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Keywords Abstract: Yeast infections have been widely recognized and if no quick and accurate
Fungal Infection, treatment method is applied, they can be very dangerous and might even turn into
Impedimetric Biosensor, death. In comparison with old-fashioned diagnostic solutions such as Culturing,
Electronic Nose, which takes around one to three days to reveal yeast infections, rapid and effective
Artificial Intelligence treatment is often not initiated. In the current study a novel method is offered

involving the extraction of yeast fungal strain identification in a rapid, cost-effective,
and accurate way. Through the application of a gelatin-based hydrogel coating that
represents the way in which odor receptors attach to cells a sensing concept for
impedimetric odor was constructed. The hydrogel was further improved by adding
glycerol for its structural stability and graphite powder for its better conductivity.
The process of making a sensor involved applying the modified hydrogel to wires
made of copper. The sensor was then exposed to the odor molecules from culture
tests of Candida albicans, Candida glabrata, and Candida tropicalis, which were
placed in a controlled environment. Changes in impedance took place, and these
measurements were analyzed using a Random Forest machine learning algorithm
that helped to get 94% classification success. This new testing process may lead to
arevolution in the era of clinical diagnostics. It will enable speediness, simplicity, as
well as precision in the detection of yeast fungal infections, which, in turn, will
decrease health risks leading to unnecessary treatment costs by approved drug
companies.

Iimpedimetrik Koku Biyosensérii ile Yapay Zeka Destekli Mantar Enfeksiyonu

Tespiti
Anahtar Kelimeler 0z: Mantar enfeksiyonlari olduk¢a yaygin olmakla birlikte, hizli ve dogru bir tedavi
Mantar Enfeksiyonu, yontemi uygulanmazsa c¢ok tehlikeli sonucglara ve hatta Olime bile yol
Impedimetrik Biyosensdr,  acabilmektedir. Mantar enfeksiyonunu teshis etmek i¢in giiniimiizde kullanilan,
Elektronik Burun, yaklasik bir ila {i¢ giin siirebilen kiiltiirleme gibi eski moda teshis ¢ézlimleri hizl ve
Yapay Zeka etkili tedavi imkanini kisitlamaktadir. Calismamizda hizli, uygun maliyetli ve dogru

bir sekilde mantar suslarinin tespit ve siniflandirilmasini igceren yeni bir yontem
sunulmaktadir. Koku reseptorlerinin, koku molekiilleri ile baglanmasini taklit eden
jelatin bazl bir hidrojel kaplamanin iletken bir bakir tele uygulanmasiyla, koku
tespiti i¢in impedimetrik bir algilama konsepti olusturulmustur. Hidrojel elektrolit,
yapisal kararliligi icin gliserol ve daha iyi iletkenligi i¢cin grafit tozu eklenerek daha
da gelistirilmistir. Sensor fabrikasyonu ise modifiye edilmis hidrojelin, bakirdan
yapilmis tellere uygulanmasi ile yapilmistir. Sensor yapisi kontrollii bir ortama
yerlestirilen Candida albicans, Candida glabrata ve Candida tropicalis kiiltiir
testlerinden gelen koku molekiillerine maruz birakilmistir. Hidrojel yapisinda
meydana gelen empedans degisikliklerinin Random Forest makine 6grenme
algoritmasiyla smiflandirilmasiyla %94 simiflandirma basarisi ile enfeksiyonlar
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tespit edildi. Bu yeni koku biyosensorii, yerinde teshis ¢caginda bir devrime yol
acabilecek potansiyele sahiptir. Mantar enfeksiyonlarinin hizli, basit ve hassas
sekilde tespiti ve siniflandirilmasi ile gereksiz tedavi maliyetleri diisiirtilecek ve
saglik riskleri azaltilacaktir.

1. Introduction

A fungal infection is a health problem caused by fungal species such as Candida and Aspergillus. In individuals
with weakened immune systems, these infections can be more serious and have a systemic effect. For instance,
HIV/AIDS patients, cancer patients receiving chemotherapy and individuals exposed to long-term antibiotic use
are particularly at risk [8].Furthermore, Fungal infections have become a major health problem worldwide [11].
with a significant prevalence reported in immunocompromised individuals [11]. reported that HIV/AIDS patients,
organ transplant recipients and individuals exposed to long-term steroid use are at a higher risk of fungal
infections. A study from developing countries shows that fungal infections due to Candida species are particularly
high [1]. Candida is a common fungus that can cause infections of the skin, mouth, nails and genitals [1]. Such
infections are more common in individuals with weakened immune systems and can lead to serious complications
[11].

A number of methods are used in the diagnosis of fungal infections and this process involves several
challenges. Diagnosis Typically includes an accurate assessment of symptoms, examination of the clinical picture
and the use of laboratory tests [15] . Especially in immunocompromised patients, symptoms can often be vague,
making diagnosis difficult [15]. Clinical assessments include taking the patient's history and physical examination,
as well as identifying symptoms, which vary depending on the specific type of fungus [22] . However, these
methods alone are not sufficient and laboratory tests are often added to the diagnostic process.

Laboratory diagnosis of fungal infections usually involves microscopy, culture and molecular methods
[22]. In some cases, extra methods such as microscopy and culture are time-consuming and the results are
sometimes uncertain [23]. Furthermore, the specific diagnosis can be further complicated by the more serious
nature of the infection, especially in immunocompromised patients [23]. Despite these challenges, accurate and
rapid diagnosis of fungal infections is important for effective treatment and disease control. Research is focusing
on improving diagnostic methods and developing new diagnostic tools, which could lead to the development of
more effective control strategies against fungal infections.

In recent years, there have been significant developments in the methods used in the diagnosis of fungal
infections and innovative approaches in this field have come to the forefront [5]. In particular, molecular biology
and genetics-based diagnostic methods have emerged as an alternative to traditional microbiological methods [7].
Molecular diagnostic methods are usually based on the identification of fungal DNA and allow for a faster and more
accurate recognition of the disease[5]. PCR (Polymerase Chain Reaction) based methods provide high sensitivity
in identifying specific causes of disease [17]However, these methods often have challenges, such as being
expensive and requiring expertise[7]. Furthermore, rapid diagnostic tests developed as an alternative to culture-
based methods have also made significant progress[18]. These tests allow for faster diagnosis of the infection, but
may have some limitations in identifying specific fungal species [27]. Challenges of new diagnostic methods
include factors such as lack of standardization, cost, and widespread applicability [25]. Therefore, further research
and development is needed before these techniques can be used effectively in clinical practice.

In addition to traditional methods for diagnosing fungal infections, electronic nose technologies have gained
attention for their potential to provide rapid and accurate diagnoses [28]. These artificial sensory systems detect
specific odor profiles of biological materials. A major challenge in this field is the cost of applying a bio-sensing
surface specific to odor molecules to simulate the olfactory mechanism. Gelatin, an amino acid-rich protein, can
simulate the amino acid content of olfactory receptors, making it a suitable artificial odor receptor [12]. Studies
indicate that odor molecules bind to odor receptors via ionic and hydrogen bonds, mediated by functional groups
on amino acids at the binding site [2].



Artificial Intelligence Assisted Detection of Yeast Fungi with Gelatin-based Hydrogel Coated Impedimetric Odor Biosensor

Electronic noses can identify specific markers of fungal infections by detecting metabolic products or volatile
organic compounds, offering faster results than traditional microbiological culture techniques [24, 20]. However,
these methods face limitations in detecting a broad spectrum of fungi, lack standardization, and are costly,
hindering widespread adoption [20, 16]. Further research is needed to improve standards, specificity, and cost-
effectiveness.

Electronic nose (eNose) technologies offer non-invasive, rapid, and real-time diagnostics by analyzing
complex odor profiles, making them ideal for disease detection and monitoring. Unlike traditional tools, eNoses
utilize sensor arrays and pattern recognition algorithms to identify a wide range of volatile organic compounds
(VOCs) and physiological indicators. Their applications span food quality, environmental monitoring, and medical
diagnostics. While challenges like selectivity, humidity sensitivity, and achieving human-nose-level sensitivity
remain, advancements in sensor technology and intelligent algorithms promise broader clinical integration and
enhanced diagnostic precision[30].

Al integration has advanced electronic nose methods for fungal infection diagnosis, addressing specificity
issues in distinguishing similar odors [29]. Al algorithms enhance the ability of electronic noses to identify
characteristic odors of specific fungal infections, increasing diagnostic sensitivity [26, 11]. For instance, machine
learning algorithms have demonstrated improved discrimination of Candida species compared to other
microorganisms [3]. Although promising, this field requires further development to address challenges such as
standardization, scalability, and differentiating between fungal types.

Building on the potential of Al in enhancing electronic nose specificity, recent research highlights the
efficiency of classification algorithms like Random Forest (RFC) in handling imbalanced datasets. RFC has
demonstrated superior performance in classifying binary and multi-class datasets, particularly in mushroom
classification tasks. Studies reveal that RFC outperforms other decision tree-based algorithms, such as Reduced
Error Pruning (REP) Tree, in terms of accuracy, precision, and sensitivity [19, 22]. Ensemble methods, including
Bagging, Boosting, and RFC, also show that RFC consistently delivers the highest accuracy in determining
mushroom edibility and toxicity [23].

The focus of this project is to classify these different environments with machine learning algorithms
(Random Forest and K-Nearest Neighbor), using as data the impedance differences caused by three different yeast
fungi and air environments in the impedimetric odor sensor. This classification focuses on the detailed analysis of
the features of the samples and the accurate discrimination between different classes. It is also aimed to compare
the performance of these two algorithms to determine which one performs better in classification[4].

The aim of the project is to diagnose fungal infection by measuring the sensor impedance change caused by
the interaction of odor molecules, which occur as a result of fungal infection and exhibit different molecular
structure according to the type of fungus causing the infection, with the impedimetric odor sensor created with
copper wires coated with gelatin-based coating, and classifying these data with artificial intelligence.

Since different odor molecules bind to the gelatin-based layer in different ways, the electrical properties and
therefore the impedance of the copper wire and the gelatin-based layer on it were different. Taking advantage of
these differences, the impedance of the copper wire with the gelatin layer was measured with an impedance
analyzer capable of applying oscillatory signals with different frequencies in the range of 0.1-1 MHz, and the data
were classified by artificial intelligence to classify the type of mushrooms with different odors.

2. Material and Methods

This study aims to develop an impedance-based method for the classification of yeast species (Candida
albicans, Candida tropicalis, Candida glabrata, and air) By using Al Tools and machine learning models. The
methodology involves the preparation of gelatin-based hydrogel coatings, impedance measurement using an
AIM4300 impedance analyzer, feature extraction and selection, and the setup of machine learning models (k-NN
and Random forest) for classification.
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2.1. Gelatin-Based Hydrogel BioSensor Preparation

The gelatin-based hydrogel coating was prepared using a simple method. 1 g gelatin (Dr. Oetker, 100% Bovine
Gelatin), 1 ml glycerol (Merck, Vegetable origin) and 0.5 g graphite powder were mixed in 10 ml distilled water at
40°C and 70 wires cut from copper wires with a copper diameter of 0.25 mm and a length of 10 cm were soaked
in the gelatin-based mixture for 2 minutes. After this process, the gelatin-based coated wires were suspended to
dry at room temperature and dried for 1 day.

2.2. Yeast Fungus Samples

The study utilized yeast samples from the Candida genus, including Candida albicans (CA), Candida tropicalis (CT)
and Candida glabrata (CG) strains. The samples were obtained from Erciyes University Medical Faculty Medical
Microbiology Laboratory in culture medium in petri dishes. The relevance of these strains lies in their clinical
significance as pathogens, making them suitable for developing diagnostic techniques through impedance
spectroscopy.

2.3. Impedance Measurement:

We used the AIM4300 impedance analyzer for impedance measurements. In each petri dish, copper wires
with gelatin-based coating suspended in air were exposed to this environment for 5 minutes, provided that they
did not touch the yeast fungi culture and the petri dish was closed. A total of 67 impedance measurements were
then made, 26 for CA, 13 for CT, 13 for CG and 15 measurements in the empty petri dish. Impedance measurements
were performed with an impedance analyzer generating a 1 V oscillatory AC signal with a frequency increment of
1 kHz in the frequency range of 100 kHz - 1 MHz. In each impedance measurement, resistance, reactance and phase
angle values were recorded for 1000 different frequency values. In total, 67 different impedance measurements
were made with 67 different wires. Figure 1 shows the measurement system.

impedance analyzer | \[

\

¥

copper wire gelatin coating

Petri dish yeast culture

Figure 1. Impedance measurement system of copper wire with gelatin-based coating

Environmental conditions such as temperature and humidity are critical factors that can interfere with
impedance measurements by altering the sensor's electrical properties and the behavior of odor molecules. In our
study, since it was conducted in a controlled laboratory setting, temperature and humidity were maintained at
stable levels to minimize any potential interference. This controlled environment ensures that the results
primarily reflect the sensor's interaction with the target molecules rather than environmental variability.

However, for clinical or field applications, where environmental factors cannot always be controlled, it is
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essential to characterize and understand their impact on impedance measurements. Before transitioning to
clinical applications, further studies should be conducted to evaluate the sensor's performance under varying
environmental conditions and to develop methods to compensate for or mitigate such interferences. For this study,
the focus remained on demonstrating the sensor's performance under ideal, controlled conditions rather than
addressing these environmental challenges.

2.4. Feature Extraction and Selection

The Impedance data collected from yeast fungus samples and air was processed to find important features
needed for classification. Each .csv file held 1000 data points. These data points matched different frequency
values. They included parameters like phase angle, resistance and reactance. These features represent the basic
resistance properties of the fungus types and the air samples.

The raw data files were read sequently using Python’s pandas library. The data then converted into
DataFrames for preprocessing. to ensure consistency, numbers with commas as decimal separators were
standardized to dots. They converted into floating-point numbers. Subsequently, the data from each species
(Candida albicans, Candida glabrata, Candida tropicalis, and air) were merged into distinct NumPy arrays for
efficient processing. These arrays were combined into a single dataset (X) to enable comparative analysis of
impedance features across classes.

Feature selection was implicitly applied by focusing on the most relevantimpedance parameters: phase angle,
resistance, and reactance. This approach ensured that only the critical attributes required for machine learning
were retained while reducing redundancy. Additionally, a label vector (Y) was generated, categorizing the samples
into four classes: Candida albicans, Candida glabrata, Candida tropicalis, and air. This step organized the dataset
for subsequent classification and analysis, facilitating the effective application of machine learning algorithms.

This streamlined approach to feature extraction and selection enabled the creation of a structured dataset
that encapsulated the distinguishing characteristics of the fungal species and air, forming the foundation for the
classification task.

SMOTE (Synthetic Minority Oversampling Technique): The data augmentation method creates synthetic
samples to increase the number of samples in the minority class. Instead of randomly copying minority instances,
this technique generates new instances using the neighborhoods found between minority class instances. SMOTE
is a frequently used balancing method with different studies and modifications. Traditional SMOTE creates
synthetic samples by generating random samples between minority class instances and their nearest neighbors
(Liu et al,, 2024). As can be seen in Figure 2, the dataset is balanced with the SMOTE technique. [23].

Class Distribution Before SMOTE Class Distribution After SMOTE

250001 25000

20000 + 20000

15000 4 15000 4

Count
Count

10000 4 10000

5000 - 5000 -

2 3 1 2 3 4
Target Variable Target Variable

Figure 2. Equalizing the data distribution of classes, before and after SMOTE
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2.5. Proposed Methods:

The classification model selection focused on using Random Forest and K-Nearest Neighbor (K-NN)
classifiers because of their effectiveness with high-dimensional data and their robust handling of noise and
overfitting. Here’s a detailed explanation of each of the used models:

2.5.1. Random Forest Classifier:

Random Forest is a learning method that builds many decision trees during training. It then chooses the class
that appears most often for classification or the average prediction for regression from these trees. Each tree uses
different parts of the data and different features are picked randomly at each decision point.[4]

Experts selected the Random Forest model for its strong ability to work with large and complex datasets. Our
impedance data fits this description. This model works well with high-dimensional data. It reliably classifies
information even when there is noise or many unnecessary features. The model reduces overfitting by averaging
predictions from various trees. Overfitting becomes less of an issue through this process[14].

2.5.2. K-Nearest Neighbor (K-NN) Classifier:

K-NN uses simple rules to learn by examples. It guesses the group of a new item by checking nearby data
points. The algorithm finds its k nearest neighbors, where k is a number set by users. The new item gets the group
that most of these neighbors belong to[10].

K-NN is often picked because of its simplicity and strength in recognizing patterns. It does not need any
special modeling rules. This is very helpful with data that have tricky boundaries that are hard to separate using
straight lines. In our study, the dataset is small. K-NN probably is a straightforward choice for grouping
samples by likeness[10].

2.6. Set-up the Models:

Two classification models, Random Forest and K-Nearest Neighbor (K-NN), were used for the task. The
dataset split into training and testing sets with a stratified 80-20 ratio. The class proportions stayed consistent
across both sets.

Random Forest Model:

The Random Forest classifier used 100 estimators. Hyperparameter tuning happened with Grid Search
Cross-Validation to find the best settings like the number of estimators and the maximum depth of decision trees.
This method was chosen for its ability to work with high-dimensional data and very effectively deal with noise. It
really helps stop overfitting with its ensemble method.

K-NN Model:

The K-NN algorithm checked how well it worked by testing different values of K, which is the number of
neighbors it looks at for sorting. First, k=1 was used. Cross-validation then helped find the best K value. Confusion
matrices showed how many correct and incorrect guesses the model made for each type. To improve the KNN
model's performance, hyperparameter tuning was implemented by testing a range of k values, to determine the
optimal number of neighbors for the model. This process involved iteratively training the KNN model with
different k values, predicting outcomes on the test set, and calculating the accuracy for each configuration. The k
value that produced the highest accuracy was selected as the optimal parameter, ensuring the model's
performance was maximized. [32].

Training Process:
The models went through training and checking many times to improve their performance and get better
accuracy on the test group. Metrics like accuracy, precision, recall, F1-score and confusion matrix used to judge
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how well the model told different fungal species apart using the impedance data. It really gave a full look at how
the classifiers worked.

3. Results

3.1. Random Forest Classification Results

The classification report shows the accuracy, precision, recall and F1-score of the model for each class. In this
case, the weighted average accuracy was 0.94 (94%), indicating a very high accuracy of classification. Precision
indicates how accurate the prediction of a particular class is in the cases where it is predicted. For example, the
precision for class 0, CA, is 97%. 97% of the instances predicted by the model in class 0 actually belong to class 0
(CA). This report shows that our model performs well overall, with high precision, sensitivity and F1-score,
especially in classes 0 (CA) and 2 (CT). However, there is some accuracy degradation in the 1st (CG) and 3rd (Air)
classes, and these classes show lower performance.

Table 1 shows the classification report of the Random Forest model and Figure 3 shows the confusion matrix.

Table 1. Classification report obtained from random forest model

Precision recall F1-score support
Class 0 0.971445 0.969549 0.970496 5123
Class 1 0.863402 0.907157 0.884739 2585
Class 2 0.975126 0971727 0.973424 2582
Class 3 0.926511 0.892196 0.909030 3024
Accuracy 0.94 13314
Macro avg 0.93 0.94 0.93 13314
Macro avg 0.94 0.94 0.94 13314

Confusion Matrix

Actual

Predicted

Figure 3. Confusion matrix in the random forest classification model
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After hyperparameter tuning with the Grid research method, we also observed some small improvements. In
particular, we can see slight changes in the precision and recall values for some classes. For example, for class 1

(CG), we observe an increase in recall and a decrease in precision (Table 2).

Table 2. Random Forest classification report after Grid search method

Precision recall F1-score support
Class 0 0.97 0.97 0.97 5123
Class 1 0.85 0.93 0.89 2585
Class 2 0.98 0.97 0.97 2582
Class 3 0.94 0.88 0.91 3024
Accuracy 0.94 13314
Macro avg 0.94 0.94 0.94 13314
Macro avg 0.94 0.94 0.94 13314

From these findings, we conclude that the base case of our Random Forest classification model performs
reasonably well and can be slightly improved by hyperparameter tuning, but that these improvements do not make

a significant difference.
3.2. K-NN Classification Results:

Table 3. Classification report obtained from the K-NN model

Precision recall Fl-score support
Class 0 0.89 0.90 0.90 5123
Class 1 0.75 0.79 0.77 2585
Class 2 0.94 0.97 0.97 2582
Class 3 0.83 0.79 0.81 3024
Accuracy 0.86 13314
Macro avg 0.85 0.85 0.85 13314
Macro avg 0.86 0.86 0.86 13314

Considering the weighted average accuracy in Table 3, 0.86 (or 86%) seems to be a high accuracy, but it is low
compared to Random Forest. Although it performs particularly well for class 0 (CA) and class 2 (CT), it performs
relatively poorly for class 1 (CG) and class 3 (Air).

When the confusion matrix in Figure 4 is examined, it is seen that misclassifications increase.
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Figure4. Confusion matrix of the KNN classification model

Again, after hyperparameter tuning with the Grid Search method, we couldn’t observe any significant
improvements beyond small and statistically insignificant differences. Here, we can conclude that the k-nearest
neighbor (KNN) algorithm struggled to enhance classification performance due to its inherent limitations,
particularly with imbalanced or complex datasets [31].

4., Discussion and Conclusion

The results obtained show promise for predicting which strain of yeast fungus is responsible for infections caused
by yeast fungi and for making accurate diagnoses. Considering the simplicity, cheapness, implementation time and
speed of the sensor, as well as the accuracy of the classification system, it is thought to have the potential to be
used in determining the type of yeast fungal infections and even in other applications where similar electronic
nose applications would be advantageous[14,30]. The results obtained for the performance of Random Forest and
KNN models reflect the different advantages and disadvantages of each model.

Random Forest:

e Random Forest is a powerful model that generally gives very good results when configured correctly and
is resistant to overfitting in many cases.

e  Our results show that the Random Forest model has high accuracy and good performance in general. In
particular, the high precision and sensitivity values for class 0 (CA) and class 2 (CT) demonstrate the
model's ability to accurately predict these classes.

e However, it is also observed that the performance for class 1 (CG) and class 3 (Air) is relatively poor
compared to the other classes. However, given the limited number of training data sets, the model can be
improved.

KNN:
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e KNNisamodel characterized by its simple structure and easy comprehension. However, these advantages
apply to large data sets.

e The performance of KNN is lower than that of Random Forest. In particular, the low precision and
sensitivity values for class 1 (CG) and class 3 (Air) indicate that the model tends to mispredict these
classes.

A complex model like Random Forest performed quite well. This is because Random Forest is generally a
model that can give good results in large datasets by taking into account the interactions of different features and
is resistant to overfitting. In general, our results emphasize that the Random Forest model has high accuracy rates
and good performance and show that with this sensor system and classification model, fungal strains that cause
yeast infection in humans can be diagnosed by odor[04].

Optimization of the sensor system was not performed within the scope of this project. With optimization,
electronic nose biosensors can be developed to obtain more accurate and sensitive results by increasing the type
and size of the conductive material as well as the quality and specificity of the gelatin-based coating.

By increasing and diversifying the volume of the data set, the accuracy and precision in the classification
phase can be increased. In addition, testing with different classification models will be beneficial in determining
the most appropriate result.

To adapt this sensor and modeling system for clinical use, several enhancements are essential.
First, the sensor requires optimization to achieve clinical-grade performance by improving the specificity
and sensitivity of the gelatin-based hydrogel coating, potentially through advanced conductive materials or
hybrid biocompatible coatings tailored for fungal detection. The system must also be miniaturized and
integrated into portable devices for point-of-care diagnostics[34]. Adherence to clinical regulatory
standards, such as ISO 13485, is crucial to ensure safety, efficacy, and reproducibility[33]. Expanding the
dataset to include diverse patient samples and fungal strain variants will enhance the model's robustness
and generalizability. Furthermore, the classification models should undergo rigorous validation on large,
independent clinical datasets to ensure reliable performance. The system interface should be user-friendly,
with automated reporting for clinicians, and it should integrate seamlessly with hospital electronic health
records (EHR) for efficient data logging and management. Finally, ensuring cost-effectiveness in
manufacturing and operation is vital for widespread adoption in healthcare settings. Addressing these
aspects will enable this biosensor and modeling system to become a viable clinical tool for diagnosing yeast
fungal infections and other applications.

