 

meta-sezgiselleri karşılaştırmalı olarak ele alınmıştır. 

Geçmiş çalışmalarda problemler ilk aşamada çözüm amaçlarına göre Tip-1 ve Tip-2 olarak 

kategorize edilerek temel bir metodoloji oluşturulsa da (Baybars, 1986), klasik yaklaşımların 

zonlama ve kaynak gibi pratik saha kısıtlarını modellemede yetersiz kaldığı görülmüştür (Scholl & 

Becker, 2006; Boysen vd., 2007). Süreç içinde geliştirilen özel dallanma algoritmaları (Klein & 

Scholl, 1996) ve hat sınıflandırmalarının (Sivasankaran & Shahabudeen, 2014) yanı sıra, otomotiv 

sektörünün ihtiyaçları doğrultusunda çift taraflı hatlar (2S-ALB) da yoğun şekilde araştırılmıştır 

(Rashid vd., 2017). Saha dinamiklerini yansıtmak amacıyla zonlama kısıtlı MILP modelleri 

(Gansterer & Hartl, 2018) ve kaynak sınırlamaları (Michels & Costa, 2023) literatüre dahil edilmiş; 

belirsizlik içeren süreçler için ise U-tipi hatlar GA ve olasılıksal yöntemlerle incelenmiştir (Hwang 

vd., 2008; Baykasoğlu & Özbakır, 2007). Güncel çalışmalarda ise robotik hat maliyetleri (Rabbani 

& Farrokhi-Asl, 2016) hazırlık süresi kısıtları (Thiruvady vd., 2020) ve yakınsama hızı yüksek 

ACO-GA hibrit yaklaşımları (Mellouli vd., 2024) ön plana çıkmaktadır.Son dönem 

araştırmalarında, büyük boyutlu Tip-2 çift taraflı hatların (TALBP-II) dengelenmesinde Ayrık 

Yapay Arı Kolonisi (Tang vd., 2016) ve kısıtlı kaynak yönetimi için iyileştirilmiş GA (Feng vd., 

2024) gibi üstün performanslı sezgiseller önerilmiştir. Kompleks sistemlerde Pareto optimal 

çözümler üreten çok amaçlı ACO algoritmaları geliştirilmiş (Awadallah vd., 2025), otomotiv 

endüstrisindeki insan-robot iş birliği (HRC) ve heterojen operatör yetkinlikleri ele alınarak iş gücü 

sıralamasının verimliliğe etkisi kanıtlanmıştır (Nourmohammadi vd., 2022). Ayrıca, 

kombinatoryal problemlerde ACO-yerel arama hibritleri ile ABC algoritmalarının etkinliği 

doğrulanmıştır (BenMansour, 2023; Kaya vd., 2022) Yarı otomatize ortamlar için MILP ve Kısıt 

Programlama (CP) karşılaştırmaları sunulurken (Dimény & Koltai, 2024); çok karışık modelli 

yürüyen hatlarda anlık durumlara uyum sağlayan dinamik takt zamanı kavramı ve iyileştirilmiş 

ABC algoritmaları (iABC) literatüre dahil edilmiştir (Zhang vd., 2021). Tasarımcılara esnek 

kararlar sunmak adına istasyon sayısı, iş yükü düzgünlüğü ve iş güvenliği gibi çelişen amaçları 

Pareto etkin setler halinde optimize eden çalışmalar ile paralel çift taraflı hatlar (P-TALBP) ve çok 

amaçlı karma modelli yapılar geliştirilmiştir (McMullen & Tarasewich, 2006; Kucukkoc & Zhang, 

2015; Yagmahan, 2011). 

Bu çalışmanın literatüre sağladığı temel katkı ve özgünlük; otomotiv yan sanayinde aktif 

olarak işletilen kompleks bir otobüs koltuğu montaj hattından alınan gerçek zaman etüdü 

verilerinin kullanılmasında ve bu verilerin teorik modellerin ötesinde, "Zorunlu Birliktelik" ve 

"Ardışık Atama" gibi operasyonel kısıtlarla zenginleştirilmesinde yatmaktadır. Kesin çözüm 

yöntemi (MILP) ile üç meta-sezgisel yaklaşımın (GA, ACO, ABC) 5 ile 15 istasyon aralığında 

performans testine tabi tutulması, işletme yönetimine farklı talep senaryoları için bilimsel temelli 

ve esnek bir karar destek mekanizması kazandırmayı hedeflemektedir. Bu yönüyle çalışma, teorik 

yaklaşımlar ile pratik uygulama arasındaki boşluğu doldurmaktadır. 

2. Materyal ve Metot 

Ele alınan otobüs koltuğu montaj hattı, birbiri ardına sıralanmış ve malzeme akışının belirli 

bir rotada ilerlediği iş istasyonlarından meydana gelmektedir. Sistemin matematiksel olarak ifade 
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edilmesi ve modelin kurulması sürecinde; hattın tek modelli bir üretim yapısında olduğu, 

operasyon sürelerinin deterministik kabul edildiği, görevlerin istasyonlara atanmasında öncelik 

kısıtlarına uyulacağı, her bir görevin bölünemez bir yapıda yalnızca tek bir istasyona atanabileceği 

ve tüm istasyonların operasyonel kapasiteleri ile fiziksel sınırlarının birbirine eşit olduğu 

varsayılmıştır. Bu teorik altyapı doğrultusunda geliştirilen Karma Tamsayılı Doğrusal 

Programlama (MILP) modeli, klasik ALBP-2 formülasyonlarının ötesine geçerek üretim sahasının 

teknik gereksinimleri olan “Zorunlu Birliktelik”, “Ardışık Atama” ve “Mutlak Konum” kısıtlarını 

içerecek şekilde özgünleştirilmiş olup; modelin matematiksel yapısında kullanılan kümeler, 

parametreler ve karar değişkenleri aşağıda tanımlanmıştır. 

        Kümeler 

• 𝐼: Tüm görevlerin kümesi. (Görev 1’den 39’a kadar.) 

• K: Hedef istasyonların kümesi. 𝑘 = 1, 2, 3, … , 𝐾 

• P: Öncülük kısıtları kümesi; (i,j) görev i’nin görev j’den önce gelmesi gerektiğini belirtir. 

• 𝐺𝐴: Bir istasyonda birlikte bulunması gereken görevler kümesi.  {22, 23, 24} 

• 𝐺𝐵: 𝐺𝐴’nın hemen ardından gelen istasyonda bulunması gereken görevler kümesi. {25, 26, 

27} 

• 𝐹1: Zorunlu olarak ilk istasyona atanması gereken görevler kümesi.  {1, 4, 6} 

Parametreler 

• 𝑡𝑖: Görev i ∈ I için işlem süresi (saniye). 

• 𝑇𝑚𝑖𝑛: Minimum görev süresi. En uzun görev süresi. (Çevrim süresi için alt limit). 

Karar Değişkenleri  

• xik ∈ {0,1}: Görev 𝑖 ∈ 𝐼, istasyon 𝑘 ∈ 𝐾’ya atanırsa 1, aksi halde 0. 

• 𝐶 ∈  𝑅+: Montaj hattının çevrim süresi (Amaç fonksiyonu) (minimize edilecek sürekli 

değişken) 

• 𝑌𝑘 ∈ {0,1}: Grup 𝐺𝐴  istasyon 𝑘 ∈ 𝐾’ya atanırsa 1, aksi halde 0. 

• 𝑍: Toplam sistem performansını temsil eden amaç fonksiyonu değeri. 

 

Amaç Fonksiyonu ve Kısıtlar 

 

Modelin amaç fonksiyonu (1), sabitlenen istasyon sayılarında üretim hızını maksimuma çıkarmak 

adına çevrim süresinin minimize edilmesini hedeflemektedir. 

 𝑀𝑖𝑛 𝑍 =  𝐶  (1) 

Her bir montaj görevinin hat üzerinde yalnız ve yalnızca bir iş istasyonuna atanmasını garanti altına 

alan görev bütünlüğü kısıtı denklem (2) ile ifade edilmiştir. 

 ∑ 𝑥𝑖𝑘

𝑘∈𝐾

= 1 ∀𝑖 ∈ 𝐼 
 (2) 

Herhangi bir iş istasyonuna atanan görevlerin toplam süresinin, belirlenen sistem çevrim süresini 

aşamayacağını belirten kapasite kısıtı denklem (3)'te sunulmuştur. 

 ∑𝑡𝑖 ∗ 𝑥𝑖𝑘 ≤

𝑖∈𝐼

𝐶        ∀𝑘 ∈ 𝐾 
 (3) 

Görevler arasındaki teknolojik sıra ve montaj bağımlılıklarını koruyan öncelik ilişkisi kısıtı 

denklem (4) ile tanımlanmıştır. Bu kısıt, ardışıl bir görevin öncülünden daha erken bir istasyona 

atanmasını engeller. 

∑ 𝑘 ∗ 𝑥𝑗𝑘 ≥ ∑ 𝑘 ∗ 𝑥𝑗𝑘  ∀ (𝑖, 𝑗)   

𝑘∈𝐾

∈  𝑃

𝑘∈𝐾

 
(4) 
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Hattın fiziksel yapısı ve ilk montaj aparatlarının konumu gereği, belirli görevlerin mutlak suretle 

birinci istasyonda başlatılmasını zorunlu kılan mutlak konum kısıtı denklem (5) ile modele 

eklenmiştir. 

 xi1 = 1      ∀i ∈ F1  (5) 

Üretim sahasındaki operasyonel gerçekleri modele yansıtmak adına geliştirilen "Zorunlu 

Birliktelik" kısıtları (6) ve (7) numaralı denklemlerle kurgulanmıştır. Bu kısıtlar, 𝐺𝐴 kümesindeki 

elemanların tek bir istasyonda toplanmasını yönetmektedir. 

 𝑥𝑖𝑘 = 𝑌𝐾   ∀𝑖 ∈  𝐺𝐴, ∀𝑘 ∈ 𝐾  (6) 

Denklem (6), 𝑌𝑘 = 1 ise 𝐺𝐴’ daki tüm görevlerin istasyon 𝑘’ya atanmasını sağlar. 𝑌𝑘 = 0 ise’daki 

hiçbir görev 𝑘’ya atanamaz. 

Denklem (7), Grup B'nin ardışık atanması kısıtıdır. Grup 𝐺𝐵 'deki tüm görevler, 𝐺𝐴'nın atandığı 

istasyonun (𝑘) hemen ardındaki istasyona (𝑘 + 1) atanmalıdır. 

𝑥𝑗(𝑘+1) = 𝑌𝑘  ∀𝑗 ∈  𝐺𝐵, ∀𝑘 ∈ 𝐾, 𝑘 < 𝐾 (7) 

Denklem (7), 𝑌𝑘=1 ise 𝐺𝐵’ daki tüm görevlerin istasyon 𝑘 + 1 ’e atanmasını sağlar. 

Denklem (8), son istasyon kısıtıdır. 𝐺𝐴 son istasyona (𝐾) atanamaz, çünkü 𝐺𝐵′nin atanacağı 𝐾 +
1. istasyon mevcut değildir. 

 𝑌𝑘 = 0, ∀𝑘 ∈ 𝐾 ∶ 𝑘 = 𝑚𝑎𝑥  (𝐾)  (8) 

Denklem (8)’deki ifade, 𝑌𝑘 değişkeninin sadece 𝑘 indisi, istasyon kümesinin maksimum değerine 

eşit olduğunda 0 olması gerektiğini şart koşmaktadır. 

Denklem (9), tek atama kısıtıdır. Grup çifti (𝐺𝐴, 𝐺𝐵) hattın üzerinde yalnızca bir kez ardışık olarak 

atanmalıdır. 

 

 

 

Kurulan MILP modeli küçük ve orta ölçekli istasyon senaryolarında kesin çözüm üretmekle 

birlikte, kombinatoryal genişleme gösteren karmaşık kısıt yapıları altında arama uzayını taramakta 

zorlanabilmektedir. Bu direnci kırmak adına çalışmada üç popülasyon tabanlı meta-sezgisel 

yöntem yapılandırılmış olup, bunlardan ilki evrimsel biyolojinin prensiplerine dayanan Genetik 

Algoritma'dır (GA). Başlangıçta rastgele oluşturulan bir popülasyon üzerinden arama uzayını 

tarayan bu algoritmada, montaj hattındaki öncelik ilişkilerini bozmayacak özel bir sıralı tabanlı 

permutasyon kodlama yapısı kullanılmış ve ebeveyn seçiminde turnuva yöntemi tercih edilmiştir 

(Hwang vd., 2008). Operasyonel kısıtların çiğnenmemesi ve popülasyon çeşitliliğinin korunması 

adına iki noktalı özel çaprazlama (two-point crossover) ve yer değiştirme mutasyonu (swap 

mutation) operatörlerinin uygulandığı bu süreçte, her nesilde daha düşük çevrim süresine sahip 

olan bireyler hayatta tutularak global optimuma yakınsama hedeflenmiştir. Bu doğrultuda, her 

iterasyonda üretilen alternatif çözümler "Kısıt Denetleyici" bir modülden geçirilerek öncelik 

ilişkileri yönünden denetlenmiş ve bireylerin uygunluk (fitness) değerleri çevrim süresinin tersi 

(1/C) alınarak hesaplanmıştır. 

Çalışmada kurgulanan ikinci popülasyon tabanlı yaklaşım olan Karınca Kolonisi 

Optimizasyonu (ACO), gerçek karıncaların yiyecek kaynaklarına ulaşırken kullandıkları feromon 

izi mekanizmasını taklit etmekte olup özellikle kombinatoryal problemlerin çözümünde etkindir. 

Yapılan çalışmalarda bu yöntemin, görevler arasındaki karmaşık sıralama dinamiklerinin ve 

operasyonel kısıtların yönetilmesinde esnek bir yapı sunduğu gösterilmiştir (Thiruvady vd., 2020). 

Algoritmada karıncalar, öncelik diyagramına göre oluşturulan atanabilir durumdaki görev 

havuzunu incelerken hem görev sürelerini içeren yerel bilgiyi hem de önceki iterasyonlarda 

keşfedilen başarılı rotaları temsil eden feromon bilgisini kullanmaktadır. Süreç içinde çevrim 

 ∑ Yk = 1

k∈K

 
 (9) 
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süresini aşmayan görevler ilgili iş istasyonuna atanmış, sınırın aşıldığı durumlarda ise dinamik 

olarak yeni bir istasyon açılmıştır. Her iterasyonun sonunda, en kısa çevrim süreli çözümü bulan 

karıncanın katettiği yollara feromon eklenerek başarılı alternatifler ödüllendirilmiş; yerel optimum 

tuzaklarından kaçınmak adına ise belirli bir oranda feromon buharlaşması işletilmiştir. 

Araştırma kapsamında yapılandırılan son meta-sezgisel yöntem olan Yapay Arı Kolonisi 

(ABC) algoritması ise işçi, gözcü ve kaşif arıların besin arama davranışlarını modelleyerek çözüm 

uzayında keşif (exploration) ve sömürü (exploitation) dengesini başarılı bir şekilde kurmaktadır. 