References

[1] Benedict, K, Richardson, M., Vallabhaneni, S., Jackson, B. R,, & Chiller, T. (2017). Emerging issues, challenges,
and changing epidemiology of fungal disease outbreaks. The Lancet Infectious Diseases, 17(12), e403-e411.
doi: 10.1016/51473-3099(17)30443-7

[2] Billesbglle, C. B., de March, C. A, van der Velden, W. ]. C., Ma, N., Tewari, J., del Torrent, C. L., . . . Manglik, A.
(2023). Structural basis of odorant recognition by a human odorant receptor. Nature, 615(7953), 742-749.
doi: 10.1038/s41586-023-05798-y

[3] Borowik, P.,, Adamowicz, L., Tarakowski, R.,, Wactawik, P., Oszako, T., Slusarski, S., & Tkaczyk, M. (2021).
Development of a low-cost electronic nose for detection of pathogenic fungi and applying it to Fusarium
oxysporum and Rhizoctonia solani. Sensors, 21(17), 5868.

[4] Breiman, L. (2001). Random forests. Machine learning, 45, 5-32.

[5] Bretagne, S. (2010). Advances and prospects for molecular diagnostics of fungal infections. Current infectious
disease reports, 12(6), 430-436.

10



Artificial Intelligence Assisted Detection of Yeast Fungi with Gelatin-based Hydrogel Coated Impedimetric Odor Biosensor

[6] Brown, G.D., Denning, D. W.,, Gow, N. A, Levitz, S. M., Netea, M. G., & White, T. C. (2012). Hidden killers: human
fungal infections. Sci Transl Med, 4(165), 165rv113. doi: 10.1126/scitranslmed.3004404

[7] Fang, W, Wuy, ], Cheng, M., Zhuy, X., Du, M,, Chen, C,, ... Pan, W. (2023). Diagnosis of invasive fungal infections:
challenges and recent developments. Journal of Biomedical Science, 30(1), 42.

[8] Garber, G. (2001). An overview of fungal infections. Drugs, 61 Suppl 1, 1-12. doi: 10.2165/00003495-
200161001-00001

[9] Gupta, A. K., Chakroborty, S., Ghosh, S. K., & Ganguly, S. (2023). A machine learning model
for multi-class classification of quenched and partitioned steel microstructure type by the k-
nearest neighbor algorithm. Computational Materials Science, 228, 112321.

[10] Gupta, A. K., Versteeg, S. G., & Shear, N. H. (2017). Onychomycosis in the 21st Century: An Update on Diagnosis,
Epidemiology, and Treatment. ] Cutan Med Surg, 21(6), 525-539. doi: 10.1177/1203475417716362.

[11] Haghbin, N., Bakhshipour, A., Mousanejad, S., & Zareiforoush, H. (2023). Monitoring Botrytis cinerea infection
in kiwifruit using electronic nose and machine learning techniques. Food and Bioprocess Technology, 16(4),
749-767.

[12] Hermanto, S., Sumarlin, L., & Fatimah, W. (2013). Differentiation of Bovine and Porcine Gelatin Based on
Spectroscopic and Electrophoretic Analysis. Journal of Food and Pharmacetical Science 1 (2013) 68-73, 1, 68-
73.

[13] Josso, P., Hall, A., Williams, C., Le Bas, T., Lusty, P., & Murton, B. (2023). Application of random-forest machine
learning algorithm for mineral predictive mapping of Fe-Mn crusts in the World Ocean. Ore Geology Reviews,
105671.

[14] Lass-Florl, C. (2017). Current challenges in the diagnosis of fungal infections. Human Fungal Pathogen
Identification: Methods and Protocols, 3-15.

[15] Liu, D., Zhong, S., Lin, L., Zhao, M., Fu, X., & Liu, X. (2024). Feature-level SMOTE: Augmenting fault samples in
learnable feature space for imbalanced fault diagnosis of gas turbines. Expert Systems with Applications, 238,
122023.

[16] Makarichian, A., Chayjan, R. A.,, Ahmadji, E., & Zafari, D. (2022). Early detection and classification of fungal
infection in garlic (A. sativum) using electronic nose. Computers and Electronics in Agriculture, 192, 106575.

[17] McCarthy, M. W., & Walsh, T.]. (2016). PCR methodology and applications for the detection of human fungal
pathogens. Expert Review of Molecular Diagnostics, 16(9), 1025-1036.

[18] Mendonca, A., Santos, H., Franco-Duarte, R., & Sampaio, P. (2022). Fungal infections diagnosis-past, present
and future. Research in Microbiology, 173(3), 103915.

[19] More, A. S.,, & Rana, D. P. (2022). Performance enrichment through parameter tuning of random forest
classification for imbalanced data applications. Materials Today: Proceedings, 56, 3585-3593.

[20] Mota, I, Teixeira-Santos, R., & Rufo, . C. (2021). Detection and identification of fungal species by electronic
nose technology: A systematic review. Fungal Biology Reviews, 37, 59-70.

[21] Pappas, P. G., Kauffman, C. A,, Andes, D. R,, Clancy, C. ]., Marr, K. A., Ostrosky-Zeichner, L., ... Walsh, T.]. (2016).
Clinical practice guideline for the management of candidiasis: 2016 update by the Infectious Diseases Society
of America. Clinical Infectious Diseases, 62(4), e1-e50.

[22] Paudel, N., & Bhatta, ]. (2022). Mushroom Classification using Random Forest and REP Tree Classifiers. Nepal
Journal of Mathematical Sciences, 3(1), 111-116. Perfect, J. R. (2017). The antifungal pipeline: a reality check.
Nature reviews Drug discovery, 16(9), 603-616.

[23] inky, N. ], Islam, S., & Alice, R. S. (2019). Edibility detection of mushroom using ensemble methods.
International Journal of Image, Graphics and Signal Processing, 11, 55-62.

11



Artificial Intelligence Assisted Detection of Yeast Fungi with Gelatin-based Hydrogel Coated Impedimetric Odor Biosensor

[24] Tan, ]. Y. Zhang, Z,, Izzah, H. ]., Fong, Y. K,, Lee, D., Mutwil, M., & Hong, Y. (2023). Volatile-Based Diagnosis for
Pathogenic Wood-Rot Fungus Fulvifomes siamensis by Electronic Nose (E-Nose) and Solid-Phase
Microextraction/Gas Chromatography/Mass Spectrometry. Sensors, 23(9), 4538.

[25] Terrero-Salcedo, D., & Powers-Fletcher, M. V. (2020). Updates in laboratory diagnostics for invasive fungal
infections. Journal of Clinical Microbiology, 58(6), 10.1128/jcm. 01487-01419.

[26] Viejo, C. G., Fuentes, S., Godbole, A., Widdicombe, B., & Unnithan, R. R. (2020). Development of a low-cost e-
nose to assess aroma profiles: An artificial intelligence application to assess beer quality. Sensors and
Actuators B: Chemical, 308, 127688.

[27] White, P. L. (2023). Developments in fungal serology. Current Fungal Infection Reports, 1-12.

[28] Wilson, A. D. (2023). Developments of Recent Applications for Early Diagnosis of Diseases Using Electronic-
Nose and Other VOC-Detection Devices (Vol. 23, pp. 7885): MDPL

[29] Ye, Z, Liu, Y., & Li, Q. (2021). Recent progress in smart electronic nose technologies enabled with machine
learning methods. Sensors, 21(22), 7620.

[30] Ying Li, Xiangyang Wei, Yumeng Zhou, Jing Wang & Rui You, Research progress of electronic nose technology
in exhaled breath disease analysis, Review Article, Microsystems & Nanoengineering (2023) 9:12.

[31] SenPeng Chen , Jia Wu , XiYuan Liu, EMORL: Effective multi-objective reinforcement learning method for
hyperparameter optimization, Engineering Applications of Artificial Intelligence Volume 104, September
2021,104315

[32] Binghui Si a, Zhenyu Ni a, Jiacheng Xu a, Yanxia Li b, Feng Liu a, Interactive effects of hyperparameter
optimization techniques and data characteristics on the performance of machine learning algorithms for

building energy metamodeling, Case Studies in Thermal Engineering Volume 55, March 2024, 104124

[33] L. Beuzelin a, A. Desgranges a, Q. Emile a, J.-M. Prot a, G. Farges b. ; Accompagnement a la certification 1SO
13485 : 2016, IRBM News Volume 39, Issue 2, April 2018, Pages 57-61

[34] Mohammad , Portable biosensing devices for point-of-care diagnostics: Recent developments and
applications, TrAC Trends in Analytical Chemistry Volume 91, June 2017, Pages 26-41

12



Erciyes Universitesi Erciyes University
Enginoscope Dergisi Enginoscope Journal
Cilt1,Say11, 2025 Volume 1, Issue 1, 2025

Kol-Kizak Mekanizmasinda 3B Yazici ile Farkli Uretim Parametrelerine Sahip
Kranklarin Dinamik Performansa Etkisi: YSA Tabanl Bir Analiz
Caglar Sevim+ , ibrahim Uzmay-,

Nigde Omer Halisdemir Universitesi Miihendislik Fakiiltesi Makine Miihendisligi, .NiGDE
:Erciyes Universitesi Mihendislik Fakultesi Makine Mihendisligi, KAYSERI
*Sorumlu Yazar: Caglar Sevim

(Alinis / Received: 20.12.2024, Kabul / Accepted: 30.12.2024, Online Yayinlanma / Published Online:31.01.2025)

Anahtar Kelimeler 0z: Kol-kizak mekanizmasi, endiistriyel uygulamalarda yaygin olarak kullanilan
Eklgmeli ?malaltv,. temel mekanizmalardandir. Bu ¢alismada, kol-kizak mekanizmasinda, ¢esitli tiretim
Makine dinamigi, parametrelerine sahip 3B yazdirilmis krank uzuvlarinin dinamik etkilerini analiz

Uretim parametreleri,
Yapay sinir aglari,
Dinamik analiz

etmek amaciyla Yapay Sinir Aglar1 kullanilmistir. Farkli tretim parametrelerine
sahip uzuvlarin 3B yazici ile iiretilerek bu uzuvlarin mekanizmanin performansina
etkileri deneysel olarak incelenmistir. Yapay sinir ag1 modeli, Levenberg-Marquardt,
Bayesian Regularization ve Scaled Conjugate Gradient egitim algoritmalar
kullanilarak optimize edilmistir. Modelin performansi, ¢ift katmanli yapilandirma
ile 6nemli 6lciide iyilestirilmis, en iyi tahmin sonuglari logsig ve tansig aktivasyon
fonksiyonlari ile elde edilmistir. Sonuglar, 4212 farkli ag kombinasyonu tizerinden
degerlendirilmis, en iyi tahmin sonuglan iki gizli katmana sahip yapay sinir ag1
yapisinda 0,999906 R?, 0,118938 RMSE ve 0,081985 MAE degerleri ile elde
edilmistir. Bu sonuclar, mekanizma ¢iktilarini yiiksek dogrulukla modelleyebilen bir
YSA'nin gelistirilmesini saglamistir.

The Effect of Cranks with Different Printing Parameters in the Arm-Slider Mechanism
Using 3D Printing on Dynamic Performance: An ANN-Based Analysis

Keywords Abstract: The inverted slider-crank mechanism is a fundamental mechanism
Addit_ive manUf?Cturing» commonly used in industrial applications. This study employs Artificial Neural
Machine dynamics, Networks to analyze the dynamic effects of three-dimensional printed crank

Production parameters,
Artificial neural networks,
Dynamic analysis

components with various production parameters on the inverted slider-crank
mechanism. Specimens produced with different production parameters were
experimentally examined to determine their impact on the mechanism's
performance. The Artificial Neural Network model was optimized using Levenberg-
Marquardt, Bayesian Regularization, and Scaled Conjugate Gradient training
algorithms. The model's performance was significantly improved with a dual-layer
configuration, achieving the best prediction results with logistic sigmoid and
hyperbolic tangent activation functions. The results were evaluated across 4212
different network combinations, with the best predictive outcomes obtained in an
artificial neural network structure with two hidden layers, achieving an R? of
0.999906, a Root Mean Square Error of 0.118938, and a Mean Absolute Error of
0.081985. These results have facilitated the development of an Artificial Neural
Network capable of modeling the mechanism outputs with high accuracy.

1. Giris
Krank-biyel mekanizmalari igten yanmali motorlardan endiistriyel makinelere kadar ¢ok sayida mekanik sistemde

yaygin olarak kullanilmaktadir. Krank-biyel mekanizmasinin bir tiirevi olan ve literatiirde hizli doénis
mekanizmasi veya ters krank-biyel mekanizmasi (quick-return mechanism or inverted slider-crank mechanism)
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[1,2] olarak da adlandirilan kol-kizak mekanizmasi, doner hareket gerceklestiren bir krank uzvu ve ona bagh kayar
bir uzuv ile, bu kayar uzvun iizerinde hareket ettigi ve salinim hareketi yapan c¢ikis uzvuna sahiptir. Cikis uzvuna
farkli mekanizma eklentileri ile var-gel tezgahlari, testere tezgahlari gibi farkli makinelerde kullanilan temel tahrik
mekanizmalarindandir. Ug boyutlu (3B) yazdirma gibi eklemeli imalat (Ei) teknolojilerinin giiniimiizde hizla
gelismesi ile birlikte bu tiir mekanizmalarin bilesenlerinin farklh {iretim parametreleri ile tasarlanip iiretilmesi
miimkiin hale gelmistir. Eklemeli imalat, geleneksel imalat yontemlerine kiyasla, hizli prototipleme, karmasik
geometri yapilari kolayca elde edebilme imkani ve malzeme kullanimini optimize etme gibi 6nemli avantajlara
sahiptir. Boylece uygulamada kullanilan mekanizmalarin uzuvlar1 farkli iiretim parametreleri ile
tiretilebilmektedir. Bu parametre degisimleri, uzuvlarin rijitlik, dayanim, kiitle ve esneklik 6zelliklerini etkileyerek
mekanizmanin dinamik davranisi lizerinde 6nemli etkilere sahiptir. Sevim ve ark. [3] farkhi yazdirma
parametreleri ile iretilmis krank uzuvlarinin, krank biyel mekanizmasinin dinamigi iizerine -etkilerini
arastirmiglardir. Literatiirde ayn1 zamanda farkli yazdirma parametrelerinin mekanik etkilerine yonelik ¢esitli
calismalar mevcuttur [4]. Ayrica eklemeli imalat yontemi ile farkli amaglar icin kullanilan bircok mekanizma
calismalar1 mevcuttur. Bunlar arasinda, 3B yazdirilmis kavrama mekanizmalar1 [5], yapay el ve parmak
mekanizmalari [6-9], esnek aktliatorler [10,11], robot mekanizmalari [12-13], rehabilitasyon araclar [14-16] ve
daha farkl esnek ve yenilik¢ci mekanizmalar [17,18] uygulamalar mevcuttur.

Mekanizmalarin dinamiklerine etki eden ¢ok sayida degisken bulunmaktadir ve bu degiskenlerin analitik
yontemlerle tam olarak modellenmesi zordur. Bu problemi asmak amaciyla, yapay zekd temelli ¢dziim
yaklasimlar tizerinde kapsamli calismalar gerceklestirilmis ve pratik uygulamalarda kullanilmaya baslanmistir.
Boylelikle, mekanizmalarin karmasik davranislarini daha ytiksek dogrulukla modellemek ve 6ngérmek miimkiin
hale gelmistir [19,20,21]. Ozellikle Yapay Sinir Aglar1 (YSA), karmasik ve dogrusal olmayan iliskileri modelleme
yetenekleri sayesinde, farkli iiretim parametrelerinin mekanizmanin dinamik davranisi iizerindeki etkilerini
tahmin etmede etkili bir yontem olarak dne ¢ikmaktadir. Bu sayede, mekanizma davranisina etki eden ¢ok sayida
liretim parametresi, deneysel veriler 15131nda YSA modelleri ile basariyla iliskilendirilebilmektedir.

Bu ¢alismada, kol-kizak mekanizmasinda 3B yazici ile farkli iiretim parametrelerinde tiretilen krank uzuvlarinin,
mekanizmanin ¢ikis uzvu konumu iizerindeki dinamik etkileri deneysel olarak incelenmis ve elde edilen veriler
YSA ile modellenmistir. Burada literatiirde yaygin olarak kullanilan aktivasyon fonksiyonlar1 (logsig, tansig,
pureline) ve farkli egitim algoritmalar1 (trainlm, trainbr, trainscg) [22-25] ile tek ve c¢ift katmanl sinir aglar
denenmis, sonuglar belirleme katsayisi (R?), ortalama karekok hatasi (RMSE) ve ortalama mutlak hata (MAE) gibi
performans metrikleri ile degerlendirilmistir. Béylece, eklemeli imalat parametrelerinin mekanizma davranisina
olan etkileri veri odakli bir yaklasimla irdelenmis hem imalat hem de tasarim asamalarinda yol gosterici bilgiler
elde edilmistir.

2. Kol-Kizak Mekanizmasi

Endiistride krank biyel ve doért ¢cubuk gibi diizlemsel mekanizmalar temel tahrik mekanizmasi olarak genis bir
alanda siklikla kullanilmaktadir. Bu mekanizmalarin 6zel bir hali olan kol-kizak mekanizmasi ise doner harekete
sahip tahrik uzvu, bu uzva bagli bir kayar uzuv ve kayar uzva bagly, salinim hareketi yapan ¢ikis uzvundan meydana
gelmektedir. Farkli eklentilerle vargel ve testere mekanizmalar1 gibi bir¢ok kullanim alanina sahiptir.
Mekanizmanin hareket karakteristigi incelendiginde ¢ikis uzvunun salinim hareketi yapmasi nedeniyle krankin
esnekliginin kinematik ve dinamik parametreleri 6nemli oranda etkileyecegi agiktir. Kol-kizak mekanizmasinin
sematik gdsterimi ve rijit uzuvlu temel mekanizmaya ait tasarim parametreleri sirasiyla Sekil-1 ve Tablo-1" de
verilmigtir.
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Sekil 1. Kol-kizak mekanizmasinin sematik gésterimi

Tablo 1. Calismada kullanilan kol-kizak mekanizmasi parametreleri

Uzunluk (mm) Kiitle (kg) Atalet momenti (kgm?)
150 59.06 500 288.723 0.3231 0.3201 0.881 0.001126 0.000101 0.048144

3. Deneysel Calisma
3.1. Deney numunelerinin iiretimi

Deneysel ¢alismalarda, kol-kizak mekanizmasinin dinamik davranisini incelemek amaciyla, krank uzvu 3B yazici
kullanilarak farkli iiretim parametreleri ile iretilmistir. Krank uzuvlarinin Sekil 2’ de verildigi iizere, orta
kisimdaki 100 mm’ lik bolimii; 459, 90° ve 1359 yazdirma agilarinda (YA), %50, %75 ve %100 doluluk oranlarinda
(DO) ve 24 mm, 26 mm, 28 mm ve 30 mm kalinliklarda (K) tiretilmis ve her bir konfigiirasyonun mekanizmanin
¢ikis uzvu konumu tizerindeKki etkileri deneysel olarak analiz edilmistir. Karsilastirma amaciyla, rijit bir krank uzvu
aliminyum malzemeden liretilmis ve testlerde referans olarak kullanilmistir.

] =
@

30 mm

100 mm’ lik degisken
parametreli kisim

v

A

A

Degisken kalinlik

parametresine 30 mm

v sahip kisim

Sekil 2. Degisken parametreli krank uzvu tasarim goriiniimi
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Sekil 3. %50 Doluluk oraninda yazdirma agilarinin G-CODE gortniimleri

e e

%50 doluluk oranindaki farkli yazdirma agilarina ait G-CODE goériintimleri Sekil 3’ de verilmistir. Mekanizmada
diizgiin baglant1 yapilabilmesi amaciyla bag noktalar1 %100 dolulukta yazdirilmistir. Calismada %100 PLA graniil
esasl1 1,75 mm ¢apli filament kullanilmistir. Bu filamentin yogunlugu 1,252 g/cm3 ve ideal yazdirma sicakligi ~200
°C’ dir. Krank uzuvlarim1 yazdirma amaciyla 300 mm x 300 mm 1sitmali yazdirma alanina sahip 0,01 mm
hassasiyetli, X, Y ve Z eksenlerinde lineer yataklara sahip 3B yazici kullanilmistir. Her bir parcga esit sartlarda ve
tek tek yazdirilmis olup, belirli araliklarla yazicida 6l¢ii kontrolii ve kalibrasyonu yapilmistir. Yazdirma
parametreleri Tablo 2’ de verilmistir.

Tablo 2. 3B yazic1 yazdirma parametreleri

Katman kalinlig1 0,2 mm Yazdirma hizi 30 mm/s
Hat genisligi 0,4 mm Yazdirma sicakligi 200 °C
D1s duvar kalinligi 1,2 mm Yatak sicaklig1 50°C

3.2. Deneysel sistem kurulumu

Calismada tasarim ve kurulumu gerceklestirilen kol-kizak mekanizmasina ait deneysel sistem goriiniimii Sekil 4a’
da verilmistir. Mekanizmada tahrik kaynagi olarak, 1/10 hiz déniisiim oranli rediiktore sahip (Sekil 4b) 1,5 kW’
lik asenkron motor kullanilmistir (Sekil 4c). Asenkron motor hizi bir motor siiriiciisii ile dogrudan kontrol
edilebilmekte olup, tahrik mili hiz1 118,4 dev/dk secilmistir. Kol ve kizak arasinda baglanti ve hareket saglamak
tizere bilyeli lineer kaymali araba ve ¢ikis uzvu olarak lineer yatak kullanilmistir. Bu yataklar minimum bosluk,
yiiksek hareket dogrulugu ve ihmal edilebilir siirtiinme katsayisina sahiptir.

Kayar araba, krankin A noktasina baglanmis olup (Sekil 1), yatak-muylu ciftinin sorunsuz hareketini saglamak i¢in
baglant1 elemaninda eksenel rulmanlar kullanilarak 6zel bir tasarim gergeklestirilmistir. B, baglant1 noktasinda
(Sekil 1), diizlemsellik ve paralellik kosullarini saglamak amaciyla 6zgiin bir parca tasarlanmis ve tretilmis, yatak
icerisinde igne bilyeli rulmanlar kullanilmistir.
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Doner enkoder

(b) (c)

Sekil 4. Deneysel sistem a) Kol-kizak mekanizmasi deneysel sistem goriiniimii b) Rediiktor ve tahrik mili acisal
enkoder goriiniimii ¢) Tahrik mili ve ¢ikis uzvu acisal enkoder goriiniimi

Deneysel ¢alismalar, tiim testlerde ayni ¢alisma kosullarinda gergeklestirilmis ve krank milinin agisal konumu
baslangicta 0 dereceye ayarlanarak baslatilmistir. Giris ve ¢ikis uzuvlarinin konumlarini dlgme amaciyla tahrik
miline ve ¢ikis miline doéner enkoderler akuple edilmistir. Deneysel sistemden veri toplanmasi, USB baglanti
araytiiziine sahip National Instruments USB-6251 veri toplama sistemi ile ger¢eklestirilmistir.

3.3. Deneysel sistem sonuglar1

Kol-kizak mekanizmasinda ¢ikis uzvu salinim hareketi yaptigindan dolayi, ¢ikis uzvunun agisal konumunu 6l¢gmek
lizere, uzvun yataklandigl noktadaki ¢ikis miline doner enkoder akuple edilmistir. Kol-kizak mekanizmasinda
farkli yazdirma parametrelerinin ¢ikis uzvu konum degisimine etkileri Sekil 5’ de verilmistir. Tiim veriler giris
parametresi olan, tahrik mili agisal konum degiskenine gore verilmistir.

%100 Doluluk Qraninda Yazdirma Agisinin Cikis Uzvu Konumuna Etkisi (30mm) - %100 Doluluk Oraninda Yazdirma Agisinin Cikis Uzyu Konumuna Etkisi (28mm)
- Doluluk oranlan e 3 Doluluk oranlan
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%75 Doluluk Oraninda Yazdirma Acisinin Cikis Uzvu Konumuna Etkisi (30mm)

(k)

%75 Doluluk Oraninda Yazdirma Agisinin Cikis Uzvu Konumuna Etkisi (28mm)

M

Sekil 5. Farkli yazdirma parametrelerinin ¢ikis uzvu agisal konumuna etkisi
a) %100 DO-30mm K, b) %100 DO-28mm K, c) %100 DO-26mm, d) %100 DO-24mm
e) %75 D0-30mm K, f) %75 DO-28mm K, g) %75 DO-26mm, h) %75 DO-24mm
i) %50 DO-30mm K, j) %50 DO-28mm K, k) %50 DO-26mm, 1) %50 DO-24mm

Tam doluluk (%100) ve artan kalinlik (24 mm’den 30 mm’ye) kosullarinda iiretilen uzuvlarda, yazdirma agisina
bagh farkliliklarin ¢ikis uzvu agisal konumu iizerindeki etkisi oldukea sinirl kalmistir (Sekil 5a-5d). %100 doluluk
oranlarinda elde edilen c¢ikis uzvu konum degiskenleri yazdirma agilarindan bagimsiz olarak rijit uzuvlu
mekanizmaya ait ¢ikis uzvu konum degisimine yakin bir degisim gdstermektedir. Doluluk oraninin %75 oldugu
krank uzuvlarinda ise (Sekil 5e-5h) benzer davranis gozlemlense de yazdirma agisi etkisi bu doluluk oraninda
belirginlesmistir. Ozellikle daha ince parcalarda (24 mm ve 26 mm), diisiik doluluk, uzvun i¢ yapisin1 esnemeye
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daha yatkin hale getirerek yazdirma agilarinin olusturdugu yonsel farklari agisal konum egrileri izerinde daha net
bir sekilde ortaya ¢ikarmistir. Daha kalin pargalarda (28 mm, 30 mm) ise kismi rijitlik korunmus, bu sayede farkl
baski yonlendirmeleri arasindaki farklar nispeten sinirl kalmistir. Farkl yazdirma agilari birbirine yakin sonuglar
verse de rijit uzuvlu mekanizmaya en yakin sonug 459 yazdirma acisinda elde edilmistir. Doluluk oraninin %50’ ye
indirildigi durumda (Sekil 5i-51) , diisiik i¢ yogunluk ve azalan kalinlik, yazdirma acisina bagh farkhliklari en
belirgin diizeye tasimistir. Bu durumda pargalar daha hafif ve esnek oldugundan dolay1 yazdirma agis1 etkisinin
daha belirgin hale geldigi goriilmektedir. 30 mm ve 28 mm kalinlikta 459 yazdirma agis1 rijit mekanizmaya en yakin
sonucu verirken 26 mm ve 24 mm’de 90° yazdirma acis1 rijit mekanizmayi en iyi takip etmistir.

Sonug olarak, giris-cikis acisal konum iliskisi incelendiginde, yazdirma a¢isinin etkisi doluluk orani ve kalinlik gibi
yapisal parametrelerle dogrudan iliskilidir. Yiiksek doluluk ve kalinlik, mekanik davranista yazdirma agisi kaynakl
farkliliklar1 biiyiik oranda etkileyerek daha rijit bir yanit sunarken; azalan doluluk ve kalinlik, yazdirma agisi
etkilerinin belirginlesmesine yol agmaktadir. Bu nedenle, istenen mekanik 6zelliklere ulasmak i¢in kalinlik,
yazdirma agisi ve doluluk oraninin birlikte degerlendirilmesi ve tasarim siirecinde bu parametrelerin dengeli bir
sekilde secilmesi, mekanizma performansi agisindan kritik 6nem tasimaktadir.

4. Yapay Sinir Aglar1

Teknolojinin gelismesi ile birlikte yapay zeka kavrami 6zellikle makine, elektronik ve yazilim alanlarinda yaygin
olarak kullanilmaya baslanmuistir. Bilgisayarlar, erken dénemlerinde sadece kendilerine verilen komutlara goére
islem yapmaktaydi. Zaman iginde, bu komutlarin depolanmasi ve bilgisayarlar tarafindan islenmesi gereksinimi
ortaya ¢cikmistir. Yapay zeka, teknolojinin ilerlemesi ve iretim ydntemlerinin cesitlenmesiyle birlikte insan
diisiince ve 6grenme stireclerinin taklit edilmesi ve bu siireglerin bilgisayarlar aracilifiyla yiiriitiilmesi anlamina
gelir. Yapay zek3, gliniimiizde otomotivden uzay arastirmalarina, tekstilden sagliga ve pazarlamaya kadar pek ¢ok
alanda hayatimizin bir parcasi haline gelmistir.

Yapay Sinir Aglar1 (YSA), insan beyninin bilgi isleme seklini model alarak tasarlanmis bir yapay zeka teknolojisidir.
Beynimizdeki noronlar arasindaki karmasik baglantilar1 ve bu baglantilar iizerinden gerceklesen veri isleme
mekanizmalarini taklit eden YSA, 68renme ve karar verme yetenegini simiile etmeye ¢alisir. Bu sistemler, biiytik
veri kiimelerinden o6grenerek, gozlemledikleri diinyadan anlamhl bilgiler ¢ikarma yetenegine sahiptir.
Otomotivden saglik sektoriine, finanstan miisteri hizmetlerine kadar bircok alanda kullanilan Yapay Sinir Aglari,
modern teknolojinin en dnemli bilesenlerinden biri olarak éne ¢gikmaktadir. YSA’da genellikle ileri beslemeli yap1
tercih edilir. Bu yapida, giris sinyalleri 6nce gizli katmanlar araciligiyla islenir ve ardindan ¢ikis katmanina iletilir,
boylece ileri dogru bir yayilim saglanir. Cikis sinyalleri, test verileriyle karsilastirilarak hatalar hesaplanir. Katman
ve ndron sayisinin artmasi, karmasik problemleri ¢dzme kapasitesini artirir; ancak fazla sayida néron ve katman,
O6grenme siirecini uzatabilir ve agin ezber yapmasina neden olabilir. Bu nedenle, YSA modelinin parametrelerinin
problem tiiriine uygun sekilde ayarlanmasi 6nemlidir. YSA' da giris sinyalleri, genellikle deneysel sistemlerden
elde edilen verilerdir. Bu sinyaller, belirlenen transfer fonksiyonlar1 kullanilarak islenir ve aktivasyon
fonksiyonlari araciligiyla ¢ikis sinyallerine doniistiirtlir. Bu ¢calismada, literatiirde siklikla kullanilan logsig, tansig
ve pureline aktivasyon fonksiyonlarina yer verilmistir. Hiperbolik-Tanjant fonksiyonu olarak da adlandirilan
Tansig fonksiyonu [-1 +1] dinamik degisim araligina sahip bir fonksiyondur.

tansig(x) = m -1 (1)

[0 1] dinamik degisim aralifina sahip olan ve Sigmoid fonksiyonu olarak da adlandirilan logsig aktivasyon
fonksiyonu ise;

logsig(x) = (2)

1+e™

olarak ifade edilmektedir. Purelin fonksiyonu, degisim aralig1 [-1, +1] olup lineer bir degisim gosterirken; tansig
ve logsig fonksiyonlari lineer olmayan degisimler sergiler.
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purelin(x) = x (3)

Egitim algoritmalar1 olarak, Levenberg-Marquardt (trainlm), Bayesian Regularization (trainbr) ve Scaled
Conjugate Gradient (trainscg) kullanilmistir. Levenberg-Marquardt, Newton ydntemlerinden tiiretilmis olup,
Gauss-Newton ve Gradient Descent algoritmalarinin kombinasyonu olarak, bu yéntemlerin sinirlamalarini asar.
Bu algoritma, Jacobian matrisi ve hata vektorii kullanarak parametreleri giincellerken, bellek kullanimi yiiksek
olmasina ragmen egitim siiresini kisaltir. Bayesian Regularization, agirliklar ve hata karelerini optimize ederek ag
kalitesini artirir. Olgeklendirilmis Eslenik Gradyan algoritmasi ise, hesaplama yiikiinii azaltmak amaciyla
gelistirilmistir. Kol-kizak mekanizmasi i¢in olusturulan YSA modelinde, tek ve iki katmanli yapilarinda 4212 farkh
ag kombinasyonu test edilerek en uygun yapilar belirlenmistir. Verilerin %70' i egitim, %15' i dogrulama, %15" i
ise testicin kullanilmistir. Giris verileri; krankin acgisal konumu, yazdirma agisi, doluluk orani ve kalinlik iken, ¢ikis
verileri ¢ikis uzvunun acisal konum degerleridir. Egitim sonuglarinin performansini analiz etmek amaciyla, elde
edilen sonuglar istatistiksel hata degerlendirmesi, belirleme katsayis1 (R%), ortalama karekok hata (RMSE) ve
ortalama mutlak hata (MAE) metrikleri ile degerlendirilmistir. R?’ nin 1’ e yakin olmasi deneysel sistemden elde
edilen sonuglarin, hareket denklemi ¢6ziimii sonuglarina yaklastigini gosterirken. Bagil hatalar icin RMSE ve MAe
sonuglart kullanilmistir. RMSE performans degerlendirme ol¢iitidir. Bu degerin 0’a yaklagmasi, sonuclarin
verileri iyi derecede takip ettigini gosterir. [26]

_ Z?]ﬂ(oi —t;)?
ZiLi(0; —0;)? (4)

R?=1

(5)

(6)

Tablo 3 ve Sekil 6’ da YSA modellerinin egitim, dogrulama ve test verileri lizerindeki performansi ilgili metrikler
ile sunulmustur. Sunulan sekiller ve tablolarda, incelenen parametreler arasinda elde edilen en iyi sonuglar
gosterilmistir.

Tablo 3. YSA ciktilar1 R2, RMSE ve MAE degerleri

Fonksiyon Metrik Egitim Dogrulama Test
Tek katman
R2 0,999871  0,999869 0,99987
logsig-purelin-4-trainbr RMSE 0,139894 0,0140613 0,140201
MAE 0,093185 0,093014 0,093185
iki katman
R? 0,999906  0,999905 0,999907
losig-tansig-pureln-4-3-trainlm RMSE 0,118938 0,120097 0,118659
MAE 0,081985  0,082269 0,081985
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Sekil 6. Kol-kizak mekanizmasi yapay zeka modellerinin egitim dogrulama ve test verileri ile uyumu

Egitim kombinasyonlari igerisinde, mekanizma ¢iktilar icin iki katmanli YSA modelinin daha iyi sonug¢ verdigi
gorilmistiir. iki katmanhh YSA modelinde en iyi tahmin, gizli katmanlarda losigmoid ve tansigmoid, ¢ikis
katmaninda ise piirelin aktivasyon fonksiyonlarinin bulundugu, ilk gizli katmaninda 4 néron ve ikinci gizli
katmaninda ise 3 néron bulunan yapida, 0,118938 RMSE ve 0,081985 MAE degerleri ile elde edilmistir. Bu
sonuglar, katman ve ndéron sayisinin artisinin, YSA modelinin tahmin basarisini belirgin sekilde iyilestirebilecegini
gostermektedir. Ozellikle, aktivasyon fonksiyonlarinin ve néron sayisinin dogru kombinasyonu, mekanizmanin
dinamik ¢iktilarini daha dogru bir sekilde modellememizi saglamistir. Dolayisiyla, model optimizasyonu siirecinde
bu tiir yapilandirmalarin iizerinde durulmasi, genel ag performansini artirma potansiyeline sahiptir.

5. Sonuclar ve Oneriler

Bu ¢alismada, mekanizma uzuvlarinin farkli 3B yazici iiretim parametrelerinin mekanizmanin ¢ikis uzvunun
konumuna olan etkileri incelenmistir. Deneysel bir sistem kurularak ¢ikis uzvunun konum degiskenleri detayl bir
sekilde analiz edilmis ve YSA tabanl bir degerlendirme gergeklestirilmistir. Bu amagla ¢calismada kol-kizak
mekanizmasi model mekanizma olarak kullanilmistir. Mekanizmanin krank uzvu, farkli yazdirma parametreleri
belirlenerek 3B yazic ile tretilmistir. Ayni zamanda referans parametreleri elde etme amaciyla, Aliminyum
malzemeden {Uretilmis rijit krank uzvu kullanilmis ve rijit uzuvlu mekanizma ile 3B yazdirilmis uzuvlu
mekanizmalarin sonuglar1 karsilastirilmistir. Deneysel sistemden elde edilen ¢ikis uzvu konum degiskenlerine
bakildiginda, %100 dolulukta yazdirma agisindan bagimsiz olarak, konum degerleri rijit uzuvlu mekanizma
sonuglarini ¢ok yakin takip ederken, doluluk oranmi ve kalinlik azaldik¢a yazdirma agisi etkileri daha iyi
goriilmektedir.

Her ne kadar farkli yazdirma agilari arasindaki sonuclar birbirine benzer olsa da 45° yazdirma agisj, rijit uzuvlu
mekanizmaya en yakin performansi géstermistir. Doluluk oran1 %50’ ye diisiirtildiigiinde, i¢ yogunlugun azalmasi
ve malzeme kalinhiginin diismesi, yazdirma acilarinin etkisini daha belirgin hale getirmistir. Ozellikle, daha ince ve
esnek parcalarda yazdirma agisinin etkisi daha net olarak gézlemlenmistir. 30 mm ve 28 mm kalinliklarda 45°
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yazdirma agis], rijit mekanizmaya en yakin sonuglari verirken, 26 mm ve 24 mm kalinliklarda 900 derece yazdirma
acisi en iyi uyumu saglamistir.

Ayrica, deneysel sonuclardan elde edilen veriler YSA ile modellenmistir. Tek katmanli YSA modelleri icerisinde en
iyi tahmini “logsig-purelin-4-trainbr” YSA yapisi ve iki katmanli YSA modelinde ise en iyi tahmini -logsig-tansig-
pureln-4-3-trainlm” YSA yapisi ger¢eklestirmistir. Bu iki yapinin istatiksel sonuglari karsilastirildiginda ise en iyi
sonucun iki katmanl YSA yapisinda elde edildigi goriilmektedir. Bu durum, mekanizmalarda YSA’ nin, 6zellikle
karmasik ve dinamik davranislarin modellenmesinde {istiin bir yontem oldugunu goéstermektedir. Yapay sinir
aglarinin bu tiir mekanik sistemlerde etkili bir sekilde kullanilabilmesi, gelecekte daha optimal tasarimlarin ve
islemlerin gelistirilmesine olanak taniyacaktir.
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Anahtar Kelimeler 0z: Bu galismada Karbon, Bazalt ve Aramid takviye elemanlar1 kullanilarak iki farkl
Hibrit Kompozit, hibrit kompozit yapinin olusturulduguy, her biri 16 katmandan olusan bu yapilarin
Termomekanik Analiz, termomekanik davranislari Sonlu Elemanlar Metodu (SEM) kullanilarak sayisal

Karbon Fiber, Bazalt Fiber,
Aramid Fiber, Sonlu
Elemanlar Analizi

olarak incelenmis ve karsilastirilmistir. Analizlerde hibrit yapinin termomekanik
davranisi st yiizeyden sicaklik sinir sarti olmak iizere, alt kenardan 1s1 akisi sinir
sarti uygulanmistir. Diger kenarlar yalitilmis ve dort kenar1 ankastre yapilmistir. Bu
¢alisma sonucunda hibrit yapida olusan termal yer degistirmeler, deformasyonlar
ve gerilme dagilimlari incelenmistir.

Numerical Investigation of Thermomechanical Behavior of Reinforced Hybrid
Composite Sheets

Keywords Abstract: In this study, two different hybrid composite structures were formed
Hybrid Composite, using Carbon, Basalt and Aramid reinforcement elements, each consisting of 16
Thermomechanical Analysis,  |ayers, and their thermomechanical behaviors were numerically investigated and
g?;lr)noiré ll::litl))zrr’ l]i?rf{atlc: E;E::ént compared using the Finite Element Method (FEM). In the analyses, the

’ thermomechanical behavior of the hybrid structure was applied as the temperature

Analysis
Y boundary condition from the upper surface and the heat flux boundary condition
from the lower edge. The other edges were insulated and four edges were fixed. As
a result of this study, the thermal displacements, deformations and stress
distributions occurring in the hybrid structure were investigated.
1. Giris

Kompozit malzemeler, iki veya daha fazla farkli malzemenin bir araya getirilmesiyle olusturulan yapay
materyallerdir ve her bir bilesen makro seviyede o6zelliklerini korur. Bu ozellikleri sayesinde kompozit
malzemeler, genis bir kullanim alanina sahiptir ¢iinki ytiksek mukavemet ve hafiflik gibi avantajlar sunarlar.
Kompozit yapilar genellikle diisiik dayanima sahip bir ana matris ve bu matrisi giiclendiren takviye
elemanlarindan olusur. Ana matris, kompoziti dis etkilere karsi koruyarak, takviye elemanlar1 malzemeye
dayaniklilik, tokluk ve stineklik kazandirir [1-3].

Hibrit kompozitler, birden fazla takviye elemani iceren yapilardir ve bu o6zellikleri sayesinde dayaniklilik ve
islevsellik acisindan daha iistiin 6zellikler sunarlar. Karbon, bazalt ve aramid gibi farkli liflerle giiclendirilmis hibrit
kompozitler, mekanik performansi iyilestirirken, termal dayaniklilik ve gerilme dagilimi gibi 6zelliklerin optimize
edilmesine olanak tanir. Bu nedenle hibrit kompozitler, karmasik ylikleme kosullar1 altinda yiiksek performans
sergileyen uygulamalar i¢in olduk¢a uygundur [4].

Bu ¢alismada, karbon, bazalt ve aramid takviyeli 16 katmanl iki farkli hibrit kompozit yapinin termomekanik
davranisi incelenmis ve karsilastirilmistir. Sonlu elemanlar yontemi kullanilarak yapilan sayisal analizlerde, hibrit
kompozitin termal yer degistirme, deformasyon ve gerilme dagilimlar, iist ylizeyden sicaklik sinir sarti olmak
lizere, alt kenardan 1s1 akisi sinir sarti uygulanmistir. Diger kenarlar yalitilmis ve dort kenari ankastre yapilmistir.
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Bu calisma, hibrit kompozitlerin termal ve mekanik yiikler altinda gosterdigi performans hakkinda 6nemli bilgiler
saglamay1 amagclamaktadir.
1.1 Literatiir taramasi

Hibrit kompozit yapilar1 termomekanik davranisi tizerine yapilan bazi ¢alismalara asagida deginilmistir.

Hibrit kompozitler, farkl takviye elemanlarinin kullanimiyla optimize edilen {istiin mekanik ve termal 6zellikler
sunar. Zhang ve arkadaslar1 karbon ve bazalt gibi farkli fiberlerin kombinasyonu ile hibrit kompozitlerin cekme
mukavemetinin ve termal direncinin arttigini ifade ettiler [5]. Ozellikle bazalt lifleri termal dayanikhlik saglarken,
karbon lifleri cekme mukavemetini ylikseltmistir. Singh ve arkadaslari, Sonlu Elemanlar Metodu (SEM) ile hibrit
kompozitlerin mekanik ve termal yiikler altindaki davranisini incelemis, sicaklik artisiyla malzemede olusan
deformasyonlarin 6nemini vurgulamistir [6]. Bu c¢alismada, farkli sicaklik ve yiik kosullarinda hibrit
kompozitlerde gerilme birikiminin farklilik gésterdigi ortaya konmustur.

Liang ve arkadaslari, karbon ve bazalt takviyeli hibrit kompozitlerin egilme mukavemetini incelemis, bu tiir
malzemelerin geleneksel kompozitlere kiyasla daha iyi performans gosterdigini belirlemistir [7]. Sicaklik
degisimlerinin, mikroyapisal deformasyonlara neden olarak malzemenin performansim nasil etkiledigi de ele
alinmistir. Wang ve arkadaslari, dort tarafli sikistirma altinda hibrit kompozitlerin termal ve mekanik ytkler
altindaki davranisini incelemis, yiiksek sicaklik kosullarinin malzemede homojen olmayan gerilme dagilimlarina
yol actigin1 géstermistir [8]. Hibrit kompozitlerin termal genlesme 6zellikleri tizerine yapilan bir diger ¢alisma,
farkl takviye elemanlarinin malzeme igerisindeki termal yiikler altinda nasil davrandigini analiz etmistir.
Ozellikle, karbon ve bazalt lifleri arasindaki farkliliklarin malzemenin genlesme katsayisina etkisi vurgulanmstir.
Kim ve arkadaslari, hibrit kompozitlerin kirilma dayanimini arastirarak, bu tiir malzemelerin ¢ok katmanlh
yapilarinin kirilma mekanizmalarini nasil etkiledigini agiklamistir [10]. Karbon ve bazalt fiberlerinin birlikte
kullanimi, malzemenin kirllma dayanimini artirmistir. Chen ve arkadaslari, hibrit kompozitlerin sicaklik ve
mekanik yiikler altindaki davranisini termomekanik analizler yoluyla incelemis, yiiksek sicaklikta olusan
deformasyon ve gerilme birikimlerinin malzemenin performansina olan etkilerini degerlendirmistir [11]. Liu ve
arkadaslari, karbon, aramid ve bazalt fiberlerinin kombinasyonlarinin hibrit kompozitlerin mekanik 6zelliklerine
nasil etki ettigini incelemistir [12]. Arastirmalar, fiberlerin farkli oranlarda kullanimiyla malzemelerin mekanik ve
termal dayanikliliginin optimize edilebilecegini gdstermistir.

Polimer matrisli hibrit kompozitler, gesitli liflerle giiclendirildiginde daha yiiksek mukavemet ve dayaniklilik
saglar. Smith ve arkadaslari, polimer bazli matrislerde karbon ve bazalt fiberlerinin kullanimiyla mekanik
performansin iyilestirildigini ortaya koymustur [13]. Xiang ve arkadaslari, hibrit kompozitlerin termal yiik
altindaki davranislarini analiz etmis ve farkl takviye fiberlerinin sicaklik dagilimini nasil etkiledigini incelemistir
[14]. Bu ¢alisma, yiiksek sicaklik kosullarinda malzemelerin deformasyon davranislarini anlamaya yoénelik 6nemli
sonuglar sunmustur. Hibrit kompozitlerin farkli sicaklik kosullari altinda nasil davrandigi lizerine yapilan
calismalarda, sicaklik degisimlerinin malzemenin mekanik 6zelliklerini nasil etkiledigi incelenmistir. Bu analizler,
malzemelerin 1s1l dayaniklilik agisindan optimize edilmesine olanak tanmimistir. Cevresel kosullarin hibrit
kompozitlerin dayanikliligi tizerindeki etkilerini inceleyen bu ¢alisma, nem ve sicaklik gibi faktorlerin malzemenin
uzun vadeli performansini nasil etkiledigini vurgulamistir. Farkl takviye elemanlarinin hibritizasyonu tizerine
yapilan bu calisma, fiberlerin mekanik yiikler altinda nasil sinerjik etkiler sundugunu ortaya koymustur.
Calismalar, karbon ve bazalt fiberlerinin birlikte kullaniminin malzeme dayanikliligini artirdigini géstermektedir.
Diistik sicaklik kosullarinda hibrit kompozitlerin davranislarini inceleyen bu ¢alisma, malzemelerin termal
dayaniklhiliklarini ve gerilme dagilimlarini degerlendirmistir. Son olarak, farkli yiikleme kosullar1 altinda hibrit
kompozitlerin deformasyon ve gerilme dagilimlarini inceleyen bu ¢alisma, malzeme tasariminda yiik dagiliminin
6nemini vurgulamistir.

Bu literatiir taramasi, hibrit kompozitlerin genis uygulama alanlarinda nasil kullanildigini ve bu malzemelerin
termomekanik davranislarini inceleyen giincel arastirmalar1 kapsamakta olup Karbon/Bazalt/Aramid takviyeli
hibrit kompozitlerin mevcut dizilimle iiretildigi ve sayisal olarak termomekanik davranisinin arastirildig bir
¢alismaya rastlanilmamistir. Bu baglamda, ¢alismamiz karbon, bazalt ve aramid takviyeli hibrit kompozitlerin
termomekanik davranislarini sayisal olarak inceleyerek literatiire 6nemli bir katk: saglamaktadir.

1.2. Problem durumu

Hibrit kompozitlerin termomekanik davranisinin arastirilmasi, bu malzemelerin sicaklik degisimlerine tepkilerini
anlamak icin kritik bir alan 6neme sahiptir. Hibrit kompozitler, farkl takviye elemanlarinin bir araya getirilmesiyle
olusturulan ¢ok katmanli yapilar olup, hafiflik, yliiksek mukavemet ve dayaniklilik gibi avantajlar sunarak genis bir
uygulama alani bulurlar. Bu tiir malzemelerin termomekanik davranislarinin anlasilmasi, tasarim siireglerinde
giivenlik ve performans agisindan biiyiilk 6nem tasir. Hibrit kompozitlerin sicaklik altinda mukavemet kaybs,
gerilme y181lmasi ve deformasyon gibi 6zellikleri, kullanilan liflerin tiiriine ve malzeme yapisina bagl olarak, hibrit
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kompozitlerin sicaklik altinda mukavemet kaybi, gerilme yigilmasi ve deformasyon gibi 6zellikleri, kullanilan lif
tliriine ve malzeme yapisina bagh olarak degisir. Karbon, bazalt ve aramid gibi farkl liflerin kombinasyonlari,
malzemenin mekanik 6zelliklerini optimize ederken, termal davranislarinin da dikkatli bir sekilde incelenmesi
gerekmektedir. Bu nedenle, sonlu elemanlar yontemi gibi sayisal analiz teknikleri, hibrit kompozitlerin
performansini degerlendirmek icin yaygin olarak kullanilmaktadir [5-6]. Sonu¢ olarak, hibrit kompozitlerin
termomekanik davranmislarinin kapsamli bir sekilde incelenmesi, malzemenin tasariminda ve miihendislik
uygulamalarindaki verimliligin artirilmasi agisindan hayati bir 6neme sahiptir. Hibrit kompozitler, farkli takviye
elemanlar ile giiclendirilmis yapilar olusturarak hem mekanik dayanikliligi hem de termal stabiliteyi artirma
potansiyeline sahiptir.