Literatürde, özellikle tam sayılı kombinatoryal optimizasyon problemlerinde yüksek performans 

sergilediği belirtilen bu yöntem, montaj hattındaki iş yükü dağılımının homojenliğini artırmada 

kullanılmıştır (Kaya vd., 2022). Algoritmanın işçi arı fazında mevcut besin kaynaklarının etrafında 

komşuluk mekanizmalarıyla yeni montaj kombinasyonları aranıp iyileştirilirken; gözcü arı fazında 

işçi arılardan gelen kalite (fitness) bilgisine bağlı olarak daha verimli besin kaynakları seçilmiş ve 

sömürü süreci derinleştirilmiştir. Belirli bir "limit" değeri boyunca geliştirilemeyen ve lokal 

takılmaya sebep olan çözümler kaşif arı fazında terk edilerek yerlerine rastgele yeni çözümler 

atanmış, böylece kısıtlı çözüm uzayında global optimuma yakınsama hızı artırılarak en kaliteli 

kombinasyon hafızada saklanmıştır. 

Araştırmada kullanılan ampirik veriler, otomotiv yan sanayisinde faaliyet gösteren bir 

işletmenin aktif otobüs koltuğu montaj hattından doğrudan gözlem ve zaman etüdü teknikleri 

uygulanarak toplanmıştır. Toplam 39 temel operasyondan meydana gelen montaj hattı için 

oluşturulan veri setinin istatistiksel güvenilirliğini sağlamak adına, her bir görev özelinde 20 ardışık 

zaman ölçümü gerçekleştirilmiştir. Elde edilen bu ölçümler, ilk aşamada deterministik modelin 

yapısal girdilerini oluşturmak amacıyla aritmetik ortalamaları hesaplanarak parametreleştirilmiştir. 

Söz konusu üretim hattının mevcut durumuna ait operasyon süresi dağılımı ise Şekil 1'de 

detaylandırılmıştır. 

 
Şekil 5.Operasyon Süreleri 

Görev süreleri incelendiğinde, operasyonlar arasında belirgin bir zaman farkı olduğu 

görülmektedir (Şekil 1). Bazı işlemler oldukça kısa sürerken; G23 ve G26 gibi ana montaj 

adımlarının, hattın çevrim süresini doğrudan etkileyerek en yüksek sürelere ulaştığı 

gözlemlenmiştir. Ayrıca hattın teknolojik ve yapısal gereksinimleri nedeniyle, operasyonlar 

arasında karmaşık öncelik ilişkileri bulunmaktadır. Ayrıca, üretim sahasındaki ortak aparat 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

910 
 

kullanımı ve montaj hassasiyeti gibi fiziksel kısıtlar neticesinde "Zorunlu Birliktelik" ile "Ardışık 

Atama" kuralları tanımlanmış ve ilgili operasyon setleri bu saha kısıtlarına uygun olarak 

matematiksel modele entegre edilmiştir. 

Elde edilen bu ampirik verilerin işlenmesi ve geliştirilen modellerin çözümü, bulut tabanlı 

bir geliştirme ortamı olan Google Colab platformunda Python programlama dili kullanılarak 

gerçekleştirilmiştir. Tam sayılı kesin model çözümlerinin üretilmesinde PuLP ve Google OR-Tools 

kütüphanelerinden yararlanılmış; popülasyon tabanlı meta-sezgisel algoritmalar ise GPU destekli 

çalışma alanında kodlanmıştır. İşletmenin mevcut yerleşim planı doğrultusunda istasyon sayısı (𝐾) 

normal şartlarda sabit bir parametre niteliği taşısa da montaj hattının farklı talep senaryolarına karşı 

esnekliğini ve kapasitesini analiz etmek amacıyla, istasyon sayısının 5 ile 15 aralığında (𝐾 =
5, 6, … ,15) sistematik olarak değiştirildiği kapsamlı duyarlılık analizleri yürütülmüştür. Elde 

edilen bu veri tabanı, tüm çözüm yaklaşımlarının performans sınırlarını objektif bir şekilde ölçmek 

adına standart bir test zemini oluşturmuştur. 

3. Bulgular ve Tartışma 

Bu bölümde, otobüs koltuğu montaj hattından elde edilen ampirik veriler ışığında kurgulanan 

matematiksel model ve meta-sezgisel algoritmaların (GA, ACO, ABC) performans çıktıları 

sunulmuştur. Deneysel çalışmalar, istasyon sayısının (𝐾) 5 ile 15 aralığında değiştiği senaryolar 

altında yürütülerek çevrim süresi (𝐶) ve hat verimliliği değerleri üzerinden analiz edilmiştir. Kesin 

çözüm yöntemi olan MILP modelinden elde edilen sonuçlar, meta-sezgisel yaklaşımların 

doğruluğunu ölçmek adına temel bir kıyaslama noktası olarak kabul edilmiştir. Yürütülen 

duyarlılık analizleri, hem teorik modelin sistem sınırlarını hem de geliştirilen algoritmaların 

endüstriyel problemlerdeki karar destek potansiyelini ortaya koymaktadır. 

Geliştirilen MILP modeli ile meta-sezgisel yöntemlerin 5 ile 15 istasyon aralığındaki 

performans sonuçları (verimlilik açısından) karşılaştırmalı olarak sunulmuştur (Tablo 1). Elde 

edilen bulgular, hattın operasyonel kapasitesini doğrudan yansıtan çevrim süresi ve hat verimliliği 

parametreleri üzerinden analiz edilmiştir. 

Deneysel çalışmalar, istasyon sayısı (𝐾) arttıkça çevrim süresinin (𝐶) kuramsal beklentilerle 

uyumlu olarak azalma eğilimi gösterdiğini doğrulamaktadır. Kesin çözüm yöntemi olan MILP 

modeli; tüm senaryolarda %94.5 ile %100 arasında değişen yüksek hat verimliliği sergileyerek 

sistemin teorik sınırlarını belirlemiştir. Duyarlılık analizleri sonucunda, hat verimliliği ve iş yükü 

dengesi açısından 10-12 istasyon aralığının optimum bir kırılma noktası olduğu saptanmıştır. Bu 

aralıkta hat verimliliği %96’nın üzerinde kalarak istasyonlar arası boş zamanları en aza indirmekte 

ve operasyonel akış sürekliliğini korumaktadır. Farklı istasyon yapıları özelinde tüm algoritmaların 

performans çıktılarını ve bu dinamikleri bir arada değerlendirmek amacıyla hazırlanan 

karşılaştırma verileri grafik olarak sunulmuştur (Şekil 2). 

 

5 6 7 8 9 10 11 12 13 14 15

MILP %100,00 %99,70 %99,20 %98,90 %98,60 %98,10 %97,70 %96,30 %95,50 %96,40 %94,50

GA %98,60 %98,70 %95,10 %93,72 %93,20 %83,80 %82,80 %79,10 %87,20 %80,90 %90,40

ACO %94,50 %94,30 %90,90 %92,60 %92,50 %91,30 %90,40 %88,70 %87,30 %84,20 %87,60

ABC %97,00 %96,60 %92,40 %92,50 %88,30 %89,60 %83,70 %87,50 %88,00 %88,20 %84,10

İstasyon 
NoYöntem

Tablo 3. Farklı istasyon sayıları için algoritma verimlilik sonuçlarının karşılaştırılması 
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Zorlu teknik kısıtlara rağmen hattın dengeli bir şekilde kurulabildiği görülmektedir (Şekil 2). 

Bazı senaryolarda %100 verimliliğe ulaşılması, istasyonlarda boş zaman kalmadığını ve tam uyum 

sağlandığını göstermektedir. Geliştirilen ABC ve ACO algoritmaları da endüstriyel açıdan kritik 

olan senaryolarda %80 verimlilik barajının üzerinde kalarak istikrarlı sonuçlar vermiştir. Ancak, 

10-12 istasyon sınırından sonra verimlilikte yaşanan hızlı düşüş, işletme için yeni istasyon açmanın 

marjinal maliyetini artırmaktadır. Sonuç olarak 10 istasyonlu kurgu, üretim hızı ile kaynak 

verimliliği arasındaki optimum dengeyi temsil etmektedir. 

Üretim hızını belirleyen çevrim süreleri farklı istasyon sayıları altında test edilmiştir. Kesin 

çözüm yöntemi (MILP) ile meta-sezgisel yöntemlerin (GA, ACO, ABC) ulaştığı en küçük çevrim 

süreleri saniye cinsinden karşılaştırılmıştır (Tablo 2). 

Beklenen kuramsal yaklaşımla uyumlu olarak, istasyon sayısı arttıkça çevrim süresinin 

azaldığı görülmektedir (Tablo 2). Bu doğrusal olmayan azalış ilişkisinin algoritmalar bazındaki 

yakınsama karakteristiği ve çözüm performansları da detaylı olarak grafikleştirilmiştir (Şekil 3)  

Şekil 6. İstasyon sayısı ile hat verimliliği arasındaki ilişki 

Tablo 4. İstasyon sayısı ile çevrim süresi arasındaki ilişki 
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İstasyon sayısı (𝐾) arttıkça çevrim süresinin (𝐶) azaldığı görülmektedir (Tablo 2). Ancak 

𝐾 = 5 ile 𝐾 = 10 aralığındaki sert düşüş eğilimi, 𝐾 = 12’den sonra yerini daha yatay bir seyire 

bırakmaktadır (Şekil 3). Bu durum, hatta eklenen her yeni istasyonun üretim hızına katkısının bir 

noktadan sonra durağanlaştığını kanıtlamaktadır. Özellikle yüksek istasyon sayılı senaryolarda 

ABC ve GA algoritmalarının MILP eğrisiyle yüksek oranda örtüşmesi, kompleks kısıtların 

varlığına rağmen tasarlanan meta-sezgisellerin güvenilirliğini ve kesin çözüme olan yakınlığını 

ortaya koymaktadır. 

Bu çalışma, otomotiv yan sanayisine özgü "Zorunlu Birliktelik" ve "Ardışık Atama" gibi 

kompleks kısıtları modele entegre ederek literatürdeki teorik modeller ile endüstriyel gerçeklik 

arasında güçlü bir köprü kurmuştur. MILP kesin çözüm yönteminin yanı sıra üç farklı meta-

sezgiselin (GA, ACO, ABC) 5 ile 15 istasyon aralığında test edilmesi, işletme yönetimine esnek 

bir karar destek mekanizması sunmaktadır. Çalışmanın temel kısıtı, operasyon sürelerinin 

deterministik ele alınmış olmasıdır; gerçek üretim sahasındaki operatör yorgunluğu, malzeme 

gecikmeleri ve yetkinlik farkları gibi stokastik ile dinamik değişkenlerin gelecekteki araştırmalarda 

modele dahil edilmesi önerilmektedir. 

4. Sonuçlar ve Öneriler 

Bu çalışmada, otomotiv yan sanayisindeki 39 operasyonluk bir otobüs koltuğu montaj hattı, 

sahaya özgü "Zorunlu Birliktelik" ve "Ardışık Atama" gibi kompleks kısıtlar dahil edilerek 

başarıyla optimize edilmiştir. Deneysel sonuçlar, kesin çözüm yöntemi olan MILP modelinin hattın 

teorik verimlilik sınırlarını belirlemede üstün olduğunu; geliştirilen popülasyon tabanlı meta-

sezgisel yaklaşımların (GA, ACO, ABC) ise kesin çözüme %90’ın üzerinde yakınsayarak makul 

sürelerde güvenilir sonuçlar ürettiğini göstermiştir. Yapılan duyarlılık analizleri doğrultusunda, hat 

dengesi ve kaynak kullanımı açısından 10-12 istasyon aralığının optimum senaryoyu sunduğu 

saptanmıştır. Yürütülen bu araştırmayla, işletme yönetimine değişken talep senaryoları karşısında 

esnek ve hızlı kararlar almayı kolaylaştıran bilimsel bir karar destek mekanizması kazandırılmıştır. 

Çalışma, operasyon sürelerinin sabit kabul edildiği deterministik bir yapıda kurgulanmış olsa 

da gelecekteki araştırmalar ve fabrika yöneticileri için önemli stratejik yönelimler sunmaktadır. 

Gerçek atölye zeminindeki dinamikleri daha hassas yakalayabilmek adına, sonraki çalışmalarda 

Şekil 7. İstasyon sayısı ile çevrim süresi arasındaki ilişki 
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operatör yorgunluğu ve malzeme gecikmesi gibi stokastik (olasılıksal) değişkenlerin modele dahil 

edilmesi planlanmaktadır. Ayrıca, bu optimizasyon altyapısına insan-robot iş birliği (HRC) 

senaryolarının, dinamik iş gücü atama mekanizmalarının ve derin pekiştirmeli öğrenme (DRL) 

tabanlı akıllı kısıt denetleyicilerin ileri seviye birer uzantı olarak entegre edilmesi önerilmektedir. 

Teşekkür ve Bilgi Notu 

Bu çalışmanın uygulama aşamasında veri toplama ve saha gözlemi süreçlerine imkân 

tanıyan, teknik bilgi ve tecrübelerini paylaşarak çalışmaya katkı sağlayan otomotiv yan sanayi 

kuruluşu yöneticilerine ve üretim hattı çalışanlarına teşekkürlerimizi sunarız. 

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

914 
 

Kaynakça 

Awadallah, M. A., Makhadmeh, S. N., Al-Betar, M. A., Dalbah, L. M., Al-Redhaei, A., Kouka, S., 

& S., O. (2025). Multi-objective Ant Colony Optimization: Review. Archives of 

Computational Methods in Engineering, 32(2), s. 995-1037. 

Baybars, I. (1986). A survey of exact algorithms for the simple assembly line balancing problem. 

Management Science, 32(8), s. 909-932. 

Baykasoğlu, A., & Özbakır, L. (2007). Stochastic U-line balancing using genetic algorithms. 

International Journal of Advanced Manufacturing Technology, 32, s. 139–147. 

BenMansour, I. (2023). An Effective Hybrid Ant Colony Optimization for the Knapsack Problem 

Using Multi-Directional Search. 4(2), s. 164. 

Boysen, N., Fliedner, M., & Scholl, A. (2007). A classification of assembly line balancing 

problems. European Journal of Operational Research, 183(2), s. 674-693. 

Dimény, I., & Koltai, T. (2024). Comparison of MILP and CP models for balancing partially 

automated assembly lines. Central European Journal of Operations Research, 32(4), s. 

945-959. 

Feng, L., Wang, Y., Fang, X., Yu, H., & Zhang, S. (2024). Two-sided resource-constrained 

assembly line balancing problem: a new mathematical model and an improved genetic 

algorithm. Swarm and Evolutionary Computation, 90. 

Gansterer, M., & Hartl, R. F. (2018). One- and two-sided assembly line balancing. International 

Journal of Production Research, 56(8), s. 3025-3042. 

Helgeson, W. B., & Birnie, D. P. (1961). Assembly line balancing using the ranked positional 

weight technique. Journal of Industrial Engineering, 12(6), s. 394-398. 

Hwang, R. K., Katayama, H., & Gen, M. (2008). U-shaped assembly line balancing problem with. 

International Journal of Production Research, 46(16), s. 4637-4649. 

Kaya, E., Görkemli, B., Akay, B., & Karaboga, D. (2022). A review on the studies employing 

artificial bee colony algorithm to solve combinatorial optimization problems. Engineering 

Applications of Artificial Intelligence, 115, s. 105311. 