1.3. Arastirmanin amaci

Yapilan analizler, bu levhalarin termomekanik davranislarinin daha ayrintili bir sekilde incelenmesini saglar.
Ozellikle, sicaklik degisimlerinin malzeme iizerindeki etkilerini anlamak, bu kompozitlerin performansin ve
dayanikliligini optimize etmek icin kritik 6neme sahiptir. Bu ¢alismanin sonugclari, hibrit kompozit levhalarin
termomekanik davranislarinin daha iyi anlasilmasina ve bu malzemelerin endiistriyel uygulamalarda daha verimli
bir sekilde kullanilmasina katkida bulunacaktir. Bunun yani sira, hibrit kompozitlerin tasariminda ve mithendislik
uygulamalarinda stirdiiriilebilir ve etkili ¢oziimler sunma potansiyelini artiracaktir [8,15].

1.4. Aragtirmanin 6nemi

Bu arastirmanin 6nemi, hibrit kompozitlerin termomekanik davranislarinin detayl bir sekilde incelenmesinden
kaynaklanmaktadir. Hibrit kompozitler, farkli takviye elemanlarinin bir araya getirilmesiyle olusturuldugundan,
bu malzemelerin mekanik ve termal 6zellikleri, kullanilan liflerin tiiriine ve oranina bagh olarak degisir. Bu tiir
arastirmalar, su alanlarda 6nemli katkilar saglar:

e Mekanik ve Termal Performansin Optimize Edilmesi: Hibrit kompozitlerin termomekanik davranislarinin
anlasilmasi, mithendislik tasarimlarinda malzeme se¢iminde daha bilingli kararlar alinmasini saglar.
Ozellikle yiiksek sicaklik ve mekanik yiik kosullarinda performansin artirilmasi, cesitli endiistriyel
uygulamalarda gtivenligi ve verimliligi artirir [5-6].

e Endiistriyel Uygulamalar icin Uygunluk: Polimer kompozit levhalarin kullanimi, hafiflik ve yiiksek
mukavemet gibi avantajlar sunarak otomotiv, havacilik ve insaat gibi bircok sektdrde oOnem
kazanmaktadir. Bu arastirmalar, hibrit kompozitlerin bu alanlardaki uygunlugunu degerlendirmek ve
malzemelerin belirli uygulamalar i¢in optimize edilmesini saglamak amaciyla gereklidir [8,15].

e Yeni Malzeme Gelistirme: Hibrit kompozitlerin termomekanik davranislarinin incelenmesi, yeni malzeme
tiirlerinin gelistirilmesine ve mevcut malzemelerin performanslarinin iyilestirilmesine katki saglar. Bu
hem arastirma hem de endiistri a¢isindan yenilik¢i ¢6ziimler sunar [7,12].

e Sirdiirtlebilirlik ve Ekonomik Verimlilik: Hibrit kompozitler, malzeme tasarrufu saglayarak daha
slirdlriilebilir mihendislik ¢oéziimleri sunabilir. Malzemelerin daha verimli kullanilmasi, {iretim
maliyetlerini azaltirken ¢evresel etkileri de minimize eder [16,17].

Sonug olarak, bu arastirmanin énemi, hibrit kompozitlerin termomekanik davranislarinin kapsaml bir sekilde
incelenmesi ile ilgili olup, miithendislik uygulamalarinda bu malzemelerin verimli ve giivenli bir sekilde
kullanilmasini saglamak i¢in kritik bir rol oynamaktadir.

2. Malzeme ve Metot
2.1 Bu arastirmada kullanilacak olan polimer kompozitler icin takviye malzeme tiirleri

Karbon Fiber: Karbon fiber, karbon atomlarinin uzun parcalar halinde diizenli olarak dizilmesiyle olusan (Sekil
1) ti¢li ve hafif bir malzemedir. Genellikle polimer matrisle birlestirilerek kompozit malzemelerin tiretiminde
kullanilir. Karbon fiberin ana 6zellikleri arasinda yiiksek mukavemet, diisiik yogunluk, kimyasal dayaniklilik ve iyi
termal iletkenlik bulunur.

Karbon fiberin cesitli endiistriyel uygulamalari; otomotiv, havacilik ve uzay endiistrilerinde, riizgar enerjisi
tirbinlerinde, spor ekipmanlarinda ve yapisal gii¢ gerektiren diger alanlardir [2,4]. Bu malzemenin ytlksek
mukavemeti ve hafifligi, performansin artirilmasi ve enerji verimliliginin saglanmasi gibi ¢esitli avantajlar sunar.
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Bazalt Fiber: Bazalt fiber, dogal bazalt kayalarindan elde edilen ince liflerdir (Sekil 2). Bu lifler, erimis bazalt
kiitlesinin 6zel yontemlerle islenmesiyle tretilir. Bazalt fiberin 6ne ¢ikan 6zellikleri arasinda yiiksek mukavemet,
termal dayaniklilik, kimyasal direncg ve diistik yogunluk bulunur. Bu 6zellikleri sayesinde otomotiv, havacilik, yap:
malzemeleri, spor ekipmanlari gibi cesitli endiistrilerde kullanimi yaygindir [2,4].

'
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Sekil 2. Bazalt Fiber ile dokunmus kumas gorseli.

Aramid Fiber: Aramid fiber, sentetik bir lif tiriidir ve poliamid (aramid) polimerlerden firetilir (Sekil 3). Bu
fiberler, genellikle yiiksek mukavemet, yiiksek modiil ve iyi termal direng gibi 6zelliklerle karakterizedir [2,4].
Aramid fiberlerin en yaygin kullanilan tiirlerinden biri, Dupont tarafindan gelistirilen ve Ticel ad1 altinda ticari
olarak satilan Kevlar'dir.

Sekil 3. Aramid Fiber ile dokunmus kumas gorseli.

Hibrit kompozit malzemeler, giiniimiizde bir¢ok endiistri alaninda yaygin olarak kullanilmaktadir. Bu malzemeler,
polimer matris i¢cinde birden fazla takviye edici malzemenin birlestirilmesiyle olusturulur. Genellikle cam elyafi,
karbon elyafi veya seramik pargaciklar gibi takviye edici malzemeler kullanilir. Hibrit kompozitlerin yiiksek
mukavemet-takviye orani, bu malzemelere hem yiliksek dayaniklilik hem de hafiflik kazandirir [5-6]

Hibrit kompozit malzemelerin termomekanik davranisini analiz etmek, tasarim ve miithendislik siire¢lerinde kritik

bir adimdir. Bu analizler, malzeme 6zelliklerinin belirlenmesi ve mekanik performansin tahmin edilmesi agisindan
onemlidir. Sonug olarak, daha giivenilir ve optimize edilmis {liriinlerin elde edilmesi saglanir [6,15].
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Bu calismada, hibrit kompozit malzemelerin termomekanik davranisi sonlu elemanlar yontemi ile ANSYS paket
programi kullanilarak incelenmistir. Ansys, mithendislik analizlerinde yaygin olarak kullanilan bir sonlu elemanlar
yazilimidir ve termomekanik analizler icin ¢esitli dzellikler sunar. Bu program, malzeme modellerini kullanarak
gercek yasam kosullarini simiile etme yetenegi ile dikkat ceker [8].

Calismanin ilerleyen boéliimlerinde, hibrit kompozit malzemelerin termal genlesme davranisi, malzeme
modellemesi, gerilme analizi ve termal gerilme analizi gibi konular ele alinacaktir. Bu analizlerin yapildigi 6rnekler
ve elde edilen sonuglar paylasilacak ve hibrit kompozitlerin termomekanik davranisinin incelenme siireci
detaylandirilacaktir.

Bu calisma ile hibrit kompozit malzemelerin termomekanik davranislari detayl bir sekilde analiz edilerek, daha
glvenilir ve optimize edilmis iriinlerin gelistirilmesi hedeflenmektedir. Ansys gibi simiilasyon araclarinin
kullanilmasi, bu analizlerin daha hizli ve verimli bir sekilde gerceklestirilmesini saglar.

2.2 Malzemelerin mekanik 6zellikleri

Bu calisma siiresince yapilan analizlerde kullanilan malzeme parametreleri “https://www.matweb.com/” ag
sayfasindan alinarak kullanilmistir.

Tablo 1. Aramid Ozellik Tablosu.

Ozellik Deger
Yogunluk (Density) 1,442-006 kg/mm’
Is1 iletkenligi (Thermal Conductivity) 6,0e-005 W/mm™C

Elastik Ozellikler

Ozellik X Yoni (MPa) Y Yonii (MPa) Z Yanii (MPa)
Young Mediili {Young's Modulus) 67000 4700 4700

Poisson Orani (Poisson's Ratio) X034 ¥Z: 5 0e-002 X034
Kayma Mediili (Shear Modulus) XY 2000 ¥Z: 15860 HE 2000
Ozellik Deger

Sicaklik (Temperature) 21°C

Termal Ozellikler
Ozellik X¥6nii (°C) | ¥Y¥énd (°C)  ZYéni ("CY)

lsil Genlegme Katsayisi (Coefficient of Thermal Expansion)  -2,0-008 6,0e-005 6,0e-003

Mekanik Ozellikler

Ozellik X Yani (MPa) Y Yonii (MPa) £ Yéni (MPa)
Cekrme Dayanirm (Tensile Strength) 2700 70 70

Basing Dayanimi (Compressive Strength) *-1200 ¥:-150 £:-150
Kayma Dayarmimu (Shear Strength) Xy 150 YZ: 75 X150
Ozellik X Yani (MPa) Y Yonii (MPa) £ Yéni (MPa)
Cekrme Dayanirm (Tensile Strength) 3,0e-002 1,0e-002 1,0e-002
Basing Dayarimi (Compressive Strength) -1,0e-002 -1,0e-002 -1,0e-002
Kayma Dayarmimu (Shear Strength) ¥y 2 5e-002 Y 2 5e-002 K 2 5e-002
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Tablo 2. Bazalt Ozellik Tablosu.

Ozellik Degjer
Yogunluk (Density) 2,7e-006 kg/mm®
Isi iletkenliﬁi (Thermal Conductivity) 4 Oe-005 W/mm™C

Elastik Ozellikler

Ozellik X Yénii (MPa) ¥ Y&ni (MPa) Z¥éni (MPa)
Young Modli (Young's Modulus) 89000 9000 9000

Poisson Oram (Poisson's Ratio) K025 YZ: 0,2 XZ 025
Kayma Mediili (Shear Modulus) ¥y 3500 YZ; 1200 XZ: 3500
Ozellik Deger

Sicaklik (Temperature) 21°C

Termal Ozellikler
Ozellik X¥6nii °C") | YY6nd (°C") | ZY¥énii (°C)

Isil Genlesme Katsayisi (Coefficient of Thermal Expansion) & 1e-00& 1,21e-005 1,21e-005

Mekanik Ozellikler

Ozellik X Yani (MPa) ¥ ¥&nd (MPa) Z Yonii (MPa)
Cekme Dayarurm (Tensile Strength) 1100 50 50

Basing Dayanimi (Compressive Strength) ¥ -600 Y:-150 Z:-150
Kayma Dayarum (Shear Strength) ¥y 60 Y2 60 KZ: 60
Ozellik X Yani (MPa) ¥ ¥&nd (MPa) Z Yonii (MPa)
Cekme Dayarrm (Tensile Strength) 3,0e-002 5,0e-003 5,0e-003
Basing Dayanimi (Compressive Strength) -1,0e-002 -2 0e-002 -2 0e-002
Kayma Dayarum (Shear Strength) ¥y 2 5e-002 Y 2 5e-002 ¥ 2 52-002
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Tablo 3. Karbon Ozellik Tablosu.

Ozellik
Is1 iletl-cenligi {Thermal Conductivity)

Yogunluk (Density)

Elastik Ozellikler

Deger

9.0=-003 W/mm™C

1,82-006 kg/mm’

Ozellik X Yénii (MPa) Y Yanii (MPa) Z Yanii (MPa)

Young Moddli (Young's Modulus) 2,3e+003 10000 10000

Poisson Oram (Poisson's Ratio) XY 027 YZ:04 X027

Kayma Modiili (Shear Madulus) XY 5000 Y¥Z: 2000 X2 5000
Termal Ozellikler

Ozellik XYoni ((C") | ¥Yoni (°C) | Z Yonii (*CY)

Isil Genlesme Katsayisi (Coefficient of Thermal Expansion)  -1,0=-007 2,2e-005 2,2e-005
Mekanik Ozellikler

Ozellik X Yoni (MPa) Y Yonii (MPa) £ Yoni (MPa)

Cekme Dayamirm (Tensile Strength) 2000 50 50

Basing Dayanimi (Compressive Strength) X -1200 Y: -200 Z:-200

Kayma Dayarumi (Shear Strength) X 80 YZ: 50 XZ:80

Ozellik X Yoni (MPa) Y Yonii (MPa) £ Yoni (MPa)

Cekme Dayamimi (Tensile Strength) 1,5e-002 5,0e-003 5,0e-003

Basing Dayarumi (Compressive Strength) -1.0=-002 -2.0=-002 -2,0e-002

Kayma Dayanmm (Shear Strength) X1 2 5e-002 Y& 2 5e-002 ¥ 2 5e-002

2.3 Metot

Yapilan bu arastirma, ANSYS paket programi iizerinden modellenerek ve gerekli sinir sartlan tariflenerek
gerceklestirilecek ve elde edilen veriler, polimer kompozit levhanin termomekanik davranisini tanimlayan
modellerle iliskilendirilecektir. Bu modeller, malzemenin karmasik davranislarin1 daha iyi anlamak ve gelecekteki
tasarimlar i¢cin rehberlik saglamak amaciyla kullanilabilecektir.

Ik adim, polimer kompozit levhanin baglangic mekanik ve termal ézelliklerinin belirlenmesidir. Bu, malzemenin
bilesenlerinin belirlenmesi, mikro yapisal analizlerin yapilmasi ve baslangi¢c modiil, mukavemet, termal iletkenlik
gibi temel 6zelliklerin 6l¢iilmesini icerebilir.

2.4 Ansys'in polimer kompozit malzemeler i¢in kullanimi

Ansys, polimer kompozit malzemelerin termomekanik davranisinin analizi i¢in gii¢lii bir mithendislik simiilasyon
yazilimidir. Bu yazilim, polimer kompozit malzemelerin tasarim asamasinda yiiksek performansh analizler
yapilmasina olanak saglar.

Ansys, polimer kompozit malzemelerin termomekanik davranisini gesitli analiz yontemleriyle inceleyebilir.
Bunlardan biri, malzemenin gerilme ve sekil degistirme tepkilerini belirlemek i¢in sahip oldugu Sonlu Elemanlar
Metodu (SEM) kullanmaktir. SEM malzemenin geometrisini ayrik parcalara (elemanlara) bolerek kompleks
analizler yapmayi saglar.

Ansys, polimer kompozit malzemelerin mekanik 6zelliklerini belirlemek i¢in ¢esitli simiilasyon araglar1 sunar.
Gerilme analizi, malzemenin lizerine etki eden dis kuvvetlere ve sicakliga bagli gerilme dagilimini hesaplamak i¢in
kullanilir. Sekil degistirme analizi ise malzemenin deformasyon davranisini ve yapisal biitiinliigiinii belirlemek
icin kullanilir.

Ayrica Ansys, polimer kompozit malzemelerin termal davranisini da analiz edebilir. Termal analiz, malzemenin
sicaklik kazanimina veya kaybina bagl olarak nasil tepki verdigini degerlendirir. Bu analiz, malzemenin termal
genlesme, 1s1 dagilimi ve termal gerilmeler gibi termal davranislarina 11k tutar.
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Ansys, polimer kompozit malzemelerin tasarim agsamasinda kullanilabilecek en iyi malzeme se¢ciminde ve yapisal
olarak optimize edilmesi konusunda ¢esitli modelleme ve simiilasyon araglari sunarak miihendislerin karar
verme siirecini kolaylastirir. Ayrica, mevcut tasarimlarin gercek diinya kosullarinda nasil performans
gosterecegini tahmin etmek icin yapisal analiz yapmak suretiyle test etme imkani saglar.

Sonug olarak, Ansys kullanimi, miithendislerin daha etkin tasarimlar yapmalarini, malzemelerin performansini
optimize etmelerini ve Uriinlerin mukavemet ve dayanikliligini artirmalarini saglar. Miihendisler, bu yazilimi
kullanarak daha iyi tasarimlar yapabilir, malzemelerin performansini optimize edebilir ve iirtinlerin mukavemet
ve dayanikliligini artirabilir. Polimer kompozit malzemelerin gelecekteki kullanim alanlarinda biiytik bir
potansiyele sahip olmasiyla birlikte, Ansys'in analiz yetenekleri daha da 6nem kazanmaktadir.

3. Modelleme ve Analiz
3.1 Malzeme modellemesi ve geometri olusturma

Polimer kompozit malzemelerin termomekanik davranisini analiz etmek icin dogru malzeme modellemesi ve
geometri olusturma onemlidir. Bu adimlar, sonuglarin dogrulugunu ve analizin giivenilirligini saglamak igin
dikkatlice yapilmalidir.

Malzeme modellemesi, malzemenin fiziksel 6zelliklerini ve davranisin1 dogru bir sekilde temsil etmeyi amaglar.
Bu nedenle, uygun malzeme modeli secimi son derece 6nemlidir.

Geometri olusturma asamasinda, polimer kompozit malzemenin gercek diinya geometrisini dogru bir sekilde
temsil etmek Onemlidir. Bu adim, genellikle CAD (Bilgisayar Destekli Tasarim) yazilimlar1 kullanilarak
gerceklestirilir. Malzeme geometrisinin hassasiyetle modellenmesi, analizin dogrulugunu ve sonuglarin
giivenilirligini etkileyebilir.

3.2 Sinir kosullarinin belirlenmesi

Polimer kompozit malzemelerin termomekanik davranisini anlamak ic¢in, dogru sinir kosullarini belirlemek
onemlidir. Sinir kosullari, malzemenin simiilasyon sirasinda maruz kaldig1 dis etkileri temsil eder.

Sinir kosullar, bir¢ok farkli faktorii icerebilir. Oncelikle, malzemenin iizerine uygulanan kuvvetler veya
gerilmeler dikkate alinmalidir. Bu, malzemenin gerilme dagiliminin nasil olustugunu ve malzemenin nasil deforme
oldugunu belirleyecektir.

Ayrica, sicaklik kosullari da polimer kompozit malzemelerin davranisini etkileyen énemli bir faktordiir.
Malzemede 1s1 birikimi veya sicaklik degisimleri, yapinin genlesmesine veya biiziilmesine neden olabilir. Bu
nedenle, simiilasyon sirasinda malzeme iizerindeki sicaklik etkilerinin dikkate alinmasi 6énemlidir.

Sinir kosullarini belirlemek icin deneysel veriler veya fiziksel modeller kullanilabilir. Deneysel veriler, malzemenin
gercek davranisiyla ilgili bilgiler saglar. Fiziksel modeller ise, malzemenin matematiksel olarak tanimlanmasini ve
similasyonlarin gercekei sonuglar tiretmesini saglar.

3.3 Termomekanik analiz adimlari

Termomekanik analiz, polimer kompozit malzemelerin termal ve mekanik davranisini incelemek i¢in kullanilan
bir yontemdir. Bu analiz, malzemenin sicaklik degisimleri, termal genlesme, mekanik gerilmeler ve
deformasyonlar gibi termal ve mekanik etkiler altinda nasil davrandigini belirlemeyi amaglar. Ansys yazilimi, bu
tiir analizler i¢in yaygin olarak kullanilan bir simiilasyon aracidir ve termomekanik analiz adimlar1 genellikle
asagidaki sekilde siralanir:

3.3.1. Geometri Tamimlama: ilk adim, analiz yapilacak olan polimer kompozit malzemenin geometrisinin
tanimlanmasidir (Sekil 4). Bu adimda, malzemenin boyutlari, sekli ve bdliimleri belirlenir. Geometri, CAD

yazilimlar1 veya 6nceden olusturulmus modeller kullanilarak tanimlanabilir.

Tablo 4. Model Olgiileri Tablosu.

Sinir Kutusu (Bounding Box) Degerler
Uzunluk X 100 mm
Uzunluk Y 100 mm
Uzunluk Z 3.2 mm
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3.3.2. Belirlenen katmanlar:

1. Bazalt-Karbon-Aramid-Bazalt-Karbon-Aramid-Bazalt-Bazalt-Bazalt-Bazalt-Aramid-Karbon-Bazalt-
Aramid-Karbon-Bazalt

2. Karbon-Bazalt-Aramid-Karbon-Bazalt-Aramid-Bazalt-Bazalt-Bazalt-Bazalt-Aramid-Bazalt-Karbon-
Aramid-Bazalt-Karbon
(Sekil 4).

B-C-A Hibrit Kompozit C-B-A Hibrit Kompozit

Sekil 4. Hibrit Kompozitlerin Katman ve Geometri Gorseli.
3.3.3. Katmanlarin ve dizilimin se¢im Kriterleri

Mekanik Performans:

Basalt ve Karbon: Yiiksek mukavemet ve sertlik 6zellikleriyle dne ¢ikan bu malzemeler, kompozitin tasima
kapasitesini artirmak ve dayanikliligini saglamak icin stratejik olarak yerlestirilmistir. Basalt lifleri, darbe
dayanimi ve 1siya karsi direng saglarken karbon lifleri, hafiflik ve yiiksek elastik modiil sunar.

Aramid: Darbe dayanimim artirmak ve ¢atlama riskini azaltmak igin aramid lifleri kullamilmustir. Ozellikle ara
katmanlarda kullanilarak enerji yutma kapasitesi artirilmistir.

Katman Dizilimi:

Katmanlar, simetrik bir sekilde yerlestirilerek malzeme i¢cinde termal ve mekanik gerilmelerin homojen bir
sekilde dagitilmas1 hedeflenmistir. Simetrik dizilim, egilme ve burulma gibi yiikler altinda deformasyon riskini
azaltir. Dizilimde, farkli malzemelerin 6zellikleri bir araya getirilerek her bir katmanin zayif yonleri diger
katmanlar tarafindan desteklenmistir. Ornegin, karbon liflerinin kirilganlig1 aramid ve bazalt lifleriyle
dengelenmistir.

Uretilebilirlik:

Katman dizilimi, iiretim siirecinde kolaylik saglamak amaciyla basit ve tekrarlanabilir bir sekilde
tasarlanmistir. Kullanilan malzemelerin ticari olarak erisilebilir ve maliyet etkin olmas1 géz dniinde
bulundurulmustur. Ozellikle bazalt ve aramid lifleri, hem maliyet avantaji hem de yiiksek performans ézellikleri
sundugu icin tercih edilmistir. Katman kalinliklari ve geometri, liretim sirasinda laminasyon ve presleme
siireglerinin sorunsuz bir sekilde gerceklesmesine uygun olarak belirlenmistir.

3.3.4. Sinir kosullan

Analizin dogru sonuglar verebilmesi icin, malzeme {izerindeki sinir kosullarinin belirlenmesi gereklidir. Bu
adimda, malzemenin etkilenecegi sicaklik, basing veya kuvvet gibi dis etkilerin tanimlanmasi 6nemlidir.

Tablo 5. Termal Sinir Sartlar1 Tablosu.

Kapsam

Secim Yontemi Geometri Segimi

Geometri 1 Yizey 5 Yizey 1 Yizey

Tamim

Tiir Sicaklik Miikemmel izolasyon Ist Akisi
Buiyuklik 25 °C (kademzli) 0w 70 W (kademeli)
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Tablo 6. Statik Sinir Sartlar1 Tablosu.

Nesne Adi Sabit Destek
Durum Tam Tanimli
Kapsam
Secim Yontemi Geometri Secimi
Geometri 4 Yiizey
Tanim
Tiir Sabit Destek
Bastirilmis Hayir

3.4. Analiz

Bu asamada, malzemenin termal ve mekanik davranislarinin simiilasyonlari gerceklestirilmektedir. Ansys
yazilimi, termal genlesme, 1s1 transferi ve mekanik yiiklerin etkilerini dikkate alarak analiz sonuglarini hesaplar.
Sonuglarin Degerlendirilmesi: Analiz sonug¢lar1 dogruluklari ve tutarliliklar1 agisindan dikkatli bir sekilde
degerlendirilir. Sonuclar, malzemenin termal genlesme davranis, stres dagilimi, deformasyon miktari gibi 6nemli
bilgiler saglayabilir.