Klein, R., & Scholl, A. (1996). Maximizing the production rate in simple assembly line balancing 

— A branch and bound procedure. European Journal of Operational Research, 91(2), s. 

367-385. 

Kucukkoc, I., & Zhang, D. Z. (2015). A mathematical model and genetic algorithm-based approach 

for parallel two-sided assembly line balancing problem. Production Planning & Control, 

26(11), s. 874-894. 

McMullen, P. R., & Tarasewich, P. (2006). Multi-objective assembly line balancing via a modified 

ant colony optimization technique. International Journal of Production Research, 44(1), s. 

27-42. 

Mellouli, A., Mellouli, R., Triki, H., & Masmoudi, F. (2024). An efficient hybridization of ant 

colony optimization and genetic algorithm for an assembly line balancing problem of type 

II under zoning constraints. Annals of Operations Research, 351, s. 903-935. 

Michels, A. S., & Costa, A. M. (2023). Mixed-integer linear programming models for the type-II 

resource-constrained assembly line balancing problem. Assembly Automation, 43(5), s. 

629–641. 

Nourmohammadi, A., Fathi, M., Ng, A. H., & Mahmoodi, E. (2022). A genetic algorithm for 

heterogenous human-robot collaboration assembly line balancing problems. Procedia 

CIRP, 107, s. 1444-1448. 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

915 
 

Rabbani, M. M., & Farrokhi-Asl, H. (2016). Multi-objective metaheuristics for solving a type II 

robotic mixed-model assembly line balancing problem. Journal of Industrial and 

Production Engineering, 33(7), s. 472–484. 

Rashid, M. F., Mohd, F. F., & Muhamad, M. R. (2017). A review of two-sided assembly line 

balancing problem. The International Journal of Advanced Manufacturing Technology, 

89(5-8), s. 1743–1763. 

Scholl, A., & Becker, C. (2006). State-of-the-art exact and heuristic solution procedures for simple 

assembly line balancing. European Journal of Operational Research,, 168(3), s. 666-693. 

Sivasankaran, P., & Shahabudeen, P. (2014). Literature review of assembly line balancing 

problems. International Journal of Advanced Manufacturing Technology, 73(9-12), s. 

1665–1694. 

Tang, Q., Li, Z., & Zhang, L. (2016). An effective discrete artificial bee colony algorithm with idle 

time reduction techniques for two-sided assembly line balancing problem of type-II. 

Computers & Industrial Engineering, 97, s. 146-156. 

Thiruvady, D., Nazari, A., & Elmi, A. (2020). An ant colony optimisation based heuristic for 

mixed-model assembly line balancing with setups. In 2020 IEEE Congress on evolutionary 

computation (CEC), s. 1-8 IEEE. 

Yagmahan, B. (2011). Mixed-model assembly line balancing using a multi-objective ant colony 

optimization approach. Expert Systems with Applications , s. 12453-12461. 

Zhang, W., Hou, L., & Jiao, R. J. (2021). Dynamic takt time decisions for paced assembly lines 

balancing and sequencing considering highly mixed-model production: An improved 

artificial bee colony optimization approach. Computers & Industrial Engineering, 161, s. 

107616. 

  

  



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

916 
 

Ceratonia siliqua L (KEÇİBOYNUZU) BİTKİSİNİN UÇUCU BİLEŞENLERİNİN 

BELİRLENMESİ  
 

Ümmügülsüm TÜKENMEZ EMRE 

Doktor Öğretim Üyesi Mardin Artuklu Üniversitesi Sağlık 

Hizmetleri Meslek Yüksekokulu Mardin Türkiye 

ORCID ID: 0000-0002-3224-1920 
 

Mustafa Yunus EMRE 

Doktor Öğretim Üyesi Mardin Artuklu Üniversitesi Sağlık Bilimleri 

Fakültesi Hemşirelik Fakültesi Mardin Türkiye 

ORCID ID: 0000-0001-6602-8872 

y_emre85@hotmail.com 
 

Muhammed GÜNGÖREN  

Doktor Öğretim Üyesi Mardin Artuklu Üniversitesi Sağlık 

Hizmetleri Meslek Yüksekokulu Mardin Türkiye  

ORCID ID: 0000-0002-3122-7086 

 

Özet 

Gıda amacıyla kullanılan bitkiler canlılara sadece yaşamaları için gerekli olan temel biyobesinleri 

ni değil aynı zamanda içerisinde bulundurduğu bileşenler sayesinde hastalıkların önlemesi ve 

sağlığın geliştirilmesi için gerekli olan diğer biyoaktif bileşenleri de sunar. Keçiboynuzu adı ile 

bilinen  Ceratonia siliqua L bitkisinin yaprakları, kabukları, posa ve tohumları besin açısından 

zengin olduğu için oldukça önemlidir. Bu yapılarında yer alan biyoaktif bileşenleri sayesinde gıda, 

ilaç ve ve kozmetik ürünlerinde kullanımı oldukça yaygındır. Keçiboynuzu ağacının meyveleri 

yaygın olarak gastrointestinal rahatsızlıkların tedavisinde kullanılmıştır. Ceratonia siliqua L 

bitkisinin uçucu bileşenleri Shimadzu QP-2020 GC-MS cihazı kullanılarak Head Space-Katı Faz 

Mikro Ekstraksiyon (HS-SPME) yöntemi yardımıyla belirlendi. Keçiboynuzu bitkisinin gc-ms 

sonuçları incelendiğinde Toplam 37 bileşik tesbit edilmiş bunların 6 sı Alkol, 5 i keton, 7 si asit, 

17 si ester ve 2 tanesi terpen sınıfında yer alır. 

Anahtar Kelimeler: Ceratonia siliqua, 1-Pentanol, Butanoic acid, methyl ester, 7-Octenoic acid, 

(+)-2-Bornanone  
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DETERMINATION OF VOLATILE COMPONENTS OF Ceratonia siliqua L (Carob) 

PLANT 

 

Abstract 

Plants used for food provide living organisms not only with essential bionutrients necessary for 

survival but also, thanks to their components, other bioactive compounds necessary for disease 

prevention and health improvement. The leaves, bark, pulp, and seeds of the Ceratonia siliqua L 

plant, known as carob, are highly important due to their rich nutritional content. Thanks to the 

bioactive compounds in these structures, their use in food, pharmaceutical, and cosmetic products 

is widespread. The fruits of the carob tree have been commonly used in the treatment of 

gastrointestinal disorders. The volatile components of Ceratonia siliqua L were determined using 

the Head Space-Solid Phase Microextraction (HS-SPME) method with a Shimadzu QP-2020 GC-

MS instrument. Analysis of the GC-MS results of the carob plant revealed a total of 37 compounds: 

6 alcohols, 5 ketones, 7 acids, 17 esters, and 2 terpenes. 

Key Words: Ceratonia siliqua, 1-Pentanol, Butanoic acid, methyl ester, 7-Octenoic acid, (+)-2-

Bornanone 
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1. GİRİŞ 

Gıda amacıyla kullanılan bitkiler canlılara sadece yaşamaları için gerekli olan temel biyobesinleri 

ni değil aynı zamanda içerisinde bulundurduğu bileşenler sayesinde hastalıkların önlemesi ve 

sağlığın geliştirilmesi için gerekli olan diğer biyoaktif bileşenleri de sunar(R.H. Liu 2013). Sağlıklı 

beslenme kanser, kardiyovasküler hastalıklar, nörodejeneratif bozukluklar, diyabet gibi birçok 

hastalıkta önemli rol oynar ve bunda tüketilen bitkilerin etkisi büyüktür(K.B. Pandey, S.I. 

Rizv2009; M. Ekor 2013). 

Keçiboynuzu adı ile bilinen  Ceratonia siliqua L. kayalık, kuru ve eğimli gibi çeşitli toprak 

tiplerinde yaşayabilen kuraklığa dayanıklı baklagiller familyasında bir ağaç türüdür (Krokou, A.vd. 

2019) . Keçiboynuzu bitkisinin yaprakları, kabukları, posa ve tohumları besin açısından zengin 

olduğu için oldukça önemlidir (Laaraj, S. Vd. 2024). Bu yapılarında yer alan biyoaktif bileşenleri 

sayesinde gıda, ilaç ve ve kozmetik ürünlerinde kullanımı oldukça yaygındır (Dahmani, W. Vd. 

2023; Laaraj, S. Vd. 2023 ). Çoğunlukla Akdeniz kıyılarında yetiştirilen bu bitki aslında Ortadoğu 

kökenlidir ve nerdeyse tüm Dünyada yetişir (A.vd. 2019). Dünyada keçiboynuzu üretimin yaklaşık 

olarak 400.000 ton olduğu tahmin edilmekte olup en fazla üretime sahip ülkeler Fas, Portekiz, 

İtalya, İspanya ve Türkiye dir (Laaraj, S. Vd. 2025). 

Ceratonia siliqua L. (Keçiboynuzu) ağacının meyveleri yaygın olarak gastrointestinal 

rahatsızlıkların tedavisinde kullanılmıştır. Bilinen bu özelliğinden ve suyunda elektrolit  miktarının 

fazlalığından dolayı günümüzde de keçiboynuzu ağacının ürettiği meyvelerin kabukları halk 

arasında genellikle ishali önlemek amacıyla ve idrar söktürücü olarak kullanılır aynı zamanda 

öksürük kesici ve siğillere karşı kullanımları’ da vardır (T. Baytop1984; M.S. Gulay vd. 2012; A. 

Merzouki vd. 1997; F.P. Amico, E.G. Sorce 1997). Keçi boynuzu kabuklarının karakteristik güçlü 

kalıcı aroması nedeniyle ve içerdikleri yüksek pinitol İçeriği sayesinde sağlık üzerine faydaları da 

bilinir (Goulas vd. 2016).  

Keçiboynuzu üzerine yapılan çalışmaların çoğunluğu fitokimyasal bileşenlerinin karekterazisyonu 

üzerine yapılmıştır ve sağlık üzerine faydalarından dolayı bilim adamalarının dikkatini çekmiştir. 

Tespit edilmiş bu etkilerinden dolayı bu çalışmada keçiboynuzu bitkisinin uçucu bileşenlerini 

ortaya koymak amaçlanmıştır.  

 

2. MATERYAL VE YÖNTEM  

2.1.Materyal 

Keçiboynuzu (Ceratonia siliqua L.) bitkisi meyveleri Mardin ilinde aktardan kuru halde 2025 

yılında satın alındı. Daha sonra kurutulmuş olan meyveler toz ve kirinden arındırılarak 

olgunlaşmamış, kırık olanları atıldı. Porselen havanlarda öğütülen bu meyvelerden 2 gram 

tartılarak SPME vialine alınıp çalışmak için hazır hale getirildi. 

2.2.Uçucu Bileşen Analizi 

Ceratonia siliqua L bitkisinin uçucu bileşenleri Shimadzu QP-2020 GC-MS cihazı kullanılarak 

Head Space-Katı Faz Mikro Ekstraksiyon (HS-SPME) yöntemi yardımıyla belirlendi (Genovese 

vd., 2015). Bitki uçucu bileşenlerini belirleyebilmek için SPME viali içerine bitkiden 2 gram 

tartıldı. Bu vial 30 dakika boyunca 40 °C’de bekletildi ve daha sonra SPME fiberi (Supelco, 2 cm)  

vial içirisine yerleştirilip sıcaklık aynı derecede sabit tutularak 30 dakika adsorpsiyon yapması 

sağlandı. Adsorpsiyon işleminden sonra fiber, GC–MS enjeksiyon portunda 5 dakika boyunca 250 

°C’de desorpsiyon yapması için bırakıldı. Taşıyıcı gaz olarak Helyum gazı akış hızı 1.05 mL/dk 

olarak ayarlanıp kullanıldı ve splitless enjeksiyon modu yardımıyla kromatografik ayrılma işlemi 

gerçekleştirildi. 40 °C’de başlatılan cihazın fırın sıcaklık programı , 240°C'ye kadar dakikada 4°C 

artırılarak çıkartıldı ve bu sıcaklıkta 6 dakika bekletildi (Korkmaz, 2023). İç standart olarak İzobütil 

asetat kullanılıp uçucuların derişiminin bağıl olarak hesaplanması yapıldı. 
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3. SONUÇLAR VE TARTIŞMA  

Keçiboynuzu bitkisinin gc-ms sonuçları incelendiğinde Toplam 37 bileşik tesbit edilmiş olup 

bunların 6 sı Alkol, 5 i keton, 7 si asit, 17 si ester ve 2 tanesi terpen sınıfında yer alır (Şekil 1; Tablo 

1). 

 
Sekil 1: Ceratonia siliqua L Bitkisinin GC-MS grafiği  

 

Bileşik Adı Retention                   

Time 

(dk) 

Retention      Index         Miktar    

       (mg/kg bitki) 

ALKOLLER 

1-Pentanol  18.077 1196 136.313 

2-Heptanol (CAS)  22.180 1282 1.439 

1-Nonanol  33.885 1616 1.192 

2-Nonanol (CAS)  28.435 1441 1.293 

Methanol (CAS)  48.018 2204 1.358 

Benzeneethanol (CAS)  38.956 1809 46.602 

ALDEHİTLER 

    

KETONLAR 

Ketone, methyl nonyl 31.035 1520 1.313 

Acetophenone, azine 34.137 1625 1.144 

2-Tridecanone  36.535 1713 0.540 

Ethanone, 1-(1H-pyrrol-2-yl)- 

(CAS)  

41.400 1912 1.791 

2-Pentadecanone  42.087 1942 0.953 

ASİTLER 

Butyric acid 32.676 1574 4.572 

Butyric acid, 2-methyl- 34.310 1631 0.727 

Hexanoic acid (CAS) 38.263 1781 1.530 

Heptanoic acid  40.865 1889 0.590 
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Octanoic acid  43.485 2004 0.834 

7-Octenoic acid 43.755 2016 10.296 

Nonanoic acid (CAS)  45.045 2073 1.634 

ESTERLER 

Isopentyl hexanoate  27.530 1415 2.986 

(3Z)-3-Octenyl acetate 33.343 1597 9.256 

  

Nonyl 2-methylpropanoate 

33.542 1603 4.173 

4-Ethylbenzoic acid, 2-pentyl 

ester  

35.274 1667 1.731 

(E)-2-Decenyl acetate  40.679 1881 0.705 

Isobutyric acid, ethyl ester 6.776 924 27.040 

Butanoic acid, methyl ester 

(CAS)  

8.016 971 59.555 

Isobutyric acid, isobutyl ester 9.730 1023 15.795 

Hexanoic acid, methyl ester  17.725 1189 33.056 

Butanoic acid, 1-methylhexyl 

ester  

23.256 1305 0.810 

Hexanoic acid, isobutyl ester 23.552 1313 1.173 

4-Octenoic acid, methyl ester  26.427 1385 1.218 

Butanoic acid, octyl ester  30.524 1503 2.893 

1-Norbornanemethanol, 

acetate  

34.510 1639 13.761 

5-Tetradecen-1-ol, acetate, 

(Z)-  

43.106 1987 1.101 

Z-(13,14-Epoxy)tetradec-11-

en-1-ol acetate  

45.977 2114 0.843 

Methyl heptanoate 18.560 1206 1.104 

TERPENLER 

(+)-2-Bornanone  30.155 1492 4.683 

Camphene hydrate 24.709 1342 1.369 

Tablo 1: Ceratonia siliqua L GC-MS sonucu elde edilen bileşenleri ve miktarları  

 

Ceratonia siliqua L. (keçiboynuzu) bitkisinin GC-MS analiz sonuçlarını incelediğimizde toplam 

37 uçucu bileşiğin tespit edildiğini ve bunlarında çoğunluğunun esterler başta olmak üzere, alkoller 

ve yağ asidi türevlerinden oluştuğu görülmektedir. Elde edilen sonuçlar, keçiboynuzu bitkisinin 

biyolojik aktivite açısından önemli potansiyele sahip olduğunu göstermektedir. Özellikle ester 

bileşiklerinin yüksek oranda bulunması, bitkinin karakteristik aroma özelliklerinin oluşumunda 

etkili olabileceğini düşündürmektedir. Literatürleri incelediğimizde keçiboynuzu uçucu 

bileşenlerinin çoğunlukla esterler, alkoller, ketonlar, asitler ve terpenlerden oluştuğu görülmektedir 

(Zannou vd. 2019).  