Termomekanik analiz adimlari, polimer kompozit malzemelerin davranisi hakkinda énemli bilgiler sunabilir. Bu
adimlarin dogru bir sekilde uygulanmasi, analiz sonuglarinin giivenilir ve gercekg¢i olmasini saglar. Ansys yazilimi,
analiz adimlarinin kolayca takip edilmesini saglayarak, bu tir analizlerin daha verimli bir sekilde yapilmasina
yardimci olur.

3.4.1 BCA katmanl levha i¢in analiz sonuclari

3.4.1.1 BCA katmanli levha icin termal analiz ¢iktilar:

B: Steady-State Thermal
Temperature

Type: Temperature

Unit: °C

Time: 1s

19.12.2024 21:53

327,49 Max
293,88
260,27
226,66
193,05
199,44
125,83

92,22
58,61
25 Min

50,00 (mm) Z/I\ X

Sekil 5. Termal analiz gorseli 1.

25,00
12,50 37,50
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B: Steady-State Thermal
Temperature 2

Type: Temperature

Unit: °C

Time: 1s

19.12.2024 23:15

327,49 Max
294 26

261,02

227,79

19455

161,32

. 128,08
P\H 04,847
2 61,612

28,377 Min

L)
Y
0,000 15,000 30,000 (mm)
7,500 22,500

Sekil 6. Termal analiz gorseli 2.

B: Steady-State Thermal
Temperature

Type: Temperature

Unit: °C

Time: 1s

19.12.2024 23:12

327,49 Max
293,88
260,27
226,66
193,05
159,44
125,83

I

58,61
25 Min

[
Y
0,000 15,000 30,000 (mm)
I .

7,500 22,500

Sekil 7. Termal analiz gorseli 3.
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3.4.1.2 BCA Katmanl Levha i¢in Total Deformasyon Analizi Sonuglari

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1s

19.12.2024 23:02

0,012721 Max
0,011308
0,0098944
0,0084809
0,0070674
0,0056539
0,0042404
0,002827
0,0014135

0 Min

0,00 25,00 50,00 (mm) Z‘/I\‘ X
—

—
12,50 37,50
Sekil 8. Total Deformasyon Analiz gorseli.

3.4.1.3 BCA Katmanl Levha i¢cin Von Mises Gerilme Analizi Sonuglari

C: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer O
Unit: MPa

Time: 1s
19.12.2024 23:02

293,13 Max
260,63 n
228,14
19565 —
163,15
130,66 =
98,165 —
65,671
33177 I

0,68333 Min

0,00 25,00

50,00 (mm) Z)\ X
12,50 37,50

Sekil 9. Von-Mises Gerilme Analiz gorseli 1.
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C: Static Structural

Equivalent Stress 4

Type: Equivalent (von-Mises) Stress - Top - Layer 0
Unit: MPa

Time: 1s

19.12.2024 23:11

204,56 Max
182,06 .
159,56
137,06 —

114,56

92,064 |

. 69,565 —
1_; 47,065

2 . 24,566 I
2,0667 Min

L]
Y
0,000 15,000 30,000 (mm)

7,500 22,500
Sekil 10. Von-Mises Gerilme Analiz gorseli 2.

C: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer O
Unit: MPa

Time: 1s

19.12.2024 23:14

293,13 Max
260,63 .
228,14
195,656 —

163,15
130,66 .
98,166 —
N
33177 I

0,68333 Min

®
Y
0,000 15,000 30,000 (mm)

7,500 22,500
Sekil 11. Von-Mises Gerilme Analiz gorseli 3.
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3.4.2 CBA katmanli levha i¢in analiz sonuglari

3.4.2.1 CBA katmanli levha icin termal analiz ¢iktilar:

B: Steady-State Thermal
Temperature

Type: Temperature

Unit: °C

Time: 1s

19.12.2024 21:20

340,12 Max
305,11
270,1
235,08
200,07
165,05
130,04
95,027
60,014

25 Min

0,00 25,00 50,00 (mm) Z‘)\ X
- — —

12,50 37,50

Sekil 12. Termal analiz gorseli 1.

B: Steady-State Thermal
Temperature 2

Type: Temperature

Unit: °C

Time: 1s

19.12.2024 21:36

340,12 Max
305,11
2701
235,08
200,07
165,05
130,04

L:E 95,027

60,014

2 25 Min

(]
¥
0,000 15,000 30,000 (mm)
I .

7,500 22,500

Sekil 13. Termal analiz gorseli 2.
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B: Steady-State Thermal
Temperature

Type: Temperature

Unit: °C

Time: 1s

19.12.2024 21:38

340,12 Max
305,11

270,1
235,08
200,07
165,05
130,04
95,027
60,014
25 Min

[
Y
0,000 15,000 30,000 (mm)
I .
7,500 22,500

Sekil 14. Termal analiz gorseli 3.

3.4.2.2 CBA katmanli levha i¢in total deformasyon analizi sonuclar:

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1s

19.12.2024 21:23

0,013081 Max
0,011628
0,010174

0,0087209
0,0072674
0,0058139
0,0043604
0,002907
0,0014535
0 Min

0,00 25,00 50,00 (mm) Z‘/I\‘ X
\

| L
12,50 37,50

Sekil 15. Total Deformasyon Analiz gorseli.
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3.4.2.3 CBA katmanl levha icin von mises gerilme analizi sonuglari

C: Static Structural

Equivalent Stress

e: Equivalent (von-Mises) Stress - Top/Bottom - Layer O
Unit: MPa

Time: 1s
19.12.2024 21.24

182,13 Max
161,9

0,084472 Min

0,00 25,00 50,00 (mm) Z'/L X

12,50 37,50
Sekil 16. Von-Mises Gerilme Analiz gorseli 1.

C: Static Structural

Equivalent Stress 4

Type: Equivalent (von-Mises) Stress - Top - Layer 0
Unit: MPa

Time: 1s

19.12.2024 21:43

136,64 Max
121,5
108,37
91,234 —
76,009 —
60,065
4583 —

175 30,696
R 15,561 I
2 0,42671 Min

L]
Y
0,000 15,000 30,000 (mm)

7,500 22,500
Sekil 17. Von-Mises Gerilme Analiz gorseli 2.)
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C: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer 0
Unit: MPa

Time: 1s

19.12.2024 21:37

182,13 Max

161,9 .
141,67
121,45
101,22
80,993
60,766
40,539

N 20,312

0,084472 Min

L]
Y
0,000 15,000 30,000 (mm)

7,500 22,500
Sekil 18. Von-Mises Gerilme Analiz gorseli 3.

4. Bulgular

Bu calisma kapsaminda polimer kompozit levhalarin termomekanik davranisi sonlu elemanlar metodu
kullanilarak sayisal olarak incelenmistir.

ANSYS yazilimi araciligiyla, polimer kompozit levhalarin termomekanik davranislarinin sayisal modellenmesi
yapumistir. Sonlu elemanlar analizi sonuglari, levhanin farkli sicaklik ve mekanik yiik kosullarinda nasil
davrandigini gostermektedir.

Ozellikle, levhanin sicakhik dagilimi, termal gerilmeler, gerinme, deformasyon ve diger mekanik ozellikleri
incelenmistir. Elde edilen bulgular, polimer kompozit levhalarin termomekanik davranisinin karmasikligini ve
cesitliligini gostermektedir. Elde edilen sonuglar goriintii ve tablo halinde verilmistir ve bu neticeye gore, bu
calisma, polimer kompozit levhalarin termomekanik davranisinin arastirilmasi ve ANSYS iizerinden sonlu
elemanlar analizinin yapilmasi amaciyla deneysel ve sayisal yontemlerin birlestirilmesini iceren karma bir
arastirma modeli izlemistir.

Elde edilen bulgular, deneysel ve sayisal analizlerin sonuglari bir araya getirilerek incelenmis ve polimer kompozit
levhalarin termomekanik davranisi hakkinda 6nemli bir anlayis saglanmistir. Bulgular, levhanin termal ve
mekanik 6zelliklerinin malzeme bilesimi, sicaklik degisimi ve mekanik ytikler gibi faktorlere nasil bagli oldugunu
acik¢a ortaya koymaktadir.

Bu arastirma modeli, polimer kompozitlevhalarin termomekanik davranisinin kapsamli bir sekilde arastirilmasini
saglamis ve malzemenin endiistriyel uygulamalarda daha etkin bir sekilde kullanilmasina katkida bulunmustur.

250
—BCA
—CBA

200

0 0.5 1 1.5 2 2.5 3

t (mm)
Sekil 19. Kalinliga Gore Gerilme Sonuglari Karsilastirma
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4.1 Gerilme dagilimi

BCA ve CBA katman istiflemesi i¢cin esdeger gerilme degerleri t (kalinlik) boyunca farklilik gdstermektedir.

BCA istiflenmesinde, maksimum gerilme degeri yaklasik 220 MPa civarindayken, CBA istiflenmesinde ise bu deger
200 MPa't asmamaktadir.

CBA istiflenmesi, t = 1.5-2.5 mm arasinda belirgin dalgalanma gdsterirken, BCA istiflenmesinde bu dalgalanmalar
daha yumusaktir.

4.2 Gerilme artis egilimi

Her iki katman istiflenme sekli i¢cin de gerilme, kalinlik arttik¢a genel bir artis egilimi gostermektedir.

BCA istiflenmesinde, gerilme artis1 daha diizenli bir yapiya sahipken, CBA istiflenmesinde ani yiikselme ve
diistslerle karakterizedir.

Mekanik Dayanim:

BCA hibrit kompozit levha i¢in daha ytliksek maksimum gerilme degerlerine ulasilsa da, bu istiflenme sekli i¢in
gerilme dagilimi1 daha kararli bir yapiya sahiptir. Bu, BCA istiflenmesinin mekanik dayanim ag¢isindan daha
ongoriilebilir bir davranis sergiledigini gdstermektedir.

CBA hibrit kompozit levhada dalgalanmalar, katmanlar arasi gerilme transferinde dengesizliklere ve muhtemel
catlak baslama noktalarina isaret etmektedir.

Termomekanik Stabilite:

CBA katman istiflenmesinde ani gerilme degisimleri, sicaklik ve mekanik yiiklerin birlesik etkisi altinda daha
hassas bir yapi olusturabilir. Bu durum, malzeme 6émrini kisaltabilir.

350
300
250

¢ 200

)

150

100

50

0 0.5 1 1.5 2 2:5 3
t (mm)

Sekil 20. Kalinliga Gore Sicaklik Sonuglari Karsilastirma.

4.3 Sicaklik dagilim

Her iki hibrit kompozit levha icin de sicaklik t (kalinlik) boyunca diizenli bir artis egilimi gdstermektedir. CBA
istiflemesinde sicaklik degerleri, BCA istiflemesine gore hafifce daha yiiksektir ve t = 3 mm kalinlikta maksimum
sicaklik yaklasik 340 °C'ye ulasmaktadir. BCA katman istiflenmesinde sicaklik dagilimi daha dengeli bir sekilde
artis gostermektedir.

Mekanik Performans: BCA seklinde istiflenen hibrit kompozit levhada gerilme artisi1 daha diizenli ve kararl bir
yap1 sunmaktadir. By, yiik aktariminin daha dengeli oldugunu ve bu katmanli yapinin mekanik dayanim agisindan
daha giivenilir oldugunu goéstermektedir. CBA istiflenme seklindeki dalgalanmalar, katmanlar arasi gerilme
transferinin diizensiz oldugunu ve c¢atlak baslangici icin potansiyel zayif noktalar olusturabilecegini
gostermektedir.

Termal Performans: CBA hibrit kompozit levhada sicaklik degerlerinin daha yiiksek olmasi, bu istiflenme
seklinin termal yiikler altinda daha biiyiik termal genlesme streslerine maruz kalabilecegini gostermektedir. BCA
diziliminde sicaklik artisinin daha homojen olmasi, termal stabilite agisindan avantaj saglamaktadir.
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5. Tartisma ve Sonug

Bu calisma, polimer kompozit levhalarin termomekanik davranisinin deneysel ve sayisal yontemlerle arastirilmasi
lizerine odaklanmistir. Deneysel calismalar, levhalarin termal genlesme katsayilari, elastik modiil degerleri ve
termal iletkenlikleri gibi temel o6zelliklerini belirlemek icin gerceklestirilmistir. Bu deneysel veriler, sonlu
elemanlar analiziyle uyumlu olacak sekilde dogrulanmistir.

Sayisal analizler, ANSYS sonlu elemanlar paket programi kullanilarak gerceklestirilmis ve levhalarin farkl sicaklik
ve mekanik yiik kosullarinda nasil davrandigi simiile edilmistir. Sonlu elemanlar analizi sonuglari, levhanin
termomekanik davranisinin genel 6zelliklerini ve malzeme bilesimine, sicaklik degisimine ve mekanik yiiklere
nasil yanit verdigini gostermistir.

Termomekanik analiz sonuglari, polimer kompozit malzemelerin tasariminda bir yol gosterici olarak kullanilabilir.
Bu verilere dayanarak, malzeme ve tasarim parametrelerinin optimize edilmesi ve malzeme davranisinin
gelistirilmesi miimkiindiir. Bu da daha giivenilir ve dayanikli polimer kompozit iiriinlerin gelistirilmesine katki
saglayacaktir.

BCA ve CBA hibrit kompozit yapilarin gerilme dagilimi incelendiginde, BCA istiflenme seklindeki kompozit yapinin
daha kararli ve 6ngoriilebilir bir performans sundugu gorilmiistiir.

CBA istiflenme sekline sahip hibrit kompozit yapida go6zlemlenen dalgalanmalar, yiliksek gerilme
konsantrasyonlarina neden olabilecegi icin termomekanik dayanim agisindan dezavantajlidir.

BCA hibrit kompozit levha hem mekanik hem de termal yiikler altinda daha kararli bir performans
sergilemektedir. Bu istiflenme seklinin maksimum gerilme ve sicaklik dagilimi agisindan daha dengeli oldugu
tespit edilmistir. CBA dizilimindeki dalgali gerilme ve daha ytiksek sicaklik degerleri, bu istiflenme seklinin
termomekanik dayanim agisindan daha zayif bir performans sergileyebilecegini gostermektedir.

Sonug olarak, hibrit kompozit yapilar i¢in katman istiflenme sekli, mekanik ve termal yiiklerin birlikte dikkate
alinarak optimize edilmesi gereken kritik bir parametredir. Bu ¢alismada elde edilen bulgular, termomekanik
analizlerin hibrit kompozitlerin istifleme sirasinin tasarim siirecindeki 6nemini vurgulamaktadir.
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Anahtar Kelimeler 0z: Ugucu kiil esash geopolimer baglayicilarin mekanik 6zellikleri insaat ve yapi
ng’;’nol“l;’é‘;r st Dederlendirmesi sektoriinde kullanimi igin 6nem arz etmektedir. Ayrica insaat ve yapida
Ugicu Kil & & kullanilacak malzemelerin mekanik o6zelliklerinin yani sira iklim degisikligi ile
Diatomit miicadelede Avrupa Yesil Mutabakati’'nda (European Green Deal) yer alan ¢evresel
Siirdiiriilebilirlik hedefler insaat sektoriiniide yakindan ilgilendirmektedir. Bu kapsamda bu

calismada, baglayici olarak F smnifi ugucu kiil kullanilarak iiretilen geopolimer
numunelerin mekanik 6zellikleri ve ¢evresel etkileri tizerinde diatomit ikamesinin
etkisi arastirllmistir. Karisimlarda, baglayici malzeme agirlikca %1, %2, %3, %4 ve
%5 oranlarinda diatomit ile ikame edilerek geopolimer harglar tretilmistir.
Geopolimer numunelere 90°C'de 24, 48 ve 72 saat 1s1l kiir uygulanmistir.
Geopolimer numuneler iizerinde farkl kiir siirelerinde egilme ve basing dayanimi
deneyleri yapilmistir. Ayrica numunelerin mikro yapisini incelemek i¢in diatomit
ikameli geopolimer hamurlarin FESEM goériintiileri incelenmistir. Elde edilen
sonuclara gore %1, %2 ve %3 oranlarinda diatomit iceren harglarin egilme ve
basing dayanimlarinda artis oldugu goriilmiistir. En yliksek mekanik dayanim
sonucu %3 diatomit iceren harglarda gézlenmistir. FESEM goériintiileri sonucunda
%3 diatomit ikamesi ile Uretilen geopolimerin daha yogun ve kompakt bir mikro
yap1 sundugu belirlenmistir. Ayrica farkli senaryolara gore diatomit ikameli ve
diatomit ikamesiz geopolimer harc¢larin olumlu ve olumsuz cevresel etkileri
belirlenmistir. Sonug¢ olarak c¢evreci iretilmek istenen geopolimer harglara
cevresel cikt1 olarak etki eden diatomit orani, aktivatér orani, aktivator tiird, kiir
stiresi, kir sicakliklar1 ve hammaddeye ulasim mesafesi gibi faktorlerin gorece
olumlu ve olumsuz sonuglari irdelenmistir.

Assessment of Life Cycle and Mechanical Properties of Sustainable Geopolymer
Mortars: A Study on Different Scenarios

Keywords Abstract: The mechanical properties of fly ash-based geopolymer binders are
Geopolymer significant importance for their application in the construction and building
Life Cycle Assessment . i . . . .

Fly Ash sectors. Moreover, in addition to the mechanical properties of materials used in
Diatomite construction, environmental goals outlined in the European Green Deal, aimed at
Sustainability combating climate change, are also highly relevant to the construction industry.

Within this scope, this study investigates the effects of diatomite substitution on
the mechanical properties and environmental impacts of geopolymer samples
produced using Class F fly ash as the binder. Geopolymer mortars were prepared
by substituting the binder material with diatomite at ratios of 1%, 2%, 3%, 4%,
and 5% by weight. The geopolymer samples were subjected to heat curing at 90°C
for 24, 48, and 72 hours. Flexural and compressive strength tests were conducted
on the geopolymer samples at different curing durations. Additionally, the
microstructure of the diatomite-substituted geopolymer pastes was examined
using FESEM imaging. The results showed that mortars containing 1%, 2%, and
3% diatomite exhibited improvements in flexural and compressive strength. The
highest mechanical strength was observed in mortars with 3% diatomite. FESEM
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images revealed that the geopolymer produced with 3% diatomite substitution
exhibited a denser and more compact microstructure. Furthermore, the positive
and negative environmental impacts of diatomite-substituted and non-substituted
geopolymer mortars were identified under different scenarios. In conclusion,
factors such as the diatomite ratio, activator ratio, activator type, curing duration,
curing temperature, and raw material transportation distance, which influence the
environmental footprint of geopolymer mortars, were evaluated for their
relatively positive and negative effects on producing environmentally friendly
geopolymer mortars.

1. Giris

Beton; su, ¢cimento, agrega ve/veya katki maddelerinden olusan en yaygin yap1 malzemelerinden birisidir. Beton
tiretiminde kullanilan ¢imento ise temel bir baglayici malzeme olmasina ragmen, ¢imento iiretimi atmosfere
yuksek oranda COz emisyonuna sebebiyet vermektedir. Bu emisyonun bir sebebi ¢cimento tiretiminin yogun enerji
gerektiren bir siire¢ olmasidir [1]-[3]. Beton ve cimento sistemlerinin mevcut olan bu c¢evresel etkileri
arastirmacilar1 daha ¢evreci yap1 malzemelerine yonlendirmistir. Bu ¢evreci olan yapi malzemelerinden birisi
olan geopolimerlerin sentezinde ciiruf, silis dumani ve ugucu kiil baglayici olarak kullanilmaktadir. Geopolimer
sentezinde tek tip baglayicinin tek basina bir aktivatdr ile kullanilmasi mimkiin oldugu gibi farkli baglayici
gruplari ve farkli aktivatdrlerin birlikte kullanimi1 da mimkindir [4]-[9].

Cevreci geopolimer malzemeleri iiretmek icin kullanilan baglayicilardan birisi de ugucu kiillerdir. Ugucu kiil
yapisinda amorf bir yapida bol miktarda reaktif aliimina ve silika icerdiginden yiiksek puzolanik o6zellik
gostermektedir [10]. Geopolimer baglayicilarin sentezlenmesinde aktivatorler ve kiir siirecleri 6nemli bir yer
tutmaktadir. Oyle ki alkali aktivatérler, baglayici yapidaki kati aliiminyum oksit ve silisyum oksidi ¢ézmek icin ¢ok
o6nemli bir rol oynamaktadir. Geopolimer sentezinde mekanik mukavemeti etkileyen diger dnemli faktor ise
kiirleme sicakligidir [11]-[17]. Kiirleme sicakliklar1 baglayici ve aktivator tiiriine baglh olarak uygulanmakta olup
oda sicakligindan yiiksek sicakliklara kadar degisebilmektedir. Kiirleme sicakliklarina ek olarak, kiirleme siireleri
mekanik mukavemeti etkileyen baska bir faktér olarak belirlenmistir [14], [18]-[20].

Ugucu kiil tabanli iiretilen geopolimerin oda isisinda aktivasyonu uzun siirmekte ve mekanik dayaniminin
gelisimi ¢ok zaman almaktadir [21], [22]. En diisiik aktivasyon enerjisinin NaOH ile ayr1 ayr1 aktive edilen
metakaolin, ciiruf ve ucucu kiill bazli geopolimer baglayici sistemlerde oldugu 20°C sicaklikta izotermal
kalorimetre ile yapilan calismalarda agiklanmistir [23].

Geopolimer iiretiminde dogal puzolanlarin katki olarak kullanilmasi son yillarda yaygin hale gelmistir. Bu dogal
puzolanlardan birisi olan diatomit, amorf silisli fosillesmis tortulardan meydana gelmektedir. Amorf silika
icerigine ek olarak, diatomit genellikle karbonath ve killi mineraller, diisiik kuvars ve feldispatlar icermektedir.
Genis ylzey alanlari (genis ylizey/yiiksek hacim orani), yiiksek su emme veya tutma kapasiteleri gibi farkh
ozelliklere sahiptirler. Gozenekli mikro yapisi, hafifligi ve diisiik 1s1 iletkenligi nedeniyle genellikle yalitim
malzemesi olarak kullanilmaktadir [24]. Diatomitin amorf silika icerigi sayesinde, diatomitlerin geopolimer
baglayicilarin iiretilmesinde iyi bir dogal kaynak olarak alternatif olacag: diisiiniilmektedir.

Literatiirde yapilan 6nceki ¢alismalarda geopolimer iiretiminde silika dumani yerine diatomitin kullanildig: [25]
bununla birlikte %100 oranina kadar diatomit ile geopolimer iiretildigi ve burada aktivatér olarak Na2SiOs ve
NaOH kullanildig: belirtilmistir [26], [27]. Hafif agrega ile iiretilen geopolimer sistemlerde diatomit ikamesi ile 1s1
iletkenlik katsayilarinin diistiriildiigli rapor edilmistir [28].

Gerek geopolimer sistemlerde gerekse geleneksel baglayicilarda siirdiiriilebilirlik giin gectikce daha énemli hale
gelmektedir. Gergcek diinya verilerine dayal siirdiiriilebilirlik faktorlerinin o6l¢iilmesi, cesitli cevresel etki
kategorilerinde farkindaligin artirilmasi icin son derece dnem arz etmektedir. Yasam Dongiisii Degerlendirmesi
(YDD)-Life Cycle Assessment (LCA), insaat sektoriinde yapi malzemelerinin de faydalandig tiim yasam dongiisi
veya belirtilen dénem boyunca cevresel etkilerini 6lgmek ve degerlendirmek icin kullanilan kritik bir
metodolojidir. YDD verilerinin 6nemi, Cevresel Uriin Beyanlari- Environmental Product Declaration (EPD'ler) gibi
bilgi tabanh belgeler olusturmada da karsimiza ¢ikmaktadir. YDD'nin EPD'lerle ve ISO standartlarina uyumla
birlestirilmesi, insaat sektoriinde siirdiiriilebilir uygulamalar tesvik etmektedir. Oyle ki énceki arastirmalarda,
alkali ile aktive edilmis ve geopolimer sistemler geleneksel ¢cimentolu sistemlere kiyasla daha iyi ¢evresel
performans sergiledigi rapor edilmistir. Buna ek olarak, bu cevreci sistemlerin geleneksel sistemlere gore %28
ile %80 daha az sera gazi emisyonuna sebebiyet verdigi belirtilmistir [29]-[35].
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Literatiirdeki bir¢cok geopolimer karisim tasarimi kiiresel 1sinma potansiyelini (GWP) azaltarak daha olumlu
sonuglar gdstermesine ragmen, aktivatorlerin diger konsantrasyon etkisi kategorileri iizerindeki etkisinin
geleneksel ¢cimentolu karisimlara gore daha belirgin oldugu belirtilmistir. McLellan vd. (2011), [36] geopolimer
sistemlerin iklim degisikligi ile miicadelede belirli bir potansiyele sahip oldugunu bunula birlikte kullanilan
tasima tiiri, malzeme kaynagi ve enerjinin sera gazi emisyonlarini azaltabilecegini bildirilmistir. Geopolimer
sistemler icin uygun olmayan bir bilesen ve/veya siire¢ se¢ilmesinin iklim degisikligi iizerinde daha negatif etkiye
neden olabilecegi vurgulanmistir. Geopolimer betonun CO: emisyonlarindan sorumlu diger farktoérlerin ise
geopolimerlerde kullanilan alkali aktivatorlerin (hammadde madenciliginden iiretim siirecine kadar) ve yiiksek
hizli kiirleme siire¢lerinin oldugu belirtilmistir.

Bu ¢alismada, yiiksek karbon emisyonlarina neden olan ¢imento yerine daha ekonomik ve siirdiiriilebilir bir
malzeme olan geopolimer baglayici malzemelerin gelistirilmesi amag¢lanmistir. Calismada ugucu kiil ana baglayici
olarak, diatomit ise ugucu kiile ikame edilen baglayici olarak kullanilmistir. Diatomit katkilarinin geopolimer
har¢larin egilme ve basing dayanimlari tzerindeki etkisi arastirilmistir. Buna ek olarak, geleneksel ¢imentolu
harglarin ve ugucu kiil bazli geopolimer harglarin gevresel etkileri, yasam doéngiisii analizi yoluyla farkl
senaryolar ile karsilagtirllmistir.

2. Materyal ve Metot

2.1.Materyal

Bu calisma kapsaminda kullanilan diatomit, Tiirkiye'nin Kayseri ili Hirka kasabasinda bulunan diatomit
yatagindan elde edilmistir. F sinifi ugucu kiil ise Zonguldak'taki Catalagzi Termik Santralinden saglanmistir.

Tablo 1'de diatomit ve ucgucu kiiliin kimyasal kompozisyonu verilmis olup, Sekil 1(a) ve 1(b), de baglayici
malzemelerin FESEM goriintiisii ve XRD deseni sunulmustur.

Tablo 1. Catalagz F sinifi ugucu kiil ve diatomitin kimyasal kompozisyonu
Oksit (%) Si0z2  Al20s Fe203 K:0 Na20 MgO Ca0 SO3 CI- P20s  TiOz Kizdirma Kaybi

Ucucu Kill 52.60 27.02 6.98 4.55 0.75 1.59 285 0.23 0.0043 - - 3.42
Diatomit 75.70 6.55 3.82 0.99 0.87 1.2 2.68 - - 0.48 0.26 7.39
a) b)
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Sekil 1. a) Diatomit; FESEM goriintiisii ve XRD deseni b) Ugucu kiil; FESEM goriintiisii ve XRD deseni

Geopolimer harg iiretimi i¢in TS EN 196-1 [37]'e uygun CEN standart kumu ve aktivatér olarak NaOH
kullanilmistir. Aktivatoriin kimyasal icerigi en az %97 saflik icermektedir. Har¢ karisimlarinda igilebilir su
kullanilmis olup TS EN 1008'e gore harg karisiminda igilebilir su kullaniminin uygunlugu belirtilmistir. Ucucu kiil
ile imal edilen referans harci (DO) ve diatomit ikameli harg¢lardan olusan toplam 6 grup geopolimer harg
tiretilmistir. Bu harglarin karisim oranlar1 Tablo 2'de sunulmustur. Cézeltideki Na* oran1 baglayici miktarinin
%10'u olarak belirlenmistir. Baglayici/kum orani 3 ve baglayici/su orani 0,31 olarak secilmistir. Diatomit
ikameleri toplam baglayict miktarinin ugucu kiile gore agirlikca %1 (D1), %2 (D2), %3 (D3), %4 (D4) ve %5
(D5)’i olarak belirlenmistir.
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Tablo 2. Harclarin karisim oranlari

Har¢ Kodu Ugucu Kiil (g) Diatomit (g) Kum (g) Na*(%) Su (g)
DO 450 _ 1350 10 140
D1 4455 4.5 1350 10 140
D2 441 9.0 1350 10 140
D3 436.5 13.5 1350 10 140
D4 432 18.0 1350 10 140
D5 427.5 225 1350 10 140
2.2. Metot

Geopolimer harglarin liretim prosesi Sekil 2'de gosterilmistir. Geopolimer harglar tretilirken, baglayic
malzemeye gore agirlikca %10 Na* iceren NaOH c¢ozeltileri 24 saat 6nce hazirlanmistir. Ugucu kil tabanli
geopolimer harglara toplam baglayicinin agirlikca %1, %2, %3, %4 ve %5'i oranina denk gelecek sekilde diatomit
ikamesi yapilmistir. Har¢ i¢in karistirma kabina yerlestirilen baglayici ve NaOH ¢ozeltisi 30 saniye boyunca
yavasca karistirilmis sonrasinda 1350 g standart kum eklenmistir. Karistirma islemine diisiik devirde 60 saniye
devam edildikten sonra mikser durdurularak karistirma kabi etrafindaki har¢ ortada toplanarak toplam 90
saniye dinlendirilmistir. Karistirma islemine yiiksek devirde 60 saniye daha devam edilerek karistirma islemi
sonlandirilmistir. Har¢ karisimlar: 40x40x160 mm olgiilerindeki ¢elik kaliplara i¢ kisimlari yaglanarak sarsma
tablasi vasitasiyla titresimle yerlestirilmistir. Daha sonra 90 °C'de dnceden i1sitilmis firina geopolimer harg
numuneler yerlestirilmis ve 24 saat, 48 saat ve 72 saat boyunca 1s1l kiire tabi tutulmustur. Kiirleme islemi
tamamlandiktan sonra, numuneler firindan ¢ikarilmis, oda sicakligina sogumaya birakilmis ve deney icin hazir
hale getirilmistir. Kiir sonrasi elde edilen har¢ numuneleri egilme ve basing dayanimina tabi tutulmustur.
Numunelerin mikro yapisini analiz etmek i¢in, geopolimer hamur numuneleri hazirlanmis ve FESEM gorintiileri
alinmistir.

Baglayici Malzeme Alkali aktivator

) NaOH
Ugucu Kiil Diatomit \ “—

CEN Standart kum

Kaliplara yerlestirilen harglar Harglara etiivde 1511 kiir uygulamas:

Uretilen harglar ve dayamm deneyleri

Sekil 2. Geopolimer harglarin tiretim prosesi

Deneysel ¢alismalar kapsaminda egilme ve basing testleri TS EN 196-1 standardina gore yapilmistir. Her bir seri
icin 40x40x160 mm ebatlarinda tiretilen {i¢ adet ugucu kiil ve diatomit ikameli geopolimer numuneler lizerinde
tek nokta egilme testi yapilmistir. ikiye béliinen ve toplam alti adet kalan har¢ numunelere basing testi
yapilmistir. Testler tamamlandiktan sonra sonuglarin aritmetik ortalamasi alinmistir. Alan Taramali Elektron
Mikroskobu (FESEM), geopolimer hamur o6rneklerinin mikro yapisi lizerinde diatomit ilavesinin etkisini
degerlendirmek i¢in incelenmistir. Geopolimer hamur karisimi kum olmadan ve harg¢ karisimlarinin ayni karisim
oraniyla hazirlanmistir. Geopolimer hamur (DO, D1, D2, D3, D4, D5) 90°C'lik bir firinda 24 saatlik 1s1l kiirti
tamamladiktan sonra oda sicakligina gelinceye kadar bekletilmistir. Soguyan numuneler altin paladyum
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kaplamasi yapilarak Zeiss (GeminiSEM 500) cihazi ile 1000, 20000 biiyiitmelerde goriintiillemeler yapilmistir.
2.2.1.Yasam Dongiisii Degerlendirmesi (YDD)

YDD, bir siirecin, iiriiniin veya hizmetin yasam dongiisii boyunca gevresel etkilerini degerlendirmek icin yaygin
olarak kullanilan bir metodolojidir. ISO 14040 ve 14044'e [31], [38] gore YDD Sekil 3’te gosterildigi gibi dort ana
asamadan olusmaktadir: Bu asamalar amag¢ ve kapsam tanimi, envanter analizi, etki degerlendirmesi ve
yorumlamadir.

@ &
O 0
i
ey =
e E
o
) =
52

Sekil 3. YDD asamalari

Bu ¢alisma kapsaminda YDD'nin temel amaci iiretilen harg érneklerinin ¢evresel etkilerini 6lcmek ve birbirileri
ile karsilastirmaktir. Bu baglamda, ¢cimento esasli (PC) harg, geopolimer kontrol harci (D0) ve %1, 2, 3, 4 ve 5
diatomit ikameli geopolimer har¢larin (D1, D2, D3, D4 ve D5) cevresel etkileri analiz edilmistir. Birim fonksiyon
1 m3 olarak se¢ilmis ve hammaddenin g¢ikarilmasindan harg iiretimine kadar yasam dongiisii asamalarini
kapsayan besikten kapiya yaklasimi izlenmistir. Geopolimer harg¢larin sistem sinirlar1 Sekil 4'te sunulmustur.
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Sekil 4. Har¢larin sistem sinirlari (besikten kapiya yaklasim)

Harg¢ karisimlarinin hammadde miktarlari, enerji tiikketimi ve su kullanimina iliskin birincil envanter verileri
laboratuvar o6lgekli deneysel ¢alismalardan uyarlanmistir. Bu ¢alismada hammaddelerin (portland ¢imentosu,
ucucu kiil, kum, sodyum hidroksit, diatomit) 16-32 ton agirligindaki EURO 4 dizel yakith bir kamyonla
karayoluyla tasindig1 varsayilmistir. Tasima mesafeleri Google Haritalar kullanilarak (portland ¢imentosu (50
km), ugucu kiil (630 km), kum (980 km), sodyum hidroksit (379 km), diatomit (35 km)) olarak belirlenmistir.
Cimento esaslhi PC harci liretmek i¢in dayanim sinifi 42,5 ve 6zgiil agirhigi 3,14 g/cm3 olan Portland ¢imentosu ve
CEN standardi RILEM kumu kullanilmistir. Hammadde {iretimi, enerji ve tasima verileriyle ilgili ikincil veriler
SimaPro 9.5 yaziliminda Ecoinvent 3.9.1 veri tabanindan ve literatiir taramasindan elde edilmistir. Mevcut yasam
dongiisii degerlendirmeleri, Tablo 3'te verilen li¢ vaka senaryosu ile detaylandirilmistir.
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Tablo 3. Senaryolarin tanimlanmasi

Senaryo Tanim
Senaryo 1 (Temel Senaryo) Gergek tasima mesafelerine dayali senaryo (24 saat 1s1l kiir)
Gergek tasima mesafelerine (48 ve 72 saat 1s1l kiir) dayali senaryoya gore kiir siirelerinin
Senaryo 2 - o .
cesitlendirilmesi

Bolgesel tasima mesafelerine dayali senaryo (Tim malzemeler 7 km'lik hayali bir mesafe

Senaryo 3 . .
y iizerinden tasinmistir ve 24 saat 1s1l kiir)

Harg tretiminin etki degerlendirmesi i¢in SimaPro 9.5 yaziliminda CML-IA temel yontemi kullanilmistir. Bu
yontem abiyotik tiikenme (AD, kg Sb eq.), abiyotik tiikenme-fosil yakitlar (AD-FF, M]), kiiresel 1sinma potansiyeli
(GWP, kg CO2 eq.), ozon tabakasinin incelmesi (ODP, kg CFC -11 eq.), insan toksisitesi (HT, kg 1,4-DB eq.), tatli su
sucul ekotoksisite (FAE, kg 1,4-DB eq.), deniz ekotoksisitesi (MAE, kg 1,4-DB eq.), karasal ekotoksisite (TE, kg
1,4-DB eq), fotokimyasal oksidasyon (POs4, kg C2Ha eq.), asitlesme potansiyeli (AP, kg SOz eq.) ve dtrofikasyon
potansiyeli (EP, kg PO+ eq.) cevresel etki kategorilerini kapsamaktadir.

3. Bulgular ve Tartisma

Sekil 5 ve 6’da gosterilen 90°C'de 24, 48 ve 72 saat 1s1l kiir uygulanan harglar i¢in egilme ve basing dayanimi
sonuglar1 gosterilmektedir. %3 diatomit iceren geopolimer harg¢ 6rnegi (D3), 90°C'de 48 saatlik 1s1l kiir stiresi
sonucunda en yiiksek egilme (9,2 MPa) ve basing dayanimi (49,1 MPa) degerlerine ulasmistir. Kontrol harci (D0),
ayni kosullar altinda 8,2 MPa egilme dayanimina ve 46,2 MPa basin¢g dayanimina ulasmistir. Sekil 5 ve Sekil
6'dan, 1s1l kiir stiresinin 24 saatten 48 saate ¢ikarilmasinin, %3'e kadar diatomit ikame edilerek hem egilme hem
de basing dayanimi acisindan mekanik dayanima olumlu katkida bulundugu belirlenmistir. Ancak, 90°C'de 72
saatlik 1s1l kiir stiresi, diatomit katki oranina bakilmaksizin 48 saatlik 1s1l kiir ile karsilastirildiginda egilme ve
basing dayanimini disiirmiistiir. Ayrica, geopolimer hargtaki (D4 ve D5) yiiksek miktarda diatomit ikamesi,
kontrol (DO0) ve diger harglarla (D1, D2 ve D3) karsilastirildiginda tiim kiir siireleri boyunca dayanim kaybina
neden olmustur.
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Sekil 5. Geopolimer har¢larin egilme dayanimi sonuglari
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Sekil 6. Geopolimer har¢larin basing dayanimi sonuglari

Sekil 6’da gosterilen sonuclara gore, 90°C 1s1l kiir sicakliginda optimum diatomit ikame oraninin %3 oldugu
belirlenmistir. %5 oraninda diatomit (D5) iceren geopolimer har¢ numunesi, 90°C'de tiim geopolimer
karisimlarindan daha disiik egilme ve basing dayanimi degeri sonucu vermistir. Sekil 5 ve Sekil 6’da, 90°C'de 48
saatlik kiir siiresinin, kontrol harglarina kiyasla 24 saatlik kiir siireleri kadar egilme ve basing dayanimi
gelisimine katkida bulunmadigini gostermektedir. 24 saatlik 1s1l kiir stiresinin 90°C'de yeterli olabilecegi
sonucuna ulasilmistir. Bu duruma paralel bir sonug literatiirde daha 6nce yapilan Atis ve arkadaslar tarafindan
bir ¢alismada yayimlanmistir [39], [40]. Yukarida tartisildigi gibi, yiiksek miktarda diatomit iceren baz
karisimlar, 6rnegin D4 ve D5 karisimlar: daha diisiik dayanim sonucu vermistir. Bu durum ytksek miktardaki
diatomit pargaciklarinin aglomerasyonu ile ilgili oldugu diisiiniilmektedir. Benzer sekilde, Messina ve arkadaslari
[41] ve Durak ve arkadaslar [42], geopolimer hargta silika dumani veya nano SiO2 miktarinin artirilmasinin
mikro yapida bir aglomerasyona veya kismi tikanikliga neden oldugunu bildirmistir. Bu nedenle, bu etki D4 ve
D5 karisiminda gozlemlendigi gibi mukavemet gelisiminde bir azalmaya neden olmustur. Kontrol ve diatomit
ikameli numunelerin FESEM goriintiileri Sekil 7'de sunulmustur. Mikro yapiya goére sodyum aliimina-silikat
jelinin olusumu, tepkimeye girmemis, kismen tepkimeye girmis ve tamamen tepkimeye girmis ugucu kiil
pargaciklari, bosluklar, gozeneklilik ve mikro ¢atlak olusumu acgik¢a gézlemlenmistir. Bu durumun literatiirde
yayinlanan onceki ¢alismalarla benzer oldugu gorilmistiir [4], [42]-[44]. Ancak %3 diatomit iceren D3'iin
FESEM goriintiisii mikro gézenekleri ve bosluklar1 gelistirmistir. Diger hamur numunelerinin D3 hamurundan
daha ytiksek gozeneklilige sahip oldugu goriilmektedir.

Sekil 7. Geopolimer hamurlarin (D0, D1, D2, D3, D4 ve D5) FESEM gorintiist (1000 biiytitme)

Kontrol hamur numunesi (D0) ve diatomit iceren geopolimer hamurlar (D3, D5) icin 20000 kat buytitilen
FESEM goriintiileri Sekil 8'de sunulmustur. DO geopolimerik matristeki bosluklarin olusumu FESEM
goriintiisiinde gosterilmistir. D3 hamuru, kontrol hamuruna kiyasla diisiik bosluklu daha yogun bir mikro yapida
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oldugu gosterilmektedir. D5 hamuru FESEM goriintiisii, aglomerasyon nedeniyle olusan bosluklari ve tepkimeye
girmeyen diatomit parcaciklarini agik¢a gostermektedir.
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i

Sekil 8. Geopolimer hamurlarin (D0, D3, D5) FESEM goriintiisti (20000 biiyiitme)

D3 geopolimer matrisi, diatomit parc¢aciklarinin daha yiiksek BET yilizey alam1 nedeniyle geopolimerik
reaksiyonu giiclendirdigini gostermektedir. Geopolimer sentezinde, alimina silikat malzemelerin (ugucu kiil,
silika dumani, metakaolin, diatomit, vb.) ana bilesenleri olan silika ve aliimina oksitlerin alkali bir aktivator
¢ozeltisinde ¢o6ziindiigli sonucuna varillmistir. Daha 6nce yayinlanan calismalarda geopolimer baglayicilarin
reaksiyon mekanizmasinin ii¢ ana adimdan olustugunu bildirmektedir: (1) esas olarak OH- nedeniyle camsi kat1
fazlardan reaktif Si ve Al'nin ¢dziinmesi; (2) ¢6zlinmiis tiirlerin yeniden yonlendirilmesi ve jellesmesi; (3)
driinlerin polimerizasyonu ve yogunlasmasi [45]-[47]. Calismada elde edilen i¢ yap1 analizlerinin literatiir ile
uyumlu oldugu sonucuna varilmistir.

Bu calisma, ii¢ farkl senaryo kullanilarak geleneksel portland ¢cimentolu ve ucucu kiil bazli geopolimer har¢larin
cevresel etkilerinin belirlenmesinde hammadde tasinmasini ve 1sil kiir siiresinin énemi irdelenmistir. 1k
senaryoda har¢ karisimlar i¢in kullanilan malzemelerin kaynaktan tretim yapilacag: laboratuvara kadar olan
gercek tasima mesafeleri ile sinirlar belirlenmistir. Ayrica iiretilen geopolimer harclara 90°C’de 24 saat 1s1l kiir
uygulanmigtir. ikinci senaryoda ilk senaryodaki karisimlarin kiir siireleri degistirilerek (90°C’de 48 ve 72 saat)
karisimlarin cevresel etkileri iizerinde kiir siiresinin etkileri él¢iilmiistiir. Ugiincii senaryoda ise hammadde
tasimaciliginin karisimlar tizerindeki cevresel etkilerini 6l¢mek icin yerel olarak (yerel tedarik¢iden) 7m
uzakliktan hammaddeler tedarik edilerek ele alinmistir. Karisimlara ilk senaryoda oldugu gibi 90°C’de 24 saat
1s1l kiir uygulanmistir. Senaryolar yerel kaynak kullaniminin ve kiir siiresinin YDD analizleri iizerindeki etkisini
kapsamli sekilde ele almistir.

Bilitiin senaryolarda har¢ karisimlarinin gevresel etki kategorisi degerleri, 1 m3 harg¢ icin besikten kapiya
yaklasimi dikkate alinarak CML-IA temel yontemiyle nitelendirilmistir [48]-[51]. Bu yontem 11 ¢evresel etki
kategorisini (AD, AD-FF, GWP, ODP, HT, FAE, MAE, TE, PO, AP ve EP) icermektedir.

Gergek tasima mesafelerine bagh ilk senaryo sonuclar1 Tablo 4'te sunulmustur. Har¢ karisimlarinda kullanilan
her bir hammadde ig¢in fiili tasima mesafeleri su sekilde belirtilmistir: PC (50 km), ugucu kiil (630 km), kum (980
km), NaOH (780 km), diatomit (35 km). Bu metodoloji ile insaat sektoriinde tasimaciligin neden oldugu olumsuz
cevresel etkilere odaklanilmistir. Geleneksel harg icin (Portland ¢imentolu) GWP degeri 8,28E+02 ve geopolimer
kontrol harc1 (D0) igin 6,38E+02 kg CO: esdegeri olarak hesaplanmistir. Ote yandan diatomit ikameli harglarin
(D1, D2, D3, D4 ve D5) GWP'si sirasiyla 6,36E+02, 6,35E+02, 6,34E+02, 6,33E+02 ve 6,32E+02 kg CO2 esdegeri
olarak hesaplanmistir. Bu bulgulara gore, %5 oraninda diatomit ikame edilmesiyle tiretilen geopolimer harcin
(D5) geleneksel harca (PC) gore GWP'si %23,6 oraninda azalmistir. Ayrica, GWP agisindan geopolimer kontrol
harci (DO) ve diger diatomit ikameli harclar da benzer cevresel performanslar sergiledigi goriilmiistiir.

Tablo 4. Gergek tasima senaryosuna gore PC ve geopolimer harglarin YDD sonuglari

Etki Kategorisi Birim PC D5 D4 D3 D2 D1 DO
AD kg Sb eq 2,31E-03 2,87E-03 2,88E-03 2,88E-03 2,89E-03 2,90E-03 2,90E-03
AD-FF M] 6,88E+03 7,86E+03 7,88E+03 7,90E+03 7,91E+03 7,93E+03 7,95E+03
GWP kgCOz2eq 8,28E+02 6,32E+02 6,33E+02 6,34E+02 6,35E+02 6,36E+02 6,38E+02
ODP kg CFC-11eq 5,64E-06 7,39E-05 7,40E-05 7,41E-05 7,42E-05 7,43E-05 7,44E-05
HT kg 1,4-DB-eq 2,62E+02 3,80E+02 3,81E+02 3,82E+02 3,82E+02 3,83E+02 3,84E+02
FAE kg 1,4-DB-eq 1,33E+02 2,41E+02 2,41E+02 2,41E+02 2,42E+02 2,42E+02 2,42E+02
MAE kg 1,4-DB-eq 3,20E+05 6,25E+05 6,26E+05 6,26E+05 6.27E+05 6,28E+05 6,29E+05
TE kg 1,4-DB-eq 2,27E+00 2,20E+00 2,20E+00 2,21E+00 2,21E+00 2,21E+00 2,22E+00
PO kg C2Hseq 1,09E-01 1,21E-01 1,22E-01 1,22E-01 1,22E-01 1,22E-01 1.22E-01
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AP kgSO2eq  2,42E+00 2,76E+00 2,77E+00 2,77E+00 2,77E+00 2,78E+00 2,78E+00
EP kgPOseq 6,27E-01 1,04E+00 1,04E+00 1,04E+00 1,04E+00 1,04E+00 1,05E+00

Geopolimer harg karisimlar: ¢cimentolu geleneksel harg karisimi ile karsilastirildiginda (Sekil 9), bir iiriin veya
sistemin ¢evresel performansinin 6nemli bir gostergesi olan GWP agisindan daha diisiik ¢evresel etkilere sahip
oldugu sonucuna varilmistir. Ancak TE etki kategorisi hari¢ ¢cimentolu geleneksel harg, geopolimer harglara gore
daha iyi cevresel performans gostermistir. Geopolimer harclarin diger cevresel etki kategorilerinde daha diisiik
performans gosterememesinin sebebi kullanilan aktivatér (NaOH) ve tasima mesafelerinden kaynakli oldugu

anlasilmistir.
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Sekil 9. Gergek tasima senaryosuna gore PC ve geopolimer harglarlarin YDD sonuglarinin karsilastirilmasi

Kiir siirelerinin cesitlendirilmesiyle (48 ve 72 saat) kurulan ikinci senaryo sonuglar1 Tablo 5 ve Tablo 6’'da
gosterilmektedir. Geleneksel harg icin (Portland ¢imentolu) GWP degeri 8,28E+02 ve 90 °C’de 48 saat kiir edilen
geopolimer kontrol harci (D0) igin 7,48E+02 kg CO2 esdegeri olarak hesaplanmistir. Ote yandan diatomit ikameli
harglarin (D1, D2, D3, D4 ve D5) GWP'si sirasiyla 7,46E+02, 7,45E+02, 7,44E+02, 7,43E+02 ve 7,42E+02 kg CO2
esdegeri olarak hesaplanmistir. Bu bulgulara gore, %5 oraninda diatomit ikame edilmesiyle tiretilen geopolimer
harcin (D5) geleneksel harca (PC) gore GWP'si %10,5 oraninda azalmistir. Ayrica, GWP a¢isindan geopolimer
kontrol harci (DO) ve diger diatomit ikameli har¢lar da benzer ¢evresel performanslar sergiledigi gorilmiistiir.
Kiir siiresinin 48 saate ¢ikmasiyla har¢ karisimlarinin GWP degerleri artmistir. 24 ve 48 saat kiir edilen D5
har¢larinin GWP’leri kiyaslandiginda kiir siiresinin artmasiyla % 17,25 oraninda GWP’si artmistir.