Bu bitkisinin gc-ms sonuçları detaylıca incelendiğimizde ise alkoller arasında en yüksek miktarda 

tespit edilen bileşikler 1-Pentanol (136.3 mg/kg) ve Benzeneethanol (CAS) (46,6 mg/kg) olurken 

esterler de en yüksek miktara sahipolan bileşikler Butanoic acid, methyl ester (CAS) (59.5 mg/kg), 

Hexanoic acid, methyl ester (33 mg/kg) ve Isobutyric acid, ethyl ester (27 mg/kg) dir. 
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Çalışmamızda alkol grubunda yer alan bileşikleri incelediğimizde en yüksek miktarda belirlenen 

bileşiklerin 1-Pentanol (136,3 mg/kg) ve Benzeneethanol (2-Phenylethanol) (46,6 mg/kg) olduğu 

görülmektedir. En yüksek miktarda tespit edilen 2-Phenylethanol bileşiğinin özellikle 

antimikrobiyal aktivite gösterdiği ve çeşitli fungal patojenlere karşı etkili olduğu aynı zamanda bu 

bileşiğin doğal aroma maddesi olarak da önem taşıdığı bilinmektedir (Liu vd. 2014). 

Çalışmamızda ester grubunda yer alan bileşikleri incelediğimizde  yüksek miktarda bulunan 

Butanoic acid, methyl ester, Hexanoic acid, methyl ester ve Isobutyric acid, ethyl ester 

bileşiklerinin meyvemsi aroma oluşumunda önemli rol oynadığı bilinmektedir. Ester bileşiklerinin 

aroma özelliği yanında antimikrobiyal ve koruyucu etki gösterdiği de bilinmektedir.  Ceratonia 

siliqua bitkisinde ester bileşiklerin baskın grup olması gıda ve farmasötik uygulamalar açısından 

değer taşıyabileceğini göstermektedir. Literatürlerde keçiboynuzu uçucu profilinde ester 

türevlerinin önemli seviyede bulunduğu görülmektedir (Zannou vd. 2019). 

Asit bileşiklerini incelediğimizde 7-Octenoic acid ve Butyric acid’in yüksek miktarda bulunması 

dikkat çekmektedir. Bütirik asidin bağırsak sağlığı üzerine olumlu etkileri, antimikrobiyal 

aktivitesi ve antiinflamatuvar özellikleri nedeniyle biyolojik açıdan önemli bir bileşik olduğu 

bilinmektedir. Aynı zamanda yağ asidi türevlerinin antioksidan kapasiteye sahip olduğu da 

bilinmektedir (Zannou vd. 2019). 

Keton bileşiklerini incelediğimizde Ethanone, 1-(1H-pyrrol-2-yl)- bileşiği en yüksek miktarda 

belirlenmiştir. Bu bileşik bitkinin aroma profiline katkı sağlayan önemli bir bileşiktir. Aroma 

oluşumunda ve bazı biyolojik aktivitelerde keton türevi uçucu bileşiklerin etkili olduğu yapılan 

çalışmalarda gösterilmiştir (Zannou vd. 2019). 

Terpen grubunda yer alan bileşikler arasında bulunan (+)-2-Bornanone (kamfor türevi) bileşiğinin 

antimikrobiyal, antioksidan ve antiinflamatuvar özelliklere sahip olduğu literatürlerde 

gösterilmiştir. Bununla birlikte aynı grupda yer alan Camphene hydrate gibi terpen bileşiklerinin 

de biyolojik aktivitelere sahip olduğu bilinmektedir. Çalışmamızda her ne kadar terpen sayısı düşük 

olsa da, bu bileşikler biyolojik aktivite açısından önemlidir (Zannou vd. 2019). 

Andriana Krokou ve arkadaşlarının Ceratonia siliqua üzerine yapmış olduğu çalışmada 

çalışmamızdan elde etiğimiz uçucu bileşik analizleri ile sonuçlar benzerlik göstermektedir. Söz 

konusu çalışmada da keçiboynuzu örneklerinde esterler, alkoller ve yağ asidi türevlerinin baskın 

olduğu rapor edilmiştir (Krokou vd. 2019).  

Ceratonia siliqua L (Keçiboynuzu) bitkisinin uçucu bileşen analizlerini incelendiğimizde elde 

ettiğimiz veriler bu bitkinin sahip olduğu bileşenler bakımından insan sağlığına faydalı olacağını 

göstermekte bu nedenle bunu üzerine kapsamlı çalışmaların yapılmasının litaratüre katkı 

sağlayacağı kanaatindeyiz. 
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Abstract 

In this Paper the authors made work on the Intrusion Detection System, Which is a Technology to 

Deal with Security Problem in the Landscape of the Computer Industry. Today one of the most 

popular tools for implementation is Python. The reason of the statement before being the various 

basic set of ingredients present in the Tool Named Python. The Implementation comprises of the 

Dataset Taken from KDD Repository. The paper comprises of Introduction, Problem Statement, 

Literature Survey, Implementation, Result & Discussion, Conclusion, Acknowledgement and 

References. The Authors made utilization of Several Machine Learning Approaches like Naïve 

Bayes, Decision Trees, Random Forest, Support Vector Machine, Logistic Regression and 

Gradient Boosting Classifier. The Paper gives a Comparative Analysis of the various approaches 

used. At last the Paper proposes the best approach for the Problem Identified
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I.  INTRODUCTION 

 In the Current Environment Frauds is Increasing Day by Day. Every day you read 

articles in the news paper about cyber frauds happening with the People around us. Recently an 

article was published where a Lady became victim of a Fraud in which she was asked to 

download a Popular Application named Anydesk in her Mobile Phone and then after a few time 

money was transferred from her Account. These types of Crimes are Increasing Day by Day. 

The need is to have some Technology or Technique or System that is going to be reliable and 

at the same time have the potential to solve the Problem under consideration in Due Time. The 

past ten to twenty years had seen a tremendous acceptability of Software and Hardware 

Combination to Deal with the various Real Time Problems. The Current Era is of Machine 

Learning. In the Current Work we have made a Great Utilization of Some of the Trial and 

Tested Approaches in the Field of Machine Learning. In the Current Work we have constructed 

an Intrusion Detection System which before Construction is tested on Different Approaches 

before actually going on with the best Approach. In the Current Paper we are highly interested 

in exploring a Field of Computer Science and Engineering that is what Security is over the 

Computer Network. As the Number of Nodes are Increasing Over the Network Security is a 

Major Concern for the Computer Fraternity. 

There is a rapid growth in the Cyber threats, we are having a collaboration of Cloud computing, 

Internet of Things and Infrastructure. World is investing around 5.44 billion dollars and the 

target is of 8,78 billion by 2025. CAGR of around 4.9% is estimated. The largest market of IDS 

is North America. Europe is also investing a lot on IDS system. Asia-Pacific region is also a 

major investor in the field of IDS. Artificial Intelligence and Machine Learning is a leading 

technology used for IDS creation. IDS is used in Cloud-Native and Hybrid deployments. 

Behavioral and anomaly detection methods are highly used for IDS making. IDS are associated 

with USF (Unified Security Frameworks).  The major challenges in the field of IDS are high 

implementation and maintenance costs, skill shortages, integrated complexity and False 

Positive and Alert Fatigue. The major sector specific adoption includes IT and 

Telecommunication, Healthcare and Financial services for the government. In India under 

government of MeitY CERT is the IDS framework for the people of India. The Government of 

India has found intrusion both at Cyber as well as physical domains. India has included policy 

driven adoption in IDS and has invested money for Infrastructure protection. India is now able 

to have homegrown developed IDS systems. An OT-IDS is the future of India in the field of 

IDS. In the current time in India IDS is a research field and AI-Enabled Trends are the future 

of IDS. India has launched efforts like operation cyhawk. India is involved in the usage of an 

IDS system that is Operation Sindoor. Events like Empower Governance with Technology are 

highlighting India’s work in the field of IDS. The government of chhattisgarh is involved in 

awareness, training and technology infrastructure activities. In Chhattisgarh the majority 

population is of Tribes which are having less literacy and thus prone to be target for fraud.  

Cyber Security Awareness Van is called across 33 districts NDTV report. The ATS of 

chhattisgarh has found Pakistan-linked ISIS as per the Times of India reward. Chhattisgarh is 

countering online extremism and social media threats. The leadership that is Government of 

Chhattisgarh is involved in policy making and enforcement of zero tolerance and Institutional 

emphasis as per the report of Navbharat times.  

 

II. PROBLEM STATEMENT 

 Every Day in the News Paper, News Channels and by the word of Mouth we are able to 

hear the Cyber Crimes happening with the People around Us. To Tackle the Problem at the 

State Level in India Police is there which is having Cyber Cell to Handle the Problem. The 

Problem is not only faced by normal people but also by high profile as well as Government 

Officials which are having High Rank. The problem is even acknowledged by even Defense 
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Personals. The Criticality of the Problem Grows as the Type of the Victim. Say if the Victim is 

a Defense Official then thought of the Consequences. So it is very important to fix and eradicate 

the Problem under consideration. The major challenges that India is facing in IDS adoption are 

skill shortages, integration complexity, and resources constraints. Chhattisgarh in between 

2024-2025 has found 1301 cybercrime cases. The total estimate of loss is around 107 crore 

rupees. In chhattisgarh cyber cell is deployed in Raipur, Durg, Bilaspur, Sarguja and Jagdalpur. 

An example of IDS in Chhattisgarh is Operation Cyber Shield. In chhattisgarh the chhattisgarh 

police 262-profile fake ID gangs across Instagram, Facebook and Youtube. The major 

challenges in chhattisgarh  are rising cybercrime volume, resource and skill limitations and 

public awareness and adoption.  

III.  LITERATURE SURVEY 

 In [1,2,6,9] ML, Deep-Learning and federated Learning are used for the purpose of IDS 

implementation in complex networks that include Internet of Things, Vehicular Networks and 

Cloud oriented environment. They help in encountering cyber threats.  In [14, 2, 10] ML based 

networks are used for both known and zero-day attacks. In [11, 38, 43, 37, 24] Hybrid deep 

learning methodologies are used for GA-CNN-BiGRU-IDS which make usage of 

spatiotemporal features. In these articles Transformer-based architecture and knowledge 

distillation techniques are used. IDS developed for Industrial purposes. In [4, 20, 22] the authors 

used edge computing, federated learning approaches like Choir-IDS. The articles included 

federated and cross-domain learning techniques. In [42, 27, 25] IDS are implemented for IoV 

that is internet of vehicles and wireless-sensor networks. In [29, 43, 44, 28] the authors have 

used emerging IDS techniques and tools. The articles included weighted fusion ensembles. The 

articles included transformer neural network and single attribute detection method. In the 

articles integration with large language models is used. The articles include real-time models. 

In [9, 6, 32, 34] the applications are made that work beyond cybersecurity. The work included 

biomedical research. In the article the authors used probiotics using ID frameworks. The article 

applied molecular culture id in pleural effusion detection. In article analytical chemistry studies 

leverage isotopic dilution. Article included chromatography for quantification in the case of 

human plasma and samples that are environmental. In [17, 36, 39] Fenton process is used. The 

article included IDS-inspired for chemical detection and separation. In [5, 4, 37, 22] the major 

challenges in IDS are found which included data scarcity, adversarial robustness and real-time 

processing. Scalability is also used. 

IV. PROPOSED WORK  & IMPLEMENTATION 

 The Implementation of the Code is done in Python. The Data Set is of KDD. It comprises 

of 32 Attributes. It comprises of 494021 records. We in this section will observe the Flowchart 

that represents the Data Flow in the Code. 
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Fig. 1 Proposed Implementation in Python. 

V. RESULT AND DISCUSSION 

 In this Section we will observe some of the Graphs generated during the exploration 

procedure of the Code implementation. The Section will basically comprise of the various 

graphs. 

 
Fig. 2 Column Names 
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Fig. 3 Column Data Types 

 
Fig. 4 Bar Graph of Protocol Type. 

 
Fig. 5 Bar Graph for Services. 
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Fig. 6 Bar Graph for Flag. 

 
Fig. 7 Bar Graph of Logged in. 

 
Fig. 8 Bar Graph of Target. 

 
Fig. 9 Bar Graph of Attack Type. 
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Fig. 10 Data Correlation Figure. 

VI. CONCLUSION AND FUTURE WORK 

 In this Section we will Observe One Table which will be a Comparative Chart of the 

Methodologies used for the Prediction work. The Comparative Chart will be a Table which will 

comprise of the information related to the Train Time, Test Time, Train Score and Test Score. 

We will Also Observe the Chart giving the visual effect of the Tabular Comparison. IDS are 

one of the techniques used for Rapid Adoption, technological evolution and expanding 

geographical reach. The future of IDS is increased adoption of EI/Machine Learning, Edge and 

Internet of Things Security and Managed and Unified Security Services. MSSPs and IDSaaS is 

the future of IDS. A dedicated cyber infrastructure building is being constructed in chhattisgarh 

that is equipped with forensic devices and even mobile forensic kits are deployed. Specialized 

Training programs are held for the officers. Chhattisgarh is celebrating Cyber Security 

Awareness Week to tackle the problems related to IDS. The major activities that chhattisgarh 

is taking includes establishing cyber police stations, launching of operations that are 

functionally resemble IDS CMS. Government of Chhattisgarh is promoting the public 

awareness and training campaigns. The major areas where the IDS implementation is supposed 

to be more include Explainable AI, Federated and Cross-Domain Learning, Integration with 

edge and vehicular networks and Multidisciplinary adoption.  

 

TABLE I 

COMPARATIVE ANALYSIS OF THE VARIOUS APPROACHES USED 
S.No. TRAIN SCORE 

LR SVM DT NB 

 

RF 

 

GB 

1 99.35 99.87 99.05 87.95 99.99 99.79 

2 

TEST SCORE 

LR SVM DT NB 

 

RF 

 

GB 

99.35 99.87 99.05 87.90 99.96 99.77 

3 

TRAIN TIME 

LR SVM DT NB 

 

RF 

 

GB 

55.11 122.86 1.3147 0.561505 11.755 447.92 

4 

TEST TIME 

LR SVM DT NB 

 

RF 

 

GB 

0.0311 27.311 0.0301 0.35035 0.4866 1.3867 
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Fig. 11 Comparative Chart for Train Score. 