Tablo 5. 48 saat kiir senaryosuna gore PC ve geopolimer harg¢larin YDD sonuglari

Etki Kategorisi Birim PC D5 D4 D3 D2 D1 DO

AD kg Sb eq 2,31E-03  2,91E-03 2,92E-03 2,93E-03 293E-03 2,94E-03 2,94E-03
AD-FF M] 6,88E+03 8,99E+03 9,01E+03 9,02E+03 9,04E+03 9,05E+03 9,07E+03
GWP kg COz eq 8,28E+02 7,41E+02 7,43E+02 7,44E+02 7,45E+02 7,46E+02 7,48E+02
ODP kg CFC-11eq 5,64E-06 7,44E-05 7,45E-05 7,47E-05 7,48E-05 7,49E-05 7,50E-05
HT kg 1,4-DB-eq 2,62E+02 4,37E+02 4,37E+02 4,38E+02 4,39E+02 4,40E+02 4,40E+02
FAE kg 1,4-DB-eq 1,33E+02 3,14E+02 3,15E+02 3,15E+02 3,15E+02 3,16E+02 3,16E+02
MAE kg 1,4-DB-eq 3,20E+05 8,47E+05 8,48E+05 8,49E+05 8,50E+05 8,50E+05 8,51E+05
TE kg 1,4-DB-eq 2,27E+00 2,44E+00 2,44E+00 2,45E+00 2,45E+00 2,46E+00 2,46E+00
PO kg C2H4 eq 1,09E-01 1,46E-01 1,46E-01 1,46E-01 146E-01 146E-01 1,47E-01
AP kg SOz eq 2,42E+00 3,42E+00 3,43E+00 3,43E+00 3,43E+00 3,44E+00 3,44E+00
EP kg POseq 6,27E-01 1,47E+00 1,47E+00 1,47E+00 1,47E+00 147E+00 1,47E+00

Geopolimer har¢ karisimlarinin GWP’si ¢cimentolu geleneksel har¢ karisimina gére daha diisiik cevresel etkilere
sahiptir (Sekil 10). Ancak diger biitiin cevresel etki kategorilerinde ¢cimentolu geleneksel harg, geopolimer
harglara gore daha iyi ¢evresel performans gostermistir. Geopolimer har¢ karisimlarinin diger ¢evresel etki
kategorilerinde daha diisiik performans gosterememelerinin sebebi kullanilan aktivatér (NaOH) ve tasima
mesafaleri kaynaklidir. Ayrica kiir siiresi arttig1 icin bir diger 6nemli sebep 1s1l kiir i¢in harcanan enerji olmustur.
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Sekil 10. 48 saat kiir senaryosuna gore PC ve geopolimer har¢larlarin YDD sonuclarinin karsilastirilmasi

72 saat kiir edilen geopolimer harglar icin (DO, D1, D2, D3, D4 ve D5) GWP degerleri sirasiyla 8,57E+02,
8,56E+02, 8,55E+02, 8,54E+02, 8,53E+02 ve 8,51E+02 olarak hesaplanmistir (Tablo 6). Geleneksel harg i¢in
(Portland ¢imentolu) GWP degeri ise 8,28E+02’dir. Bu bulgulara gore, %5 oraninda diatomit ikame edilmesiyle
tiretilen geopolimer harcin (D5) geleneksel harca (PC) gore GWP'si %2.78 oraninda artmistir. 24 ve 72 saat kiir
edilen D5 harglarinin GWP’leri kiyaslandiginda kiir siiresinin artmasiyla % 34.65 oraninda GWP’si artmistir.
Ayrica kiir siiresinin 72 saate ¢ikmasiyla geopolimer harglar ¢evresel performans agisindan geleneksel cimentolu
harca gore biitiin ¢evresel etki kategorilerinde daha kotii performans sergilemistir (Sekil 11). Geopolimer
harglarda gevresel etkilerin artmasi NaOH kullanimi ve tasima kaynakli emisyonlar disinda 1sil kiir siiresinin
artmasi en biiyiik handikap olmustur.

Tablo 6. 72 saat kiir senaryosuna gore PC ve geopolimer harg¢larin YDD sonuglari

Etki Kategorisi Birim PC D5 D4 D3 D2 D1 DO

AD kg Sb eq 2,31E-03 2,96E-03 2,96E-03 2,97E-03 2,97E-03 2,98E-03 2,98E-03
AD-FF MJ 6,88E+03 1,01E+04 1,01E+04 1,01E+04 1,02E+04 1,02E+04 1,02E+04
GWP kg CO2eq 8,28E+02 8,51E+02 8,53E+02 8,54E+02 8,55E+02 8,56E+02 8,57E+02
OoDP kg CFC-11eq 5,64E-06 7,50E-05 7,51E-05 7,52E-05 7,53E-05 7,54E-05 7,56E-05
HT kg 1,4-DB-eq 2,62E+02 4,93E+02 4,94E+02 4,95E+02 4,95E+02 4,96E+02 4,97E+02
FAE kg 1,4-DB-eq 1,33E+02 3,88E+02 3,89E+02 3,89E+02 3,89E+02 3,90E+02 3,90E+02
MAE kg 1,4-DB-eq 3,20E+05 1,07E+06 1,07E+06 1,07E+06 1,07E+06 1,07E+06 1,07E+06
TE kg 1,4-DB-eq 2,27E+00 2,68E+00 2,68E+00 2,69E+00 2,69E+00 2,70E+00 2,70E+00
PO kg C2Hseq 1,09E-01 1,70E-01 1,70E-01 1,70E-01 1,71E-01 1,71E-01 1,71E-01
AP kg SO2eq  2,42E+00 4,08E+00 4,09E+00 4,09E+00 4,09E+00 4,10E+00 4,10E+00
EP kgPOseq 6,27E-01 1,89E+00 1,90E+00 1,90E+00 1,90E+00 1,90E+00 1,90E+00
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Sekil 11. 72 saat kiir senaryosuna gore PC ve geopolimer har¢larlarin YDD sonuglarinin karsilastirilmasi

53



Siirdiiriilebilir Geopolimer Harglarin Yasam Déngiisii ve Mekanik Ozelliklerinin Degerlendirilmesi: Farkh Senaryolar Uzerine Bir Galisma

Ugiincii senaryoda, harg tiretimi icin gerekli tiim hammaddelerin 7 km'lik bir yerel mesafeden (yerel tedarikei)
tasindigl yaklasimi benimsenmistir. Bu basitlestirme, onceki senaryoya karsi bir zitlik olusturarak, yerel
kaynaklarin kullaniminin potansiyel ¢evresel avantajlarini vurgulamaktadir. Geleneksel harg icin (Portland
¢imentolu) GWP degeri 5,46E+02 ve geopolimer kontrol harci (D0) i¢in 2,95E+02 kg CO: esdegeri olarak
hesaplanmistir. Ote yandan diatomit ikameli harglarin (D1, D2, D3, D4 ve D5) GWP'si sirasiyla 2,95E+02,
2,94E+02, 2,94E+02, 2,94E+02 ve 2,94E+02 kg CO2 esdegeri olarak hesaplanmistir (Tablo 7). Bu bulgulara gore,
%2 (D2), %3 (D3), %4 (D4) ve %5 (D5) oraninda diatomit ikame edilmesiyle iiretilen geopolimer har¢larin
geleneksel harca (PC) gore GWP'leri %46.15 oraninda azalmistir. Ayrica, GWP agisindan geopolimer kontrol
harci (DO) ve D1 diger diatomit ikameli harg¢lara benzer ¢evresel performanslar sergiledigi goriilmiistiir.

D5 harcinin gercek tasima mesafelerine baglh ilk senaryo ile yerel tasima mesafelerine sahip {li¢iincli senaryo
kiyaslandiginda GWP degeri %53,48 oraninda azalmistir. Yerel kaynaklarin kullanimi ¢evresel etkilerin
azaltilmasi ve siirdiriilebilirlik agisindan biiyiik 6neme sahip oldugu goriilmektedir. Literatiirdeki ¢alismalara
bakildiginda, hammadde tasimacilifinin, geopolimer harclarin cevresel etkileri iizerinde 6nemli bir etkisi
oldugunu gostermektedir. Ornegin, Bajpai ve digerleri (2020), ii¢ farkli geopolimer beton karisiminin ¢evresel
etkilerini geleneksel ¢imento betonlariyla karsilastirmak igin bir YDD gerceklestirmislerdir. Analiz sonucunda
ham madde tasimacilifinin hem geopolimer hem de geleneksel beton karisimlarinin kiiresel 1sinma
potansiyeline (%8,90-%47,61) 6nemli 6l¢iide katki sagladigini ortaya koymuslardir [52].
Tablo 7. Yerel tasima senaryosuna gore PC ve geopolimer harg¢larin YDD sonuglari

Etki Kategorisi Birim PC D5 D4 D3 D2 D1 DO

AD kg Sb eq 1,40E-03 1,78E-03 1,78E-03 1,79E-03 1,79E-03 1,79E-03 1,79E-03
AD-FF M] 2,92E+03 3,12E+03 3,13E+03 3,13E+03 3,13E+03 3,13E+03 3,13E+03
GWP kg COzeq 546E+02 294E+02 2,94E+02 294E+02 2,94E+02 295E+02 2,95E+02
ODP kg CFC-11eq 196E-06 6,94E-05 6,95E-05 6,96E-05 6,97E-05 6,98E-05 6,99E-05
HT kg1,4-DB-eq 1,25E+02 2,16E+02 2,16E+02 2,17E+02 2,17E+02 2,17E+02 2,17E+02
FAE kg1,4-DB-eq 7,41E+01 1,70E+02 1,70E+02 1,70E+02 1,70E+02 1,70E+02 1,70E+02
MAE kg 1,4-DB-eq 2,02E+05 4,83E+05 4,84E+05 4,84E+05 4,84E+05 4,84E+05 4,85E+05
TE kg 1,4-DB-eq 1,28E+00 1,02E+00 1,02E+00 1,02E+00 1,02E+00 1,02E+00 1,02E+00
PO kg C2H4+eq  6,35E-02 6,73E-02 6,74E-02 6,74E-02 6,75E-02 6,75E-02  6,75E-02
AP kg SOz eq 1,48E+00 1,64E+00 1,64E+00 1,64E+00 1,65E+00 1,65E+00 1,65E+00
EP kg PO4 eq 391E-01 7,57E-01 7,58E-01 7,58E-01 7,59E-01 7,59E-01 7,59E-01

Geopolimer har¢ karisimlar1 ¢imentolu geleneksel har¢ karisimi ile karsilastirildiginda, GWP agisindan daha
diisiik cevresel etkilere sahip oldugu gorilmiistiir. Ancak TE etki kategorisi hari¢ ¢cimentolu geleneksel hareg,
geopolimer harglara gére daha iyi ¢evresel performans gostermistir (Sekil 12). Geopolimer harclarin diger

cevresel etki kategorilerinde daha diisiik performans gésterememelerinin sebebi kullanilan aktivatér NaOH’dan
kaynakli oldugu anlagilmistir.
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Sekil 12. Yerel tasima senaryosuna gore PC ve geopolimer harg¢larlarin YDD sonuglarinin karsilastirilmasi

Geleneksel ¢imentolu har¢ ve %5 oraninda diatomit ikamesi iceren geopolimer har¢ icin ¢evresel etkilerin
iretim adimlarina ve alt bilesenlere gore dagilimi Sekil 13 ve Sekil 14'te gosterilmektedir.

Geleneksel ¢imentolu har¢ karisiminin YDD sonuglari, en yiiksek cevresel etkilerin ¢imento, hammadde
tasimaciligindan kaynaklandigini ortaya koymustur. Cimento, %23-%56,9 arasinda payla tiim ¢evresel etki
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kategorilerine 6nemli dl¢iide katkida bulunmaktadir. Cimento iiretimi karbondioksit emisyonu ve enerji yogun
bir siire¢ oldugundan, ¢imento iretimi ylksek kiiresel sera gazi emisyonlarina neden olmaktadir. Boylece
¢imento, PC harc1 liretiminde %56,9 ile GWP {izerindeki en yiiksek etkiye sahiptir ($ekil 13). Cimento iiretimiyle
ilgili diger dnemli emisyonlar partikiil madde (PM), nitrojen oksitler (NOx) ve kiikiirt dioksittir (SOz2). Ayrica
karbon monoksit (CO), ucucu organik bilesikler (VOC) ve toksik emisyonlar (6rnegin agir metaller, dioksinler ve
furanlar) da endise vericidir. Cimento iiretim siirecinde kullanilan yakit ve hammaddelerin bilesimi, iiretim
teknolojisinin secimi ve diger faktorler, hava Kkirleticilerin tiiriinii belirlemekte ve miktarin1 [53]-[55]
etkilemektedir. Geleneksel har¢ karisiminda bir diger 6nemli cevresel etkiyi ham madde tasimacilig
olusturmustur. Ham madde tasimaciligi %34,4-%66,9 arasinda payla tim cevresel etki kategorilerine biiytik
oranda katkida bulunmaktadir. Karisimda kullanilan kum ¢imento ve ham madde tasimaciligina ek olarak daha
kii¢iik bir payla %6-%17,9 oraninda ¢evresel etki kategorilerine katkida bulunmustur. Harglarin karistirilmasi ve
vibrasyonu gibi proseslerin ¢evresel yiikleri oldukea diistiktiir.

EP I 129 ey
AP I — 164 890
PO NG 17,9 s
TE IZypee 113 Ay
MAE I 156 s 7
FAE IINcgcss 12,8 Mg
HT INcge. 121 ey
ODP NP 87 eI ——
GWP | 7, 7
AD-FF I O 10,0 S S ——
AD SO 6,0 e
0 20 40 60 80 100

B Portland ¢imentosu ®Su Kum mKanstirma ~ Vibrasyon ®Ulagim

Sekil 13. Gergek tasima senaryosu ile PC harg karisiminin ¢evresel etkilerinin alt bilesenlere gore dagilimi

Cevresel etkilerin D5 har¢ karisiminin alt bilesenlerine gére dagilimi $ekil 14'te gosterilmektedir. %5 oraninda
diatomit ikameli har¢ karisiminin YDD sonuglari, en ytliksek cevresel etkilerin NaOH, ham madde tasimacilig1 ve
1s11 kirden kaynaklandigini ortaya koymustur. NaOH, %15,2-%55,4 arasinda payla tiim c¢evresel etki
kategorilerine 6nemli dl¢iide katkida bulunmaktadir. Diatomit ikameli geopolimer har¢ karisiminda bir diger
onemli cevresel etkiyi hammadde tasimaciligl olusturmustur. Hammadde tasimacilign %6,1-%60,8 arasinda
payla tiim c¢evresel etki kategorilerine biiylik oranda katkida bulunmaktadir. Karisimin 1s1l kiir ile priz almasi
saglandigl icin 6nemli bir ¢evresel yiikte 1s1l kiirleme prosesinden gelmistir (%0.8-%41.1). Bunlara ek olarak
har¢ karisimlarinda kullanilan kum 9%0,6-%15,6 payla cevresel etki kategorilerine katki saglamistir. Har¢larin
karistirilmasi ve vibrasyonu gibi proseslerin ¢evresel ytikleri oldukca diisiiktiir.
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Sekil 14. Gergek tasima senaryosu ile D5 geopolimer harg karisiminin ¢evresel etkilerinin alt bilesenlere gore
dagilimi

4. Tartisma ve Sonug¢

Calisma sonugclarina gore %3 oranina kadar diatomit ikamesinin geopolimer har¢ numunelerin basing ve egilme
dayanimlarini kontrol numunesine kiyasla artirdig1 belirlenmistir. Fakat %3 diatomit ikame oranindan daha
yiksek oranda diatomitin ikame edilmesi durumunda dayanimlarda disiis oldugu goézlenmistir. Ayrica,
numunelerin 90°C'de 72 saat boyunca kiir edilmesi diatomitin etkinligini azaltmis ve basing mukavemetlerini
diistirmiistir.

FESEM goriintiilerine gore, %3'e kadar diatomit ikamesi, geopolimer hamur numunelerinin mikro yapisini
iyilestirerek diatomitsiz hazirlanan numunelere kiyasla daha yogun igyapiya sahip numuneler elde edilmesini
saglamistir.

Gergek tasima senaryosuna gore %5 oraninda diatomit ikame edilmesiyle iretilen geopolimer harcin (D5)
geleneksel harca (PC) gére GWP'si %23,6 oraninda azalmistir.

Senaryo 2’ye gore 48 saat kiir edilen %5 oraninda diatomit ikame edilmesiyle iiretilen geopolimer harcin (D5)
geleneksel harca (PC) gore GWP'si %10,5 oraninda azalmistir. 72 saat kiir edilen %5 oraninda diatomit ikame
edilmesiyle iiretilen geopolimer hargta ise (D5) geleneksel harca (PC) géore GWP'si %2,78 oraninda artmistir. 24
ve 72 saat kiir edilen D5 harg¢larinin GWP’leri kiyaslandiginda kiir siiresinin artmasiyla % 34,65 oraninda GWP’si
artmistir.

Senaryo 3’e gore %2 (D2), %3 (D3), %4 (D4) ve %5 (D5) oraninda diatomit ikame edilmesiyle iiretilen
geopolimer har¢larin geleneksel harca (PC) gére GWP'leri %46,15 oraninda azalmistir.

D5 harcinin gergek tasima mesafelerine bagli Senaryo 1 ile yerel tasima mesafelerine sahip Senaryo 3
kiyaslandiginda GWP degeri %53,48 oraninda azalmistir. Bu sonug yerel kaynaklarin kullaniminin ¢evresel
etkilerin azaltilmasi ve stirdiiriilebilirlik acisindan biiyiik 6neme sahip oldugunu gostermistir.

Gercek tasima senaryosu Senaryo 1’e gore PC har¢ karisiminin ¢gevresel etkilerinin alt bilesenlere gore dagilimi
incelendiginde en yiiksek cevresel etkilerin ¢imento ve hammadde tasimacilifindan kaynaklandigini1 ortaya

koymustur. D5 geopolimer harg karisiminda ise en ytliksek cevresel etkilerin NaOH, hammadde tasimacilig1 ve 1s1l
kiirden kaynaklandig belirlenmistir.
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Background and Objective: Infertility is a health problem that can be seen all over
the world, originating from both men and women. In male infertility, many tests and
examinations are performed in order to find the treatment method to solve the
problem. The first of these is the physical examination, and the clinician cannot
obtain numerical data and make comparisons as a result of this examination.
Methods: In this study, it is aimed to design a system that will reveal the physical
differences of the testicles, which play an important role in the production of sperm
and some special hormones, in about 1 minute. Thanks to this device, temperature,
volume and consistency parameters of testicles from 50 different patients of
different ages were measured in real time with different sensors on the device. The
results were analysed with both statistical analysis and machine learning method.
Results: According to the results of this study, it has been revealed that the system
designed can help clinicians in testicular examination. In terms of consistency and
heat stress, the classification algorithm with the highest accuracy rate according to
the 3 different cross validation rates applied is trees and it showed 92.0% accuracy
according to validation 5 and 15, but 89.0% according to cross validation 10. In
terms of testicle size, Trees and Ensemble with the validation rate of 15 showed the
highest accuracy with 89%.

Conclusions: Although the applied methods showed high accuracy, the specificity
rate is not optimal due to data limitations. This is because there is not enough data.
[tis clear that with more data, both the accuracy rates and the level of specificity will
be higher.

Uroloji Uzmam Muayeneleriyle Karsilastirmal Olarak Testis Sertligi, Boyutu ve
Sicakhigimi Olgen Yenilikgi Bir Cihaz Tasarimi ve Veri Stmiflandirma Algoritmasi Analizi

Anahtar Kelimeler
Kisirlik,

Is1 Stresi,

Testis Kivami,
Makine Ogrenimi

Arka Plan ve Amag: Kisirlik, diinya genelinde erkeklerde ve kadinlarda yaygin
olarak goriilebilen bir saglik sorunudur. Erkek infertilitesinde, problemi ¢6zmek i¢in
tedavi yontemini belirlemek amaciyla bir¢cok test ve inceleme yapilmaktadir.
Bunlarin ilki fiziksel muayenedir, ancak bu muayene ile klinisyen ¢ogunlukla sayisal
veriler elde edemez ve gerekli karsilastirmalari yapamaz.

Yontemler: Bu calismada, sperm iiretimi ve bazi 6zel hormonlarin iiretiminde
onemli bir rol oynayan testislerin fiziksel farkliliklarini yaklasik 1 dakika i¢inde
ortaya koyacak bir sistem tasarlanmasi hedeflenmistir. Bu cihaz sayesinde, farkh
yaslardan 50 farkli hastanin testislerinin sicaklik, hacim ve tutarlilik parametrelersi,
cihazdaki farkli sensoérlerle gercek zamanl olarak olciilmiistiir. Sonug¢lar, hem
istatistiksel analiz hem de makine 6grenimi yontemi ile incelenmistir.

Bulgular: Bu ¢alismanin sonuglarina gore, tasarlanan sistemin, kliniklerde testis
muayenesine yardimci olabilecegi ortaya konulmustur. Tutarhlik ve 1s1 stresi
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acisindan, uygulanan 3 farkli ¢apraz dogrulama oranina gore en yiiksek dogruluk
oranina sahip smiflandirma algoritmas1 "decision trees" (karar agaglari) olup,
dogrulama 5 ve 15'e gore %92,0 dogruluk, ¢capraz dogrulama 10'a gore ise %89,0
dogruluk gostermistir. Testis boyutu acisindan ise, karar agaclari ve ansambl
yontemleri, dogrulama orani 15'e gore en ytliksek dogruluk oraniile %89,0 dogruluk
gostermistir.

Sonug¢: Uygulanan yontemler yiiksek dogruluk oranlar1 gosterse de veri
sinirlamalar1 nedeniyle 6zgiillik orani optimal degildir. Bunun nedeni, 6rnek
sayisinin yetersiz olmasidir. Daha fazla veri ile hem dogruluk oranlarinin hem de
ozgiilliik seviyelerinin daha yliksek olacagi diisiiniilmektedir.

1. Introduction

Most people who reach adulthood want to have children. However, some are unable to achieve pregnancy and
seek help from clinics to understand and solve this problem. If pregnancy cannot be provided, although regular
sexual intercourse in 12 months, this situation is called infertility and approximately 14% of couples from all
around the world are called infertile because of this problem[1].

The cause of infertility can be from male-related, female-related or both. According to previous studies, every 1
couple out of 3, cannot achieve pregnancy because of solely male-related problems[2] and when both male-related
problems and female-related factors are considered together, it can be said that the male factor in infertility is 50
percent[3]. The amount and quality of semen related to male infertility and it is affected by many factor, such as
varicocele, cancer, cryptorchidism, idiopathic, genetic disorders, infections, toxic substances and drugs, etc[4, 5].

The testis, an organ found only in men, has two functions. The first of these tasks is the production of testosterone,
the most well-known androgen hormone, and the other is the production and storage of sperm|[6].

The testis is in the scrotum which is a bag of skin and is located relatively outside the body. The reason for this
placement of the testis is to decrease the degree of the organ by 2-4 according to body temperature and to protect
the producing of sperm from heat stress[7]. The issue of heat stress is really important to the testis because studies
have shown that 1°C increase reduces sperm production by 14% [7].

In order to keep the temperature to which the testis is exposed at a certain level, the muscle and vascular structure
in the scrotum has been customized. When Creamaster, a striated muscle that surrounds the testis and spermatic
cord, senses an increase in temperature, it contracts involuntarily to protect the testicle from heat, and this
contraction is called the Creamasteric Reflex[8]. While the Creamaster muscle provides thermoregulation by
bringing the scrotum closer to and away from the abdomen, the Dartos muscle, which is also in the scrotum, keeps
the temperature at the optimum level by increasing and decreasing the scrotal surface thanks to stimulation of
temperature receptors on the scrotum's skin surface[9]. Because, spermatogenesis is a complex process affected
easily by heat stress which is harmful for production of androgen, increase apoptosis of germ cells and can be
reason of structural degradation of some enzymes which are related with producing testosterone and so on[10,
11].