 
Fig. 12 Comparative Chart for Test Score. 

 
Fig. 13 Comparative Chart for Train Time. 

 
Fig. 14 Comparative Chart for Test Time. 
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ABSTRACT 

Three-dimensional graph data such as molecules and point clouds demand models that 

understand both structural connectivity and spatial orientation. Existing Equivariant Quantum 

Graph Neural Networks (EQGNNs) handle node permutation symmetry but ignore rotational 

transformations, leading to a loss of critical geometric information. This paper presents RP-

EQGNN (Rotation- and Permutation-Equivariant Quantum Graph Neural Network), a novel 

quantum-classical hybrid architecture for recognizing 3D graph data that simultaneously 

enforces both rotational (SO(3)) and permutation equivariance within a unified quantum circuit 

framework. The model encodes 3D coordinates as Eulerian angles on the Bloch sphere, 

employs a geometric entanglement module for spatial feature extraction, and introduces an edge 

entanglement strategy that performs distinguishable quantum operations based on bond type 

and inter-node distance to prevent information smoothing. A de-entanglement stage guarantees 

symmetry-consistency prior to measurement. Experiments on the QM9 molecular regression 

dataset, the OC20 catalyst dataset, and the ModelNet40 point cloud classification benchmark 

demonstrate that RP-EQGNN achieves up to 37.5% reduction in Mean Absolute Error over 

competing quantum models and 70% lower inference time than leading classical equivariant 

networks, using only 96 trainable parameters. A binary classification task yields 97.5% 

accuracy with an F1-score of 97.3%, validating strong generalization. These results establish 

symmetry-aware quantum circuits as a practical and parameter-efficient path for 3D graph 

learning in the NISQ era. 

Keywords—Quantum Graph Neural Networks; Equivariant Learning; Rotation Equivariance; 

Permutation Equivariance; 3D Molecular Property Prediction; Quantum Machine Learning; 

NISQ.  
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I. INTRODUCTION 

Graph-structured data is ubiquitous across scientific disciplines, from social networks and 

recommendation systems to molecular biology and materials science. In physical and chemical 

domains, data entities are governed not only by connectivity but by rigid spatial symmetries 

rooted in physical law. Classical Equivariant Graph Neural Networks (EGNNs) have made 

progress in encoding these symmetries, yet the leap to the quantum domain has introduced new 

challenges. 

Existing Equivariant Quantum Graph Neural Networks (EQGNNs) predominantly address 

node permutation symmetry while neglecting the geometric information encoded in three-

dimensional coordinates. This gap leads to orientation-sensitive models that require heavy data 

augmentation, limiting scalability in the Noisy Intermediate-Scale Quantum (NISQ) era. 

This paper addresses these limitations by presenting RP-EQGNN, a quantum architecture that 

enforces both rotation equivariance under the special orthogonal group SO(3) and permutation 

equivariance under the symmetric group S_n. We prove that these two symmetry operations 

commute on the input space, establishing that a model equivariant to each individually is 

equivariant to their combined action. This theoretical guarantee drives the entire architectural 

design. 

The key contributions of this work are: (i) a rigorous derivation of rotation-permutation 

commutativity enabling a unified equivariant quantum circuit; (ii) a geometric quantum 

encoding that maps raw 3D coordinates to qubit states via Eulerian angles without requiring 

expensive spherical harmonics; (iii) an edge entanglement strategy that performs heterogeneous 

quantum operations based on bond type and distance to prevent information smoothing; and 

(iv) comprehensive experimental validation on QM9, OC20, and ModelNet40 benchmarks 

demonstrating superior performance at extreme parameter efficiency. 

 

II. RELATED WORK 

Bronstein et al. [1] introduced Geometric Deep Learning as a unified framework generalizing 

deep learning to non-Euclidean domains via symmetry-aware representations. This 

foundational theory underpins the equivariant design choices in this work. 

Fuchs et al. [2] proposed SE(3)-Transformers, integrating geometric constraints into the 

attention mechanism to achieve 3D roto-translation equivariance. While powerful, the 

architecture demands substantial memory and compute, restricting deployment in resource-

constrained settings. 

Verdon et al. [3] introduced Quantum Graph Neural Networks (QGNNs), demonstrating the 

applicability of parameterized quantum circuits to graph-structured data. However, their model 

does not incorporate geometric symmetry constraints. 

Skolik et al. [4] proposed trainable quantum kernels for machine learning, showing quantum-

enhanced feature mapping capabilities. Scalability on current NISQ hardware remains an open 

challenge in this line of work. 

Chen et al. [5] developed permutation-invariant GNNs for molecular property prediction using 

symmetric aggregation functions. The permutation-invariant (rather than equivariant) design 

and loss of fine-grained spatial information limit applicability to 3D coordinate-based tasks. 

Li et al. [6] explored hybrid quantum-classical GNNs, achieving improved molecular property 

prediction over purely classical baselines at the cost of increased simulation overhead. Zhou 

and Wang [7] advanced rotation-equivariant GNNs for 3D point clouds, but their classical 

approach does not leverage quantum representational advantage. The present work synthesizes 

insights from both streams to build the first model jointly equivariant to rotations and 

permutations within a quantum framework. 

III. PROPOSED METHODOLOGY 

A. Theoretical Foundation 
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Let G = (V, E, pos) denote a 3D graph with node set V, edge set E, and spatial position matrix 

pos^(n×3). A model Φ is rotation-equivariant if Φ(R·G) = R·Φ(G) for any rotation R ∈ SO(3), 

and permutation-equivariant if Φ(P·G) = P·Φ(G) for any permutation P ∈ S_n. 

We prove that rotation R and permutation P commute on the input space: R(P·G) = P·(R·G), 

because a rotation affects only spatial coordinates while a permutation reorders nodes, leaving 

the geometric relationship between any pair of nodes invariant. Consequently, a model 

equivariant to R and P individually is equivariant to their combined direct product group SO(3) 

× S_n. This commutativity theorem removes the need to jointly design for the combined group 

and is the theoretical backbone of RP-EQGNN. 

B. Architecture Overview 

RP-EQGNN is a quantum-classical hybrid pipeline consisting of seven modules: (1) Data 

Preprocessing, (2) Quantum Encoding, (3) Geometric Module U_R, (4) Non-Geometric 

Module U_N, (5) De-entanglement Module U_R†, (6) Measurement, and (7) Classical Post-

processing. 

C. Quantum Encoding Module 

Each node v_i is assigned a dedicated qubit. Raw 3D coordinates r_i = (x, y, z) are transformed 

into Eulerian angles (θ, φ, λ) and applied via universal rotation gates: 

|ψ⟩ = R_x(λ) R_y(θ) R_z(φ)|0⟩ 
This encodes physical position directly into the quantum state, enabling richer representations 

with fewer resources than classical approaches. 

D. Geometric Module (U_R) 

The geometric module creates symmetry-aware entanglement between qubits based on spatial 

proximity. For each connected node pair (i, j), controlled unitary operations parameterized by 

inter-node distance d_ij and torsion angles are applied: 

|ψ⟩ ← CU_{j,i}(d_ij) H_i |ψ⟩ 
Mathematical constraints enforce that if the input is rotated, the quantum state transforms 

identically, eliminating the need for exhaustive rotational data augmentation. 

E. Non-Geometric Module (U_N) and Edge Entanglement 

Working in parallel with U_R, the non-geometric module processes node-level features via a 

quantum convolutional layer. The core innovation is the edge entanglement strategy: distinct 

quantum rotation gates are applied per bond type (e.g., single vs. double bonds in a molecule), 

weighted by distance d and torsion angle γ: 

|ψ^(l)⟩ = U_C(x) · U_E(d, γ) |ψ^(l-1)⟩ 
This heterogeneous entanglement strategy prevents information smoothing—a persistent 

problem in message-passing GNNs—by ensuring distinct structural relationships are not 

accidentally averaged during feature aggregation. 

F. De-entanglement and Measurement 

The de-entanglement module U_R† applies the Hermitian conjugate of U_R, restoring the 

quantum state to a symmetry-consistent form prior to readout. This guarantees rotational 

equivariance of the final output: 

U_R† = (U_R)^(−1) 

Measurement collapses quantum states to expectation values. A multi-layer perceptron maps 

these to task outputs: softmax classification or scalar regression via MAE minimization. 

IV. EXPERIMENTAL RESULTS 

A. Datasets 

Experiments are conducted on three benchmarks. QM9 [8] contains 133,885 small organic 

molecules with 3D coordinates and atomic features; we report MAE on 12 molecular properties 

including dipole moment and polarizability. OC20 [9] is an open catalyst dataset used to 

evaluate inference efficiency. ModelNet40 [10] consists of 12,311 CAD models across 40 

shape categories used for point cloud classification. 
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Table I: Dataset Summary 

Dataset # Samples Task Primary Features 

QM9 133,885 Regression (MAE) 3D Coords, Atomic Types 

OC20 460,000 Regression / Efficiency 3D Coords, Atom Features 

ModelNet40 12,311 Classification 3D Point Clouds (XYZ) 

 

B. Implementation Details 

RP-EQGNN is implemented in Python using PennyLane for quantum circuit simulation and 

PyTorch for the classical post-processing layers. Training uses the Adam optimizer with a 

learning rate of 1×10^-3. All experiments are conducted on an NVIDIA GPU with 8 GB RAM. 

The model comprises only 96 trainable parameters. 

C. Molecular Property Regression (QM9 and OC20) 

Table II compares RP-EQGNN against representative quantum and classical models. RP-

EQGNN reduces MAE by up to 37.5% over the best competing quantum model (EQC) on 

selected QM9 targets. Remarkably, this is achieved with only 96 parameters versus the millions 

required by EquiformerV2 and HEGNN. On OC20, inference time is reduced by approximately 

70% relative to EquiformerV2. 

Table II: Comparison on QM9 (selected properties, lower MAE is better) 

Model Type 
# 

Params 
Avg. MAE Rel. Improvement 

Q3DGL Quantum 128 Baseline Q — 

EQC Quantum 256 Baseline Q+ — 

EquiformerV2 Classical 83M SOTA Classical — 

HEGNN Classical 12M Competitive — 

RP-EQGNN 

(Ours) 

Quantum-

Classical 
96 Best Quantum +37.5% vs EQC 

 

D. Point Cloud Classification (ModelNet40) 

Table III presents classification accuracy across 10-, 20-, and 40-class subtasks. RP-EQGNN 

consistently outperforms quantum competitors sQCNN-3D and PI-QSVM, with average 

accuracy gains of 1.31% to 5.13% across task difficulty levels, demonstrating robust 

generalization and symmetry-aware feature extraction. 

 

Table III: ModelNet40 Classification Accuracy (%) 

Model 10-class 20-class 40-class 

PI-QSVM — — — 

sQCNN-3D — — — 

RP-EQGNN (Ours) Best Best Best (+1.31–+5.13%) 

 

E. Binary Classification Performance 

A binary classification experiment on 200 samples yields the performance reported in Table 

IV, validating the end-to-end pipeline on a controlled benchmark. 
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Table IV: Binary Classification Metrics 

Metric Value Interpretation 

Accuracy 97.50% Very high overall performance 

Precision 98.90% Very few false positives 

Recall 95.74% Strong positive detection 

F1-Score 97.30% Balanced precision-recall trade-off 

True Positives / Negatives 90 / 105 Dominant correct predictions 

 

F. Barren Plateau Analysis 

Gradient variance measurements confirm that the equivariant structure of RP-EQGNN 

maintains significantly higher gradient variance as qubit count increases, compared to 

symmetry-blind QGNNs. This empirically validates that enforcing geometric symmetry is an 

effective mitigation strategy for the barren plateau problem, ensuring the model remains 

trainable at larger scales. 

V. DISCUSSION 

The results demonstrate several key advantages of RP-EQGNN. First, the parameter efficiency 

(96 parameters) relative to classical SOTA (millions of parameters) arises directly from the 

inductive bias provided by the symmetry constraints—the model does not need to learn rotation 

or permutation invariance from data. Second, using raw Eulerian angle encoding instead of 

spherical harmonics substantially lowers the preprocessing burden, making the model tractable 

for near-term quantum hardware. Third, the edge entanglement strategy is a practical solution 

to information smoothing in heterogeneous graphs, enabling fine-grained discrimination 

between different bond types in molecular systems. 

A limitation of the current work is that translational equivariance is achieved implicitly through 

scalarized distance features rather than by explicit architectural design. Future work will 

address this gap. Additionally, experiments are conducted on quantum simulators; performance 

on real NISQ hardware with noise will be evaluated in subsequent studies. 

VI. CONCLUSION 

This paper presented RP-EQGNN, the first quantum graph neural network to jointly enforce 

rotation and permutation equivariance within a unified circuit design. By proving the 

commutativity of these symmetry operations and embedding them as architectural inductive 

biases, the model achieves state-of-the-art quantum performance on molecular regression and 

3D object classification benchmarks while using only 96 trainable parameters. The 70% 

inference time reduction on OC20 and the demonstrated mitigation of the barren plateau 

problem highlight the practical value of symmetry-aware quantum circuits in the NISQ era. 

This work provides a foundational framework for the broader adoption of equivariant quantum 

models in physics-informed machine learning. 

VII. FUTURE WORK 

Future directions include: (i) incorporating explicit translational equivariance and reflection 

invariance to extend the symmetry group; (ii) integrating hierarchical tensor refinement for 

multi-scale molecular representations; (iii) deploying and benchmarking RP-EQGNN on 

physical quantum processors to characterize noise sensitivity; (iv) exploring hybrid quantum-

classical optimizers and transfer learning from small-molecule pretraining to large protein 

structure analysis; and (v) scaling to massive graph domains such as drug-target interaction 

networks for advanced drug discovery. 
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ABSTRACT 

Mammography remains the primary screening modality for breast cancer, the most frequently 

diagnosed malignancy worldwide. This paper introduces a Cross-View Vision Transformer 

(CV-ViT) that explicitly models spatial correspondences between craniocaudal (CC) and 

mediolateral oblique (MLO) mammographic views through hierarchical attention. Unlike prior 

architectures that process views independently or fuse them through simple concatenation, CV-

ViT employs a learnable cross-view attention module operating at three levels: patch-level self-

attention for fine-grained lesion features, cross-view attention for bilateral correspondence 

guided by anatomical priors, and global attention pooling for diagnostic integration. On CBIS-

DDSM (2,620 cases), CV-ViT achieves 92.7% accuracy and 0.956 AUC-ROC, outperforming 

ResNet-50 (88.7%, 0.912), DenseNet-121 (89.4%, 0.920), and single-view Vision 

Transformers (91.2%, 0.935). Ablation analysis attributes 1.5% accuracy to cross-view 

attention and 0.8% to anatomical priors. External validation on INbreast and VinDr-Mammo 

confirms robust generalization (AUC 0.948 and 0.941, respectively). The approach contributes 

an interpretable cross-view reasoning mechanism that mirrors radiologists’ dual-view 

workflow. 

Keywords: Breast Cancer Detection; Vision Transformer; Cross-View Attention; Digital 

Mammography; Explainable AI; Medical Image, Deep Learning.  

mailto:mahmudswjtu25@gmail.com
mailto:qxp@home.swjtu.edu.cn
mailto:mahmudire37@gmail.com


20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

942 
 

1. INTRODUCTION 

Breast cancer accounts for 12.5% of all new cancer cases globally and remains the leading 

cause of cancer-related mortality among women (Sung et al., 2021). Mammographic screening 

reduces mortality by 20-40% through earlier detection (Tabár et al., 2011), yet interpretation is 

cognitively demanding: radiologists review 50-100 examinations per day while sustaining 

diagnostic accuracy (Rutter et al., 2012), and inter-reader agreement on screening 

mammograms ranges only 75-85% (Elmore et al., 2015). 

Standard examinations acquire two complementary projections per breast - the CC view 

(superior–inferior) and the MLO view (angled lateral) - because lesions obscured in one 

projection are often visible in the other. Radiologists mentally map suspicious findings between 

views to establish diagnostic confidence. Existing computer-aided detection (CAD) systems 

poorly emulate this cross-view reasoning, which contributes to high false-positive rates (0.5–

2.0 per image) and limited clinical adoption (Nishikawa, 2007). 

Three limitations dominate current deep-learning approaches to mammography. First, multi-

view fusion is shallow: prior work uses late score averaging (Shen et al., 2019), early channel-

wise concatenation (Carneiro et al., 2017), or intra-view attention (Li et al., 2021), all of which 

treat CC and MLO as generic multi-channel inputs rather than anatomically related projections. 

Second, local–global feature balance is difficult to achieve: CNNs capture fine-grained texture 

but have limited receptive fields (Luo et al., 2016), while vanilla Vision Transformers model 

global context yet may attenuate the small-scale cues critical for early malignancies 

(Dosovitskiy et al., 2021). Third, interpretability remains single-view: Grad-CAM (Selvaraju 

et al., 2017) and attention rollout (Abnar & Zuidema, 2020) produce per-view heatmaps but do 

not explain how findings across views jointly drive a diagnostic decision. 

We address these gaps with a Cross-View Vision Transformer (CV-ViT) built around three 

design choices. (1) A learnable cross-view attention module in which patches from one view 

query the complementary view, guided by an anatomical correspondence matrix encoding 

geometric priors of tissue alignment across projections. (2) A hierarchical attention stack - patch 

→ cross-view → global - that explicitly separates local feature extraction, bilateral 

correspondence modeling, and integrated decision-making. (3) Anatomically initialized priors 

that are refined during training and that double as a substrate for cross-view interpretability. 

The principal contributions of this work are: (i) the first application of cross-view attention with 

anatomical correspondence priors to dual-view mammographic analysis with Vision 

Transformers; (ii) state-of-the-art performance on CBIS-DDSM (92.7% accuracy; 0.956 AUC) 

with validated generalization on INbreast and VinDr-Mammo; (iii) a systematic ablation that 

quantifies the contribution of each architectural component; and (iv) cross-view attention 

visualizations whose 74.6% alignment with expert annotations supports clinical interpretability. 

2. RESEARCH AND FINDINGS 

2.1 Related Work 

CNNs such as ResNet (He et al., 2016), DenseNet (Huang et al., 2017), and EfficientNet (Tan 

& Le, 2019) typically achieve 85–92% accuracy on mammographic benchmarks via ImageNet 

transfer learning. Attention-augmented variants - SE-Net (Hu et al., 2018) and CBAM (Woo et 

al., 2018) - yield incremental gains. Multi-scale designs based on feature pyramids (Lin, Dollár, 

et al., 2017) handle variable lesion sizes but remain bound by the limited receptive fields 

intrinsic to convolutional operators. 

Multi-view learning in mammography has progressed from late fusion (Shen et al., 2019) and 

early concatenation (Carneiro et al., 2017) to attention-weighted view aggregation (Li et al., 

2021; Gao et al., 2018). A consistent shortcoming across this line of work is the absence of 

explicit spatial correspondence modeling: CC and MLO are treated as independent feature 

streams rather than as geometrically related projections of the same anatomy. 
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Vision Transformers (Dosovitskiy et al., 2021) introduced global self-attention to vision, and 

hierarchical variants such as Swin Transformer (Liu et al., 2021) and Pyramid Vision 

Transformer (Wang, Xie, et al., 2021) reconcile multi-scale processing with global context. 

Medical applications span pathology (Chen et al., 2022), segmentation (Hatamizadeh et al., 

2022), and chest imaging (Wang, Huang, et al., 2023). For mammography, ViT use is still 

nascent: Bozdag et al. (2023) reported 89% accuracy with a single-view ViT on DDSM, and 

Chen et al. (2024) proposed a hybrid CNN–ViT classifier; neither incorporates explicit cross-

view attention. Concurrently, interpretability methods such as Grad-CAM (Selvaraju et al., 

2017), attention rollout (Abnar & Zuidema, 2020), attention flow (Ghorbani et al., 2020), and 

concept activation vectors (Kim et al., 2018) remain single-image tools and do not characterize 

cross-view reasoning. Our work targets all three gaps: explicit spatial correspondence, dual-

view ViT design, and bilateral attention visualization. 

2.2 Problem Formulation and Architecture 

Let ICC ∈ ℝ(H×W) and IMLO ∈ ℝ(H×W) denote the CC and MLO views of a breast examination. The 

task is to learn f: (ICC, IMLO) → y with y ∈ {0, 1} (1 = malignant). Unlike approaches that 

compute f(ICC) and f(IMLO) independently, we model f (ICC, IMLO | Θ), where Θ includes cross-

view attention weights and anatomical correspondence priors. The CV-ViT pipeline (Figure 1) 

is: (i) patch embedding with anatomical positional encoding; (ii) intra-view transformer blocks; 

(iii) the cross-view attention module; and (iv) global attention pooling with classification. 

 
Figure 1: Overall architecture of CV-ViT. Each view is embedded and processed by intra-

view self-attention before bidirectional cross-view attention modulated by the anatomical 

correspondence matrix A. 

2.3 Patch Embedding and Intra-View Self-Attention 

Each 2048×1024 image is divided into P=32 patches, yielding N=2048 patches per view. For 

view v ∈ {CC, MLO}, the patch embedding is Ev(0) = Linear (Flatten(Pv)) + PEv, where the 

linear projection maps to d=768 dimensions and PEv = PEspatial + PEanatomical. Standard 2D 

sinusoidal encoding (Dosovitskiy et al., 2021) is augmented with three clinically relevant 

attributes: superior–inferior position relative to the nipple line, medial–lateral position relative 

to the chest wall, and radial distance from the estimated nipple location. This inductive bias 

informs the model that anatomically corresponding regions occupy different pixel coordinates 

in CC versus MLO due to projection geometry. 

Each view passes through L=12 transformer encoder layers. In layer ℓ, multi-head self-attention 

with h=8 heads computes Zv(ℓ) = MHSA(LN(Ev(
ℓ-1))) + Ev^(ℓ-1), followed by Ev^(ℓ) = 
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MLP(LN(Zv^(ℓ))) + Zv^(ℓ), with Attention (Q, K, V) = softmax(QK⊤/√dk) V and dk = d/h = 96. 

Intra-view attention captures mass margins, microcalcification patterns, and architectural 

distortions within each projection. 

2.4 Cross-View Attention Module 

Given enriched representations ECC
(L) and EMLO

(L), the cross-view module models spatial 

correspondences via bidirectional cross-attention guided by an anatomical correspondence 

matrix A ∈ ℝ(N×N) (Figure 2). For patch i in CC and patch j in MLO, A [i, j] = exp(−‖pCC
(i) − 

φ(pMLO
(j))‖² / 2σ²), where p denotes anatomical position and φ maps MLO coordinates to CC 

coordinate space using φ(x, y) = (x cosθ − y sinθ, x sinθ + y cosθ) with θ ≈ 45°. A is row-

normalized, geometrically initialized, and refined by gradient descent. 

 
Figure 2: Cross-view attention module. CC and MLO features are fused through cross-

attention biased by the anatomical correspondence matrix A; residual fusion preserves view-

specific signals. 

For CC attending to MLO, the score and attended features are SCC→MLO = (QCC→MLO 

KMLO
⊤)/√dk + λA and ÊCC = softmax(SCC→MLO) VMLO, where λ is a learnable scalar weighting 

the geometric prior. The symmetric MLO→CC direction uses A⊤. Original and cross-attended 

features are combined through residual connections: FCC = LayerNorm(ECC^(L) + ÊCC) and 

FMLO = LayerNorm(EMLO^(L) + ÊMLO). This design lets the model learn an optimal balance 

between view-specific evidence and cross-view correspondence. 

2.5 Global Pooling and Classification 

A learnable [CLS] token is prepended to each fused sequence (Devlin et al., 2019), and a final 

transformer layer extracts the CLS representation per view: Gv = TransformerLayer(Fv(
CLS))[0]. 

Bilateral features are concatenated, Gbilateral = Concat(GCC, GMLO), and a two-layer MLP head 

with sigmoid output produces the malignancy probability p. 

2.6 Training Procedure 

We minimize focal loss (Lin, Goyal, et al., 2017) to address class imbalance, ℒclassification = −α 

(1 − pt) 
γ log(pt), with α = 0.75, γ = 2.0, plus L2 regularization (β = 0.01). Optimization uses 

AdamW (Loshchilov & Hutter, 2019) with learning rate 1×10⁻⁴, 1,000-step warmup, cosine 

annealing, batch size 16, weight decay 0.01, gradient clipping at 1.0, and FP16 mixed precision. 

View-consistent augmentation - rotation (±10°), horizontal flip (MLO only), zoom (0.9–1.1×), 

contrast (0.8–1.2×), brightness (±0.1), gamma, and elastic deformation (σ = 10, α = 100) - 

applies identical parameters to CC and MLO of the same examination to preserve spatial 

correspondence. A three-phase schedule is used: 30 epochs of independent single-view pre-

training, 20 epochs of cross-view integration with intra-view weights frozen, and 30 epochs of 

end-to-end fine-tuning at 5×10⁻⁵. Total training time is approximately 48 hours on 4× NVIDIA 

A100 (40 GB) GPUs. 
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2.7 Datasets and Implementation 

CBIS-DDSM (Lee et al., 2017) is our primary dataset: 2,620 examinations (1,566 benign, 1,054 

malignant) with pixel-level expert annotations, stratified 70/15/15 by pathology and BI-RADS 

density. INbreast (Moreira et al., 2012) provides 115 cases (90 normal, 25 malignant) from a 

Portuguese screening program for external validation. VinDr-Mammo (Nguyen et al., 2023) 

supplies 500 randomly sampled cases from a Vietnamese cohort, used for cross-population 

validation against the predominantly Western CBIS-DDSM distribution. Models are 

implemented in PyTorch 1.12 using the timm library (Wightman, 2019). Preprocessing applies 

CLAHE (clip limit 2.0), resizing to 1024×512, and z-score normalization. The CV-ViT 

configuration uses patch size 32, d = 768, L = 12, h = 8, MLP ratio 4, and dropout 0.1. 

2.8 Baselines and Evaluation 

CV-ViT is compared against six baselines: ResNet-50 (He et al., 2016), DenseNet-121 (Huang 

et al., 2017), and EfficientNet-B4 (Tan & Le, 2019) with late fusion; single-view ViT-B/16 

(MLO); dual-view ViT-B/16 with score averaging; dual-view ViT with early-fusion 

concatenation; and a multi-view ResNet with attention-weighted view fusion (Li et al., 2021). 

All baselines share data splits, augmentation, and optimizer settings; hyperparameters are grid-

searched on validation. Primary metrics are accuracy, AUC-ROC, sensitivity at 0.5 FP/image, 

specificity, and F1; secondary metrics include FROC, precision, and partial AUC at specificity 

> 0.9. Interpretability is assessed via attention–ROI IoU and Spearman correlation with pixel-

wise importance. Significance is tested with paired t-tests and Bonferroni correction (p < 0.01); 

each experiment is repeated over 5 random seeds with results reported as mean ± SD. 

3 Results and Discussion 

Table 1 and Figure 3 summarize performance on the CBIS-DDSM test set (393 cases). CV-ViT 

achieves 92.7% accuracy and 0.956 AUC, with all improvements over baselines significant at 

p < 0.001 (paired t-tests, Bonferroni-corrected). 

Table 1. Performance comparison on CBIS-DDSM (mean over 5 seeds). 

Model Accuracy AUC-

ROC 

Sens @ 0.5 

FP 

Params (M) 

ResNet-50 (dual) 88.7% 0.912 82.4% 51.2 

DenseNet-121 (dual) 89.4% 0.920 84.1% 16.0 

EfficientNet-B4 90.1% 0.927 85.3% 19.3 

ViT-B/16 (single, MLO) 91.2% 0.935 87.1% 86.6 

ViT-B/16 (dual, score avg) 91.2% 0.935 87.1% 173.2 

CV-ViT (ours) 92.7% 0.956 89.9% 89.8 

  

Three observations stand out. First, Vision Transformers exceed CNNs by an average of 2.1 ± 

0.4% in accuracy, consistent with the value of long-range dependencies for global tissue 

patterns; the AUC gap (0.935 vs. 0.920 for ViT vs. DenseNet) reflects better-calibrated 

confidence across thresholds. Second, MLO-only models outperform CC-only models by 1.3 ± 

0.15% (p < 0.001), aligning with the larger tissue volume captured by MLO (mean 78% vs. 

62%). Third, explicit cross-view integration matters: CV-ViT improves accuracy by 1.5% and 

AUC by 0.021 over dual-view score averaging, and sensitivity at 0.5 FP/image rises by 2.8 

percentage points (87.1% → 89.9%). Naive early fusion underperforms score averaging by 

0.4%, suggesting that unconstrained concatenation introduces noise from misaligned features. 

Standard deviations across 5 seeds remain low (±0.31% accuracy for CV-ViT), indicating that 

the anatomical prior stabilizes optimization. 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

946 
 

 
Figure 3: (a) Accuracy and AUC across architectures on CBIS-DDSM. (b) ROC curves for 

CV-ViT and three baselines; CV-ViT dominates across the operating range. 

Clinically, 89.9% sensitivity at 0.5 FP/image approaches the lower bound of human double-

reading (92–95%) (Houssami et al., 2019) and improves on typical commercial CAD (82–87% 

at 0.5–1.0 FP/image) (Mendez et al., 2022). Extrapolating to 1,000 examinations containing 

malignancies, the 3–8 percentage-point gain corresponds to 30–80 additional cancers detected 

at acceptable recall rates. CV-ViT’s F1 = 0.893 and precision 91.7% (vs. 88.6% for dual-view 

ViT) indicate that cross-view evidence helps discriminate subtle malignancies from benign 

mimics. CV-ViT delivers this with 89.8M parameters - fewer than the 173.2M of dual-view 

ViT - with a gain of 0.47% per 3.2M additional parameters, well above the typical ~0.1% per 

doubling of parameters in this regime. 

3.1 Ablation Studies 

We progressively removed key components to quantify their contribution (Table 2, Figure 4). 

Table 2. Ablation analysis on CBIS-DDSM. 

Component removed Accuracy Δ Acc 95% CI p-value 

Anatomical prior 91.9% −0.8% ± 0.2% < 0.001 

Hierarchical design 92.0% −0.7% ± 0.2% < 0.001 

Residual fusion 92.2% −0.5% ± 0.1% < 0.01 

Full model (CV-ViT) 92.7% — ± 0.5% — 

Removing the anatomical correspondence matrix (Δ = −0.8%) demonstrates that geometric 

priors guide attention toward clinically relevant correspondences; without the λA term, the 

model takes ~40% more epochs to reach comparable but still lower performance, and training-

loss variance is 23% higher. Models with priors show 18% higher spatial coherence in learned 

attention and 31% stronger bilateral symmetry for paired normal breasts. Replacing the 

hierarchical patch → cross-view → global stack with a flat two-level architecture (Δ = -0.7%) 

confirms that mixing local feature extraction and cross-view alignment in the same heads causes 

attention diffusion across irrelevant patch pairs; the hierarchical design adds only 12% FLOPs 

(42.3G vs. 37.8G) for the gain. Removing residual fusion in favor of direct replacement (Δ = -

0.5%) causes gradient norms to drop 67% from layer 12 to layer 1 (vs. 23% with residuals). 

The intact model balances view-specific and cross-view evidence at ~62%/38%, whereas 

without residuals the model over-relies on cross-view information (~89%) and occasionally 

ignores findings visible in only one view (e.g., calcifications obscured in MLO by projection 

angle). Overall, the full cross-view module accounts for +1.5% accuracy and +0.021 AUC; in 
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a screening cohort of 10,000 with 1% prevalence, this translates to ~15 additional cancers 

detected. 

 
Figure 4: Accuracy gains attributable to each architectural component on CBIS-DDSM. 

Components are additive within margin of error. 

3.2 External Validation and Generalization 

Without fine-tuning, CV-ViT retains its advantage on both external datasets (Table 3). On 

INbreast it gains 2.0% accuracy and 0.032 AUC over dual-view ViT (p = 0.012); on VinDr-

Mammo the gains are 2.3% accuracy and 0.035 AUC. Performance degradation from CBIS-

DDSM to external sets is smaller for transformer-based models (mean 3.1% accuracy drop) 

than for CNNs (4.9%) - a 36% reduction - consistent with attention being less sensitive to low-

level texture shifts than convolution. The larger VinDr-Mammo drop reflects population 

differences (68% extremely dense tissue vs. 42% in CBIS-DDSM) and broader scanner 

diversity (8 vs. 3 models). Cross-view attention patterns are stable across populations 

(Spearman ρ = 0.73 vs. 0.51 for dual-view ViT), and relative rankings are preserved (Kendall’s 

τ = 1.0, p < 0.001). 

Table 3. Zero-shot external validation (no fine-tuning). 

Model INbreast 

Acc 

INbreast 

AUC 

VinDr Acc VinDr AUC 

ResNet-50 84.3% 0.887 83.2% 0.876 

DenseNet-121 85.2% 0.895 84.1% 0.883 

ViT (dual, score 

avg) 

88.4% 0.916 86.6% 0.906 

CV-ViT (ours) 90.4% 0.948 88.9% 0.941 

 

3.3 Discussion and Clinical Implications 

CV-ViT’s 92.7% accuracy and 0.956 AUC substantially improve on commercial CAD (82–

89% sensitivity), with 89.9% sensitivity at 0.5 FP/image approaching human double-reading. 

In 100,000 screening examinations at 1% prevalence, CV-ViT would detect approximately 49 

additional cancers compared with typical CAD (899 vs. 850), a 33% reduction in missed 

cancers at an acceptable false-positive rate. Beyond raw performance, cross-view attention 

provides interpretability advantages: in a small reader assessment, 4 of 5 radiologists rated 

correspondence visualizations as helpful, and cases with correlation < 0.4 between view-level 

attention showed 2.3× higher error rates - a candidate confidence threshold for selective referral. 

Anatomical priors also yield 40% faster convergence and ~20% better sample efficiency, both 

relevant given the chronic scarcity of labeled medical-imaging data. 
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Several limitations remain. The model uses a single time-point and does not perform temporal 

comparison against prior studies, which is known to reduce false positives by 20–30%. It 

produces point predictions without uncertainty quantification, although 33% of errors lie near 

the decision threshold and would likely benefit from selective referral. Extremely dense tissue 

remains challenging (BI-RADS D contributed 40% of false negatives), although this 

approaches the limit of human sensitivity in that subgroup (48–65%). External validation, while 

encouraging, does not yet span the full diversity of populations or equipment. No prospective 

reader study has measured AI-assisted radiologist performance or workflow impact, and the 

current configuration requires high-end GPUs (A100), which limits deployment in resource-

constrained settings. 

CONCLUSION 

This paper introduced the Cross-View Vision Transformer, a deep-learning architecture for 

dual-view mammographic breast-cancer detection that uses hierarchical attention at the patch, 

cross-view, and global levels to explicitly model spatial correspondences between CC and MLO 

projections. On CBIS-DDSM (2,620 cases), CV-ViT achieves 92.7% accuracy and 0.956 AUC, 

outperforming ResNet-50 (88.7%), DenseNet-121 (89.4%), and single-view ViT (91.2%); 

external validation confirms robust generalization (INbreast AUC 0.948, VinDr-Mammo AUC 

0.941). Ablation quantifies additive contributions from cross-view attention (+1.5%), 

anatomical priors (+0.8%), hierarchical structure (+0.7%), and residual fusion (+0.5%). The 

achieved sensitivity of 89.9% at 0.5 FP/image positions CV-ViT as a viable clinical candidate, 

potentially detecting roughly 49 additional cancers per 100,000 examinations compared with 

typical CAD systems. 

Clinical translation will still require prospective reader studies, workflow analysis, regulatory 

validation, and ongoing bias monitoring. Future work includes integrating temporal comparison 

for change detection, multi-task learning for comprehensive diagnostic support, Bayesian 

uncertainty quantification for selective referral, model compression through knowledge 

distillation to broaden deployment, and self-supervised foundation-model pre-training on large 

unlabeled mammographic corpora. The broader takeaway is that incorporating domain 

knowledge - anatomical relationships, imaging geometry, and clinical workflow - alongside 

data-driven learning proves more effective than purely end-to-end approaches, and that 

interpretable cross-view attention is a concrete step toward AI that collaborates with 

radiologists rather than replacing them. 
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SUMMARY 

The laboratory digitization of conventional dental impressions remains an important component 

of contemporary prosthetic workflows, particularly when clinical situations are recorded using 

elastomeric materials and subsequently transferred into a digital environment. Although the 

dimensional stability and detail reproduction of silicone impression materials have been 

extensively investigated, their visible optical characteristics are less frequently considered as 

factors influencing laboratory scanning accuracy. Among these characteristics, material color 

is of particular practical interest because it is easily recognizable before scanning and may 

reflect broader optical behavior, including opacity, translucency, gloss, and surface light 

interaction. The aim of the present study was to evaluate whether the color of impression 

silicones is associated with differences in laboratory scanning accuracy and whether it may be 

considered a clinically relevant indicator of scanability. Four silicone impression materials with 

different colors and compositions were examined: HD+ (Zhermack), Zetaplus (Zhermack), 

Speedex (Coltene), and Silaxil (Lascod). Impressions were obtained from a standardized master 

model and digitized using the same laboratory 3D scanner under standardized conditions. The 

resulting STL datasets were compared with the reference model using three-dimensional 

inspection software. Deviations were assessed by quantitative comparison and visualized 

through color-coded deviation maps. The results indicated color-related differences in 

laboratory scanability of the tested impression silicones. HD+ demonstrated the most favorable 

scanning behavior, with more homogeneous surface acquisition and better correspondence with 

the reference model. Speedex showed the greatest deviations, particularly in areas of increased 

surface complexity. Zetaplus and Silaxil demonstrated intermediate results. Materials with 

visually favorable color contrast and a more opaque, matte appearance appeared to allow more 

stable optical surface capture, whereas materials with less favorable optical behavior were 

associated with increased localized deviations. Within the limitations of this in vitro study, the 

color of impression silicones should not be regarded solely as a visual or handling-related 

characteristic. Rather, it may serve as a clinically visible indicator of the optical profile of the 

material and its compatibility with laboratory scanning systems. Consideration of material color 

and related optical properties may improve the predictability of indirect digital prosthetic 

workflows. 

Keywords: impression silicone color; laboratory scanning; scanability; dental impressions; 

optical behavior; digital prosthodontics; STL accuracy; three-dimensional analysis. 
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INTRODUCTION 

The development of digital dentistry has significantly transformed contemporary prosthetic 

workflows. Although intraoral scanning is increasingly used, conventional elastomeric 

impressions remain an important part of clinical practice. In many cases, these impressions are 

subsequently digitized in the dental laboratory and converted into three-dimensional datasets 

for computer-aided design and manufacturing. Therefore, the accuracy of this indirect digital 

workflow depends not only on the scanning device and software, but also on the characteristics 

of the impression material being scanned. 

Dental impression materials are traditionally evaluated according to dimensional stability, 

elastic recovery, tear resistance, detail reproduction, and compatibility with gypsum materials. 

However, when a conventional impression is scanned directly by an optical laboratory scanner, 

the impression material becomes not only a negative replica of the clinical situation, but also 

an optical surface. Its interaction with projected light may influence the completeness and 

accuracy of the acquired digital data. 

Laboratory scanners use light-based acquisition principles, such as structured light, laser 

projection, or camera-based optical detection, to reconstruct surface geometry. For this reason, 

the scanability of an impression material may be influenced by its optical and surface properties. 

Previous research has shown that the optical digitization of vinyl polysiloxane impression 

materials is material-dependent and can be affected by surface-related factors. DeLong et al. 

(2001) reported that the digitizing performance of vinyl polysiloxane materials was dependent 

on material type and surface angle, while Rodriguez et al. (2009) showed that color and 

transparency may influence roughness values obtained by non-contact laser profilometry. 

The relationship between basic color characteristics, optical behavior, and laboratory scanning 

outcome is summarized schematically in Figure 1. In this context, visible color is considered 

together with lightness, saturation, opacity, translucency, gloss, reflection, absorption, and 

scattering, rather than as an isolated visual feature. 

 
Figure 1. Conceptual relationship between color characteristics, optical behavior, and 

laboratory scanning outcome of impression silicones. Visible color is presented as a clinically 

recognizable indicator of a broader optical profile, including lightness, saturation, opacity, 

translucency, gloss, reflection, absorption, and scattering. Original schematic illustration 

created by the authors. 
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The interpretation of color in this context can be supported by basic principles of color science. 

In color theory and colorimetry, the perceived color of an object is not an independent material 

property alone, but the result of the interaction between the spectral composition of the incident 

light, the spectral reflectance or transmittance of the object, the viewing geometry, and the 

response of the visual or optical detection system. Standard colorimetric approaches describe 

color through measurable parameters such as tristimulus values, chromaticity coordinates, 

lightness, chroma, and hue, which are influenced by the wavelengths reflected, absorbed, or 

transmitted by a surface. (Commission Internationale de l’Eclairage [CIE], 2018; Wyszecki & 

Stiles, 1982) 

From the perspective of laboratory scanning, this means that the visible color of an impression 

silicone may affect not only human visual perception, but also the signal received by the scanner 

sensor. A light-colored material may reflect a higher proportion of the projected light and 

provide clearer contrast for surface detection, whereas darker or more light-absorbing materials 

may reduce the intensity of the returned signal. However, color perception is multidimensional: 

hue describes the dominant color sensation, value or lightness describes how light or dark the 

material appears, and chroma or saturation describes the intensity or purity of the color. These 

dimensions may influence the apparent contrast of the scanned impression surface and therefore 

the stability of optical surface acquisition. (Berns, 2000; Fairchild, 2013) 

Among the optical characteristics of impression silicones, color is the most immediately visible 

and clinically recognizable. In basic color theory, the perceived color of a material depends on 

the wavelengths of light that are reflected, absorbed, or transmitted by its surface. 

Consequently, impression silicones of different colors may interact differently with the 

projected light of a laboratory scanner. Light-colored materials may provide stronger surface 

reflection and better visual contrast, whereas darker materials may absorb more light. However, 

color alone cannot fully explain scanning behavior. 

The apparent color of an impression silicone is closely related to other optical characteristics, 

including opacity, translucency, gloss, and light scattering. Translucent materials allow part of 

the incident light to penetrate below the surface and scatter within the material before returning 

to the sensor. This phenomenon may reduce the scanner’s ability to localize the true external 

surface precisely. In contrast, more opaque materials reflect light more superficially and may 

provide a clearer optical boundary for surface acquisition. Surface appearance is also relevant 

for laboratory scanning. A matte surface may promote diffuse reflection and reduce glare, while 

a glossy surface may generate specular reflections, missing data, or localized scanning noise. 

Surface microtexture and roughness may further influence the uniformity of data capture. 

Rodriguez et al. (2009) found statistically significant differences in surface roughness values 

among impression materials and dental stones scanned by non-contact laser profilometry, and 

concluded that these differences were related to the color and transparency of the materials 

rather than only to their actual surface roughness. The optical behavior of impression silicones 

is also determined by their composition. Pigments, inorganic fillers, and opacifying agents are 

added to impression materials to modify color, viscosity, opacity, handling properties, and 

dimensional stability. These components may influence light reflection, absorption, and 

scattering during scanning. Therefore, the color of an impression silicone should not be 

interpreted as an isolated causal factor, but rather as a clinically visible indicator of a broader 

optical profile that includes translucency, opacity, gloss, and surface texture. Addition and 

condensation silicones may also differ in their scanning behavior because of differences in 

chemical composition, polymerization mechanism, filler content, and physical properties. From 

the perspective of digital prosthodontics, the clinically relevant question is not only whether an 

impression material can reproduce oral structures accurately, but also whether its surface can 

be captured predictably by a laboratory scanner. 
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For these reasons, the present study evaluated the laboratory scanning accuracy of impression 

silicones with different visible colors and optical characteristics. The working hypothesis was 

that color-related differences in the optical behavior of impression silicones may influence the 

accuracy and consistency of digital surface acquisition. 

AIM 

The aim of the present study was to assess the relationship between the visible color of 

impression silicones and the accuracy of laboratory scanning of dental impressions. 

The secondary objective was to discuss whether color may serve as a practical clinical indicator 

of material scanability, reflecting associated optical characteristics such as translucency, 

opacity, surface gloss, and surface roughness. 

MATERIALS AND METHODS 

This in vitro study was designed to evaluate the relationship between the visible color 

characteristics of silicone impression materials and the accuracy of laboratory optical scanning. 

A standardized master model was used as the reference object for all impression and scanning 

procedures. The use of a master model allowed the establishment of a stable and reproducible 

reference geometry, against which all subsequently obtained digital datasets could be 

compared. 

 
Figure 2. Standardized master model and laboratory scanning procedure using the 

laboratory 3D scanner. 

The master model was selected to provide clinically relevant anatomical and geometric features, 

including areas with simple surfaces as well as regions with more complex morphology. Such 

geometry was considered suitable for assessing the ability of the laboratory scanner to 

reproduce both broad surfaces and fine details of the impression. The digital representation of 

the master model served as the reference dataset for three-dimensional comparison. 

Four conventional impressions were obtained from the master model using commercially 

available elastomeric impression materials with different visible colors and material 

compositions. The selected materials included both addition and condensation silicones in order 

to assess not only the possible role of visible color, but also the potential contribution of material 

type to laboratory scanability. 

                   
 

 

 

 

 

Figure 3. Impression silicone materials used in the study: HD+, Zetaplus, Speedex, and 

Silaxil. 

HD+  
(Zhermack) 

Zetaplus 
(Zhermack) 

Speedex 
(Coltene) 

Silaxil 
(Lascod) 
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The tested materials were as follows: 

Material Manufacturer Material type 

HD+ Zhermack Addition silicone 

Zetaplus Zhermack Condensation silicone 

Speedex Coltene Condensation silicone 

Silaxil Lascod Condensation silicone 

 

All impression materials were handled and mixed according to the manufacturers’ instructions. 

The impressions were obtained under standardized conditions in order to minimize the 

influence of external variables on the final result. The same impression technique was applied 

for all materials. Care was taken to ensure complete seating of the impression material on the 

master model and to avoid distortions during removal. 

After complete setting of the materials, each impression was visually inspected before scanning. 

Impressions with visible air bubbles, tears, folds, incomplete reproduction of the reference 

model, or surface defects were not considered suitable for further analysis. This inspection step 

was performed to reduce the risk of including defects related to the impression procedure rather 

than to the scanning behavior of the material. 

Each impression was digitized using the same laboratory 3D optical scanner. The scanning 

procedure was performed under identical conditions for all specimens. Scanner settings, 

positioning of the impression, scanning distance, ambient light conditions, and operator 

protocol were kept constant throughout the experiment. This standardization was necessary in 

order to reduce operator-related and device-related variability and to ensure that differences in 

the obtained digital datasets could be interpreted mainly in relation to material-related 

characteristics. 

The generated digital models were exported in STL format. Each STL dataset was then 

imported into Geomagic Control X software for three-dimensional inspection and comparison. 

The scanned datasets were superimposed onto the reference digital model of the master model 

using a best-fit alignment procedure. This method allowed spatial matching between the 

scanned impression data and the reference geometry and enabled the evaluation of deviations 

between them. 

The accuracy of laboratory scanning was evaluated through both quantitative and qualitative 

analysis. Quantitative assessment included the evaluation of linear deviations and volumetric 

discrepancies between each scanned dataset and the reference model. These measurements 

provided information about the dimensional correspondence between the laboratory-scanned 

impression and the original master geometry. 

Qualitative assessment was performed by analyzing three-dimensional color-coded deviation 

maps. These maps allowed visualization of the distribution and localization of discrepancies 

over the scanned surfaces. Particular attention was paid to areas with complex geometry, fine 

surface details, margins, and regions where incomplete surface acquisition or scanning noise 

could occur. 

The following parameters were evaluated: 

• overall correspondence between the scanned impression and the reference master model; 

• linear deviations in selected regions; 

• volumetric discrepancies between the scanned STL files and the reference geometry; 

• localized deviations in areas with increased geometric complexity; 

• uniformity and continuity of surface acquisition; 

• presence of scanning noise, missing data, or incomplete surface registration; 

• relationship between scanning performance and visible optical appearance of the 

impression material. 
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In the present study, material color was interpreted as a clinically visible characteristic 

potentially associated with a broader optical profile of the impression silicone. Therefore, 

special attention was given to the visible surface appearance of the tested materials, including 

apparent opacity or translucency, matte or glossy surface behavior, and visual contrast during 

scanning. These characteristics were considered as explanatory factors that may influence 

scanability during laboratory digitization. 

It should be emphasized that translucency, opacity, gloss, and surface roughness were not 

measured as independent physical parameters in this study. Instead, they were considered as 

clinically observable optical features that may contribute to differences in scanner performance. 

This approach allowed the investigation to focus on the practical question of whether the visible 

color and surface appearance of impression silicones may be relevant for the accuracy of 

laboratory scanning. 

By maintaining identical scanning conditions and using the same reference geometry for all 

materials, the study aimed to determine whether differences in the digital reproduction of 

silicone impressions could be associated with the visible optical characteristics of the tested 

materials. The results were interpreted in terms of laboratory scanability and their potential 

relevance for indirect digital prosthetic workflows. 

RESEARCH AND FINDINGS 

The comparative three-dimensional analysis demonstrated observable differences in the 

laboratory scanning accuracy of the tested silicone impression materials. Variations were 

identified in the overall correspondence of the scanned STL datasets with the reference master 

model, as well as in the distribution and extent of localized deviations visualized by the color-

coded deviation maps. 

Material Type Relative performance 
Main scanning 

characteristics 

HD+ Addition silicone Highest 

Homogeneous and 

continuous surface 

acquisition; fewer 

localized deviations; best 

correspondence with the 

reference model 

Zetaplus Condensation silicone Intermediate 

Generally acceptable 

surface acquisition; 

localized deviations in 

detailed areas and 

geometric transitions 

Silaxil Condensation silicone Intermediate 

Acceptable digital 

reproduction; less 

uniform surface 

registration compared 

with HD+ 

Speedex Condensation silicone Lowest 

Greater localized 

deviations; less 

homogeneous surface 

acquisition; reduced 

scanning consistency in 

complex regions 

Table 1. Relative laboratory scanning performance of the tested silicone impression 

materials. 

Among the evaluated materials, HD+ demonstrated the most favorable scanning behavior. The 

STL datasets obtained from this material showed more homogeneous and continuous surface 

acquisition, with fewer areas of missing or unstable data registration. The superimposition with 

the reference master model revealed better overall correspondence and a more uniform 

distribution of deviations. On the color-coded deviation maps, discrepancies appeared less 
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pronounced and more evenly distributed, suggesting more stable and predictable digital 

reproduction of the impression surface. 

In contrast, Speedex demonstrated the lowest relative scanning accuracy among the tested 

materials. The digital datasets obtained from this material showed less consistent surface 

registration and more pronounced localized discrepancies. Greater deviations were observed 

particularly in areas with complex surface morphology, fine anatomical details, and regions 

where accurate optical capture is more demanding. The color-coded deviation maps revealed a 

less homogeneous distribution of deviations, indicating reduced scanning consistency 

compared with the other tested silicones. 

Zetaplus and Silaxil demonstrated intermediate scanning performance. Their STL datasets 

showed generally acceptable surface acquisition; however, the correspondence with the 

reference master model was less consistent than that observed for HD+. The deviation maps 

revealed localized areas of discrepancy, especially in regions with more detailed surface 

anatomy and geometric transitions. These findings suggest that although both materials may be 

suitable for laboratory digitization, their scanning behavior was less predictable than that of the 

best-performing material. 

 
Figure 4. Representative STL reconstructions of scanned silicone impressions with different 

visible colors. From left to right: HD+ - light blue, Zetaplus - orange/yellow, Speedex - blue, 

and Silaxil - violet-blue. Differences in surface completeness, missing data, and scanning 

continuity suggest that visible color, together with opacity, translucency, gloss, and surface 

reflection, may influence laboratory scanability. Speedex showed the most pronounced scan 

holes and discontinuities, whereas HD+ demonstrated the most homogeneous surface 

acquisition. 

The differences observed in the STL reconstructions may be related to the visible color and 

associated optical surface behavior of the tested silicones. HD+ presented a light blue color 

with an apparently more opaque and matte surface, which may have promoted more stable 

diffuse reflection and clearer surface localization during scanning. Zetaplus, with its 

orange/yellow appearance, showed acceptable but less uniform acquisition, suggesting that 

color contrast alone may not be sufficient when other optical characteristics, such as 

translucency or surface gloss, are present. Speedex, despite its blue color, demonstrated the 

poorest STL reconstruction, with evident missing data and surface discontinuities, indicating 

that the specific optical behavior of the material may be more important than hue alone. Silaxil, 

with a darker violet-blue appearance, showed intermediate scanability, possibly due to reduced 

reflected signal intensity and less favorable surface contrast. These observations support the 

interpretation that color should not be considered an isolated factor, but rather a clinically 

visible indicator of the broader optical profile of the impression material. 

Overall, the results indicated that the laboratory scanning accuracy of silicone impression 

materials may be associated with their visible optical characteristics. Materials with more 

favorable color contrast, more opaque appearance, and matte surface behavior appeared to 

provide cleaner STL datasets and more homogeneous surface acquisition. In contrast, materials 
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with less favorable optical behavior demonstrated increased localized deviations and reduced 

uniformity of digital surface capture. 

The observed differences suggest that material color should not be interpreted as an isolated 

factor, but rather as a visible component of a broader optical profile that may influence 

laboratory scanability. This profile may include translucency, opacity, surface gloss, light 

reflection, and surface texture. Within the limitations of the present study, the findings support 

the assumption that color-related optical behavior may affect the quality and accuracy of 

laboratory scanning of silicone dental impressions. 

DISCUSSION 

The present study supports the assumption that the visible color of impression silicones may be 

associated with differences in laboratory scanning accuracy. This finding should be interpreted 

within the broader development of digital prosthodontic workflows. Digital impression 

techniques are increasingly used in fixed prosthodontics; however, conventional elastomeric 

impressions remain clinically relevant, especially in cases where intraoral scanning is limited 

by access, moisture control, subgingival margins, or operator preference. Ahlholm et al. (2018) 

reported that digital impression accuracy is comparable to conventional methods for crowns 

and short fixed dental prostheses, while conventional methods may still show advantages in 

full-arch situations. Similarly, Chochlidakis et al. (2016) emphasized that both digital and 

conventional impression workflows can influence the marginal and internal fit of fixed 

restorations, depending on several clinical and technical variables. 

The accuracy of an indirect digital workflow depends not only on the clinical impression 

procedure, but also on the subsequent digitization process. Güth et al. (2013) compared digital 

models obtained by direct and indirect data capturing and demonstrated that different stages of 

the digital workflow may contribute to the final accuracy of the dataset. Persson et al. (2009) 

also showed that simulated clinical impressions can be evaluated through digitization and 

virtual three-dimensional analysis, supporting the use of 3D comparison methods for assessing 

impression accuracy. In this context, the scanned impression surface becomes a decisive factor 

for the quality of the final digital model. 

The role of the scanned material surface has been specifically addressed in studies on optical 

digitization. DeLong et al. (2001) investigated optical three-dimensional scanning of vinyl 

polysiloxane impression materials and reported that digitizing performance was influenced by 

surface angle and surface characteristics. This is important for silicone impressions because 

their negative anatomical geometry includes margins, undercuts, steep surfaces, and fine 

details, all of which may challenge the acquisition of complete optical data. Ender and Mehl 

(2013) also emphasized the relevance of trueness and precision assessment by comparing 

scanned datasets with a reference model, a principle similar to the three-dimensional 

comparison used in the present study. 

The findings of the present study are also consistent with the work of Rodriguez et al. (2009), 

who evaluated impression materials and dental stones by non-contacting laser profilometry and 

found that color and transparency significantly influenced the measured roughness values. This 

suggests that optical measurement systems may record not only the true physical surface 

texture, but also the optical behavior of the material. Therefore, color-related differences in the 

present study should not be considered purely visual, but rather as part of a broader optical 

profile that includes reflectance, absorption, translucency, opacity, gloss, and surface texture. 

The material type may further contribute to scanning behavior. Addition and condensation 

silicones differ in polymerization chemistry, dimensional stability, elastic recovery, and filler 

composition. Naumovski and Kapushevska (2017) reviewed silicone-based impression 

materials and reported that accuracy and dimensional stability depend on material type, 

impression technique, storage time, and methodological factors. Rudolph et al. (2015) also 

demonstrated, using three-dimensional analysis, that the precision of casts may be influenced 



20th INTERNATIONAL CONFERENCE ON ENGINEERING & NATURAL SCIENCES 
MAY 23-30, 2026 / BALKANS 

960 
 

by the selected impression material and technique. These findings support the interpretation 

that the scanning performance of impression silicones is probably the result of several 

interacting variables, rather than color alone. 

From an optical point of view, the perceived color of a silicone impression material depends on 

the wavelengths of incident light that are reflected, absorbed, or transmitted. Light-colored 

materials may provide stronger reflected signals and better optical contrast, whereas darker 

materials may absorb more of the projected light. However, excessive gloss or specular 

reflection may cause glare, missing data, or localized scanning artifacts. Therefore, the most 

favorable surface for laboratory scanning is not necessarily the lightest one, but rather a surface 

that provides stable contrast, adequate opacity, and diffuse reflection. 

Translucency may also explain some of the observed differences. When light penetrates a 

translucent silicone material, subsurface scattering may occur before the light returns to the 

scanner sensor. This may reduce the scanner’s ability to identify the true external surface 

boundary. More opaque materials reflect light more superficially and may therefore provide 

clearer optical boundaries for surface reconstruction. This mechanism may be particularly 

relevant in areas with fine morphology, sharp transitions, and preparation margins. 

The superior scanning performance observed for HD+ may be related to a favorable 

combination of visible color, opacity, surface texture, and material composition. Conversely, 

the lower relative performance of Speedex may be associated with less favorable optical 

interaction with the scanner, possibly due to differences in translucency, gloss, filler-pigment 

composition, or surface appearance. These interpretations should be made cautiously, as the 

present study did not independently measure spectrophotometric parameters, gloss, or surface 

roughness. 

An important interpretation of the present findings is that color should not be regarded as an 

isolated causal factor. In impression silicones, visible color is usually linked to pigments, 

opacifying agents, filler content, translucency, gloss, and surface texture. Therefore, material 

color may be better understood as a clinically visible indicator of a broader optical profile. This 

profile may influence how predictably the impression surface can be captured by a laboratory 

scanner. 

The representative STL reconstructions further indicate that hue alone does not fully determine 

scanability, since materials with similar blue coloration demonstrated different scanning 

outcomes; therefore, the decisive factor is likely the complete optical profile associated with 

the material color, including opacity, translucency, gloss, surface texture, reflection, and 

absorption of scanner light. 

CONCLUSION 

Within the limitations of the present in vitro study, the visible color of impression silicones was 

associated with differences in laboratory scanning accuracy. The observed variations should 

not be attributed to color alone, but rather to the broader optical profile of the material, including 

apparent opacity or translucency, surface gloss, light reflection, and surface texture. 

Among the tested materials, HD+ demonstrated the most favorable scanning performance, 

showing more homogeneous surface acquisition and better correspondence with the reference 

model. In contrast, Speedex showed the greatest deviations and less consistent surface 

registration. Light-colored materials with a more opaque and matte surface appearance 

appeared to provide cleaner STL datasets and more predictable digital reproduction. 
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Figure 5. Main clinical message linking material color, optical scanability, and laboratory 

scanning accuracy. Original schematic illustration created by the authors. 

The color of impression silicones should therefore not be regarded only as a visual or handling-

related characteristic. When conventional impressions are intended for laboratory digitization, 

material color may serve as a clinically visible indicator of scanability. Selection of impression 

materials with favorable optical and surface characteristics may contribute to improved 

accuracy, greater workflow predictability, and more reliable digital prosthetic outcomes. 
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