In many studies, it has been stated that differences in testicular temperature and volume are associated with
varicocele, which is a type of ventricular disorder and is associated with heat stress, and testicular cancer[12].
Because, thanks to varicocele, the hydrostatic pressure in the scrotum increases and this situation affects heat of
testis At the same time, according to some studies, the tissues cannot reach enough oxygen due to varicocele, this
affects the thickness and shape of the tissues[13], and the testicular volume decreases[14].

Another thing that changes the consistency of the testis is a testicular tumour. Huang et al. In a study where they
used Tissue Elastography (TE) to diagnose testicular cancer, they noted that malignant cancer tissues were harder
than surrounding tissues, and benign tumours were softer[15]. On the other hand, some studies have shown that
benign tumours show normal or soft tissue characteristics[16].

Testicular cancer is the most common type of neoplasm in young men(15-44 years old)[16, 17]. It is a painless
hard mass that is usually palpated during physical examination[18]. If a man has cryptorchidism or Klinefelter’s
syndrome at an early age, has testicular tumours in close relatives, has testicles smaller than 12 ml, has atrophic
testicles and cannot have children, itindicates that the person is at risk for this disease[18]. Atrophy literally means
shrinkage and is related to volume, and according to previous studies, testicular atrophy is one of the causes of
poor quality semen, varicocele, tumor and cryptorchidism[19].
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There are various types of testicular cancer, and both the disease itself and the treatment methods cause infertility
[20]. Many studies have shown that germ cell testicular cancer directly causes infertility[21-23]. On the other
hand, if the tumour is not germ cell, factors produced by the tumour itself or as a result of the body's response to
defence or deterioration may also have an effect[22].

If the tumour is not germ cell, even in areas close to the area where the tumour is located, a decrease in sperm
count and quality is observed[22]. At the same time, radiation, chemotherapy, surgical methods to remove the
testicles and lymph nodes in the region also cause infertility[21]. For these reasons, people need additional
measures such as sperm freezing for infertility. This is one of the requirements of early diagnosis of the disease.
In healthy males, the testis is egg-shaped, with a length, diameter, and width of 3-5 cm, 3 c¢cm, and 2-4 cm,
respectively[24]. While testicular volume is correlated with sperm count, motile sperm count, and sperm density,
it is also inversely proportional to age[25][26][5]. Because sperm are produced in seminiferous tubules which
make up nearly three quarters of the testis[27]. It is believed that as the number of seminiferous tubules increases,
so does spermatogenesis[28]. Therefore many infertile male has smaller volume testes or bigger volume testes
than healthy people and measurement of testis volume is a really important part of physical examination[1, 5].

Infertility examination is a complex study and includes many steps such as patient history taking, scrotal imaging,
semen analysis and so on. According to Holstein et al.[29], the diagnostic steps of male infertility include detailed
examination of testicular size and consistency, semen analysis and hormone levels.

Physical examination of the scrotal contents is an important step for both clinicians and patients. Because it is the
first step to prediction reasons of the infertility. However, insufficient palpation accuracy has been reported for
the examination of testicular consistency and volume measurement. During physical examination, it is very
important to measure the size and consistency of the testis, especially for sub fertile individuals[30].

For testicular volume measurement ultrasonography, orchidometer (prader or punched-out) and callipers are
used, but according to many studies comparing these different methods, ultrasonography is the more accurate
way to measure[28]. Although the use of orchidometer is the most widely used method for volume measurements,
the error rate is quite high[31]. Because if the orchidometer is used to measure volume, this means that some of
the degrees not found in the orchidometer can be ignored and the clinician can obtain an estimated value after the
measurement. On the other hand, more complex devices such as USG can be used to measure testicular volume,
but they are expensive, take more time, and require people who can operate the system.

During the physical examination, there is no other method other than examining the testicular consistency with
palpation. Palpation is a method that requires knowledge and experience. Quantitative data cannot be obtained
after this method, only an estimated measurement is made, so it is not a suitable method for comparison.

For scrotal examinations other than palpation, scrotal sonography and colour Doppler techniques are used for
testicular-related varicocele, tumours, microlithiasis and some abnormalities, and when scrotal examinations of
infertile individuals are examined, it has been observed that 38-59 individuals out of 100 have abnormal scrotal
features[3].

Seminoma is usually a non-painful stiffness, and the initial clinical evaluation is very important. Testicular
sonography can distinguish this increased tissue stiffness from normal testicular tissue as it creates different
patterns[32].

Although gray scale ultrasonography is quite useful in most testicular tumour cases, it is a fact that in some cases
benign tissues cannot always be differentiated accurately because they appear as tumours on gray scale and colour
and/or strong Doppler ultrasonography[16].

As a result of the pressure applied to the tissue, a tension occurs within the tissue and this tension occurs at
different levels for soft and hard tissue[33]. Elastsonography, on the other hand, is a new method of
ultrasonography and measures hardness by measuring the deterioration in tissue structure caused by a
mechanical stress applied to the tissue[33].

Since malignant tissues change the properties of the tissue, US elastsonography has been used for diseases such
as prostate, pancreatic, and breast cancer, but there are limited studies for testicular cancer [33]. On the other
hand, according to a study, another scrotal examination method was considered as Elastosonography, but it was
not considered sufficient to be applied alone without physical examination, without taking the patient's history
and without tumour marker studies [33].
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Today, many methods are used when measuring testicular temperature. these methods may be based on
continuous measurement or on a single measurement. Thermocouples for the skin surface, thermistor needles for
intrascrotal temperatures, infrared thermometry, thermography and liquid crystal thermometry are used for
temperature measurement[7].

Statistical analysis methods are very important in terms of interpreting and explaining the data obtained by people
as aresult of their research. However, Machine learning methods can also reveal patterns and relationships among
the data obtained that people may not notice. The most used algorithms in the literature for machine learning
are[34]: k-Nearest Neighbourhood (KNN), Random Forest (RF), Support Vector Machine (SVM), Decision Tree
(DT), Naive Bayes (NB) and Artificial Neural Network (ANN).

To summarize, the infertility diagnosis procedure applied to people with suspected infertility is a very long and
costly process that requires a large number of trained people. Therefore, cost-effective, and easy-to-implement
systems are needed. In this study, we focused on developing a very inexpensive, fast, sensitive instrument that can
be used during physical examination, can take numerical results of three testicular parameters (volume,
temperature, and consistency), and can be used on site, compared to applications that require very expensive and
complex instrumentation. This developed system was also tested on volunteers with suspected infertility and the
results were tried to be classified with appropriate classification methods.

2. Material and Methods

In this study, we aimed to measure three parameters of testis in real time by palpation method and for this
purpose, three sensors were used as shown in figure 1.
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Figure 1. Circuit Diagram
2.1. Material and instrumentation

In this study, thermistor (MF11-50K 503) was used to measure of testicular stress, a piezoresistive sensor
(BMP180) was used to measure of the consistency of the testis and a Photodetector (LTR-323DB) and an IR LED
(L-7113F3C) were used to measurement of volume. Photodetectors contain both photodiode and transimpedance.
Transimpedance is used to convert low current to voltage and achieve high signal-to-noise ratio. near infrared
rays are between 780 nm and 1400 nm[30] and the IR led and detector used in this study work at 940nm. All these
sensors were placed on finger-sized, long thin perforated pertinax so that they would not be affected by the joints
in the fingers.

Data from these three sensors were transferred to the computer via Arduino Nano and Arduino Bluetooth Module
(HC-05). Two LEDs (green and red) are used for the clinician to monitor the time. The power requirement of the
system was provided by two 9V batteries. The cable between the computer and the device was removed thanks to
the bluetooth module and a more comfortable experience for the user was obtained. All these elements were
placed on a perforated pertinax and placed on the outer upper part of the hand.
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The testis data presented in the study were obtained from real patients with the help of experienced clinicians
working at Erciyes University Hospital. The analysis was first performed using SPSS to separate the soft tissue and
normal tissue datasets, and then MATLAB to classify all the data.

2.2. Measurement of heat stress

The first sensor is used for the heat stress of the testis and for this purpose the sensor must be able to measure
between 31.0°C and 36.0°C, does not need a calibration step for each repeated measurement, and has an accuracy
of +0.1°C[7]. A 50K NTC thermistor was used for this study due to its accuracy, small size, ease of use and suitability
for non-invasive studies[35].

Temperature measurement and control aerospace, automotive, medical, laboratory applications, etc. It is a
mandatory process and requirement for many fields, and today the most used electronic sensors for this purpose
are thermistor, thermocouples and RTD (Resistance temperature detectors)[36, 37].

Regional metabolism and blood perfusion changes affect temperature measurements taken on human skin, and
because of this effect, temperature measurement is of great importance in the diagnosis of many diseases such as
cancer and diabetes[38].

Thermistors are used quite frequently in the medical field and are especially used for body temperature
measurement[39]. For instance, Otahalova et al. have established a system aiming to examine vital data and used
thermistor for temperature measurement in their studies[40]. In medical terms, the thermistor is not only used to
measure body temperature directly, but also to measure other parameters. For example, in a study by Norman et
al, a system that monitors respiratory flow using thermistor was designed in the diagnosis of respiratory
disease[41].

Thermistors are a type of resistor made of ceramic and/or polymer. Normally, the resistance value is independent
of temperature, and this is important in terms of protecting electronic devices from changing heat stress.
The equation between resistance and temperature is as follows.

AR = AT *K (1)

AR and AT denote resistance and temperature changes, respectively. K is the temperature coefficient. According
to the equation, it is clear that there is a relationship between temperature and resistance and this relationship
depends on the value of K. Ideally for the normal resistor this K value is almost 0 to avoid the temperature effect,
but for the thermistor it is completely different.

Since the main purpose of using thermistor is temperature measurement, the K value is not 0 and it is divided into
two according to whether this value is negative or positive. If the thermistor is produced as K value < 0, an increase
in temperature means a decrease in resistance and it is called NTC (Negative Coefficient Temperature). On the
other hand, if the K value is > 0, it is called PTC (Positive Coefficient Temperature) and increasing temperature
also increases the resistance.

Although thermistors have many advantages such as fast response, small size, and use over wide temperature
ranges, they cannot produce linear results, and to solve this problem, there is an equation that directly converts
the nonlinear internal resistance value according to temperature to the thermodynamic temperature[37][42][43].
It is called Steinhart-Hart Equation and showed in equation 2.

1/T = A+ BInR + C(InR)"3 (2)

As shown in Equation 2, A, B, and C are called Stein-Hart coefficients and vary with the thermistor model. T is the
temperature as it is known, but it should be noted that it is in Kelvin. R is the resistance in ohms based on the
current temperature.

2.3.Measurement of volume

Measuring the three axes of the testis is important in terms of the Lambert Equation ((a x b x c¢) x (0.71)) used to
calculate the testicular volume[31]. In a study, a calipers were used to precisely measure these three axes (the
superior-inferior, anterior-posterior, and medial-lateral axes) of the testis[30]. In this study, a simple distance
sensor was developed to measure the distance between two fingers (thumb and index finger) using IR led, in on
thumb, and photodiode which is on the index, similar to the calliper measurement mentioned.
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Infrared rays(IR), which are between visible rays and microwave rays, cannot be detected by the human eye and
are divided into three main groups as near, middle and far infrared rays[44, 45]. Since infrared rays have
properties such as reflection and scattering, they are suitable for distance measurement for certain ranges[44, 46].
It is becoming more and more important to measure short distances without touching the surface of the measured
objects[47]. In general, distance sensors using Infrared technology make measurements by using the properties
of the reflected beam. If the reflectance of IR is used to measure of the distance, the user should know that the
performance of the sensor depends on the reflectance properties of the object and the system has non-linear
character[48]. In other words, the quality of the distance measurement depends on the quality of the reflected
light, which is very much related to the scattering, absorption and reflection properties of the object surface[49].
Therefore, the person who wants to measure the distance using the reflection method with the IR sensor should
work harder and find additional resources.

As shown in figure 2, the luminous intensity (E) means the number of photons falling on the surface of the object
and is inversely proportional to the square of the distance.

l

Figure 2. The light source and distance relationship of the illumination intensity on the object

As you move away from the light source, the intensity of light falling on the object decreases, and in this study, this
optical law is taken as a reference for distance measurement. Based on this, IR LED was used as the light source in
this study and a photodiode was placed instead of the object and the short distance between these two was tried
to be measured.

E=1/r? ()

2.4.Measurement of consistency

The purpose of the third sensor is to measure the consistency of the testis and for this a piezoresistive sensor
(BMP180) is used. The piezoresistive sensor was chosen because it has a suitable package for minimal application,
does not contain much noise, has a fast response[50] and does not require any calibration process of the BMP180
sensor. The sensor output directly gives the pressure value in pascal. Since the BMP180 is an air pressure sensor,
a pressure result according to tissue stiffness was obtained when the normal air pressure was subtracted from the
tissue pressure measured in the study.

Pressure measurement is used in many areas such as muscle measurements such as the examination of the heart
muscles, measuring the pressure value of the blood, examining the bone structure and skeletal system in the
medical field[51].

Systems used to measure pressure today can be piezo-based, and they are divided into three: piezoelectric,
piezocapacitive and piezoresistive[52]. Sensors working with piezoresistor logic are used in blood pressure
measurements, heart rhythm monitoring and tissue analysis studies due to their advantages such as giving more
linear results than other capacitive sensors, not needing too much power, and obtaining good results even at low
pressure[52, 53].

Piezoresistive pressure sensors are also used in many areas such as aviation, biomedical applications and

automotive, with the advantage of mass production, small size and good performance despite low power
consumption[54].
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The working principle of piezoresistive sensors is the measurement of the electrical resistance of the material,
which changes according to the pressure, together with an external physical force. Against this mechanical stress,
the electron and holes structure of the material therefore changes its resistance[55].

The resistance change of a rectangular electrically conductive material is as follows:
AR 1+2v)e+ i 4
= v)e p (4)

In the equation, R, p, v and € are resistance, resistivity, Poisson’s ratio and voltage of the resistor, respectively[55].
Therefore, the pressure sensor has a surface area to be exposed to the impact. This surface can be in different
geometric shapes depending on the purpose and the desired sensitivity. Four equal resistance piezoresistors are
placed on the surface to form a Wheatstone bridge.

When a mechanical stress is applied to the surface, due to the special configuration of the Wheatstone bridge, the
value of two of these equal piezoresistors decreases while the value of the other two increases. The resulting
imbalance causes the output voltage to be formed, and the measurement of this voltage is also used in the
measurement of mechanical stress. therefore, placing the piezoresistors on the surface is closely related to the
pressure of the sensor, and using the Whetstone bridge allows for more precise measurements than bridges with
one or two active arms[56].

Pressure sensors are divided into 3 according to the reference state and these are differential pressure, absolute
pressure and gauge pressure[57]. The same sensor can be used for all measurements and the important point is
here the reference for pressure[57]. Absolute pressure requires a perfect vacuum inside the sensor as a reference
and is used in air pressure measuring sensors such as the BMP180. Beccani et al. designed a wireless palpation
probe to help detect tumour tissue and stated that the BMP180 sensor can be used in the recommendation part of
their study[58]. The pressure sensor used in this study directly gives the pressure value in pascal. However, before
use, the current pressure in the environment should be measured by making an empty measurement and
subtracted from the tissue pressure.

Expressing and positioning tissue differences with numerical data, especially for tumours, provides guidance for
strategically administered drugs that will perform the surgery and be used during the treatment phase. Thus, new
ways were sought to perform this procedure and studies were started to use palpation with robotic devices in
different diagnostic areas[59]. For example, in one study, a testicular tonometry device was studied to be used in
testicular consistency measurements. In the study performed on individuals diagnosed with varicocele by
tonometry, it was observed that sperm concentration was consistent with the tonometry data obtained, and sperm
morphology of healthy individuals was also compatible with the data obtained[30].

2.5.Getting data

All patients were evaluated in the same clinic and same device. All physical examinations were performed by a
single observer (ECA). The mentioned parameters of the testis were measured over the scrotum. The consistency
and volume of both testis of the patients and pressure before measurement were measured and recorded.
Testicular volumes were determined by using Prader orchidometer. Testicular consistency was obtained using the
palpation method.

In order to test whether the difference between testicles can be distinguished with the device, the patients whose
testis measurements were made were selected by paying attention to the fact that they were individuals of

different ages (range of ages = 6-70) and with different testicular structures.

Table 1. Means and Standard Deviation of Study Variables

Variables Age Right Testicular Left Testicular Number of
Volume Volume Consistency
Right Left
M SD M SD M SD Soft Normal Soft  Normal
infertile 26,6 83 17,6 7,18 16,4 7,35 1 14 4 11
Fertile 42,3 138 23,5 8,07 23,6 7,23 3 32 3 32
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During testicular examinations, temperature, hardness, and 3-axis length measurements of the testicles were tried
to be taken. so, a scheduling system was established.

As shown in Figure 3.c. the electronic board has timing LEDs (green and red) to aid control, with these LEDs
clinicians can determine when to collect data. The red light first means the clinician has time to move his hand and
then the green led turns on so the device starts collecting data and the user cannot move his hand. This process is
repeated 3 times for each testicular examination (once for each axis) and takes only 1 minute in total (Figure 3.a
and b).
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Figure 3. (a) Circuit flow chart (b) Using green, and red led for signal reception (c) Timing led on the board
2.5.Signal Analysis

One of the biggest problems in signal processing is denoising the signal. The collected signals for the study were
first freed from noise. Single Spectrum Analysis (SSA) was used for noise elimination. At the same time, using the
SSA technique will improve the modelling and forecasting situation[60]. When we look at the previous studies, it
is seen that the SSA method is frequently used in this respect. For instance, Pilgrim et al. demonstrated noise
elimination by working on a signal containing random noise[61].

SSA, which has attracted great attention recently, is a simple, high-performance time series analysis technique that
does not require any special assumptions and is used in signal source separation, financial modelling, many
engineering branches and especially in biomedical applications[60, 62].

To briefly mention the SSA, it includes two steps: decomposition and reconfiguration. The N-element signal
obtained in the first step is converted to a Hankel matrix and it is called embedding. The column and number of
this matrix conform to formula K= N-L+1. K and L are the number of rows and columns of the Hankel matrix,
respectively. Then the resulting matrix is divided into three matrices. This division operation is called SVD. SVD is
the last action applied in my first step. In the second step, eigentriple grouping and diagonal averaging are applied
respectively. As a result of the applied process, a noise-eliminated signal is obtained.

In the study, signals were taken in real time and the final data is obtained by averaging the noise-free signal with
the SSA process. This average, which will be statistically analysed or used in classification, is obtained by taking
the average of each part divided into three to separate the axes.

2.7.Data analysis using machine learning

In the article, algorithms in Matlab were used while doing machine learning studies. These are KNN, SVM, Trees,
Naive Bayes, and Ensemble. There are 5 features applied to machine learning in the study. These are the length of
the 3 axes, temperature and consistency data for each testis measured by the device.

Then, it has been tried to be presented by calculating the F score, specificity, precision, and recall values according

to the bar graphs showing the accuracy rates of these algorithms and the data obtained from the confusion
matrices of these algorithms. The formulas used for these values are as follows:
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F1 Score = 2 * (Recall * Precision/(Recall + Precision)) (5)
Specifity = True Negative / (True Negative + False Positive) (6)
Recall = True Positive / (True Positive + False Negative) (7)
Precision = True Positive / (True Positive + False Positive) (8)

2.8.Statistical analysis

Statistical applications are used to examine the numerical or verbal data obtained as a result of any study and to
find out whether there is a semantic difference between the data. In the proposed model, Mann Whitney U Test
was used for consistency data.

When only soft and normal tissue testes were examined in the study, there was only one dependent and one
independent variable. If two different groups want to be examined whether they differ from each other,
statistically, there are two methods. These are the T test and the Mann Whitney U test. Before starting statistical
studies, it is checked whether the data are normally distributed and appropriate test selection is made
accordingly[63].

There are two different methods to examine the distribution of data and these methods are to look at the value of
kurtosis or skewness of the data and to apply the Kolmogorov-Smirnov and Shapiro-Wilk tests. Skewness is the
relationship between the median and the mean of the data, and it is desired that these two values be close to each
other, while kurtosis is related to the frequency of the data, and it is desired that the peak of the frequency and the
mean value be close to each other[63].

When Kolmogorov-Smirnov and Shapiro-Wilk tests are applied, a significance value of p < 0.005 indicates that the
data are abnormally distributed. If we look at the skewness and kurtosis values, the fact that these values are
between -1 and 1 indicates a near-perfect distribution of the data[64], according to some sources, the obtained
values are between -1.5 and +1.5[63] or between -2 and 2. values were considered acceptable in terms of normality
of the data[65].

3. Results and Discussion

As mentioned before, the testicular abnormalities are emphasized during the physical examination. In this study,
on the detection of these abnormalities, data obtained from volunteers were studied. Scrotal contents were
examined with the device by palpation, and this examination includes evaluation of testicular temperature, size,
and consistency.

3.1.Consistency

First, we tried to find out whether the piezoresistive sensor can be used to separate soft and normal subjects. Then,
Mann Whitney U test was used for this step.

Tablo 3. Mann Whitney U Test results of normal and soft tissue data

. . Median Mean Std. Error of
Consistency N Variance (hPa) (hPa) Mean 0] zZ P
Normal 89 ,372 2,75 2,97 ,06468 209 -3,092 ,002

70

Soft 11 ,029 2,53 2,56 ,05104
82

Total 100 ,350 2,74 2,93 ,05919
20

According to table 1, it can be shown that there is a statistical difference between normal tissue and soft tissue
data (U = 209, p =.002). It is obvious that the mean of the normal tissue (2,97 hPa) is bigger that the soft tissue
data (2,56 hPa).
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In this study, we showed that the consistency of a tissue can be measured using a piezoresistive sensor by
statistical methods. And according to the results of these data, the piezoresistive sensor shows high pressure when
it presses on a hard tissue.

3.2.Volume

The other purpose of the study is to measure the distance between the IR LED and the photodiode. For this reason,
3 measurements were made with 0.5 steps between 0-6 cm and these data were combined in a graph to provide
the interpolation equation (Figure 4).
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Figure 4. The regression curve obtained according to the measurement results between 0-6 cm

The resulting equation is a polynomial regression and its accuracy rate R? > 0,95 shows that both the system and
the equation are suitable for measuring the distance between two fingers.

It has been concluded that the system used to measure the distance shows high accuracy, that each axis of the
testis can be measured precisely, and the volume can be calculated according to the Lambert equation as a result
of these measurements.

For this study, as mentioned before, 100 testicles from 50 men were examined and the result of 100 volumes
obtained is shown in figure 5 where the three axes converge (black points). According to both figures 4 and 5, the
amount of tension obtained decreases as the volume and distance increase.
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Figure 5. Distribution of 3-axis data from 100 testes by volume of the combination (black dots)

33

Experimental results have shown that the device can measure all testicular axes. This means that these data can
be easily converted into volume values thanks to the Lambert equation.

3.3. Classification results
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In this part of the study, accuracy rates were tried to be obtained by using classification algorithms. Algorithms in
Matlab were applied to the data and different cross validation rates were applied to all algorithms.

3.3.1. Classification of consistency and heat stress measured with the device and consistency data obtained
by palpation

The consistency and heat stress numerical data of the testicles obtained with the help of the device were labelled
as soft and hard by palpation method, and the study results for the classification of these two groups are shown in
figure 6.

100%
95%
92% 92% 91% 92%
89% 89% 85% 0%
oo 87% &7% Be% &7%
B26% B6% 86%
83%
80%
T3%
TREE Maive Bayes SVM KNN Ensemble
mValidation Rate 5 W Validation Rate 10 Validation Rate 15

Figure 6. Statistical comparison of experimental results in terms of accuracy for consistency

In the statistical analysis part of the article, it was shown that there was a significant difference between the
consistency data (Table 2). Figure 6 contains the results of the classification of the temperature and consistency
results measured by the device according to 3 different validation rates for each testicle (total of 100 testicles)
labelled according to the consistency information obtained by palpation.

The classification algorithm with the highest accuracy rate according to the 3 different cross validation rates
applied is trees and it showed 92.0% accuracy according to validation 5 and 15, but 89.0% according to cross
validation 10. The algorithms that show the least accuracy according to each validation rate are naive bayes and
ensemble methods (around 87%).

Table 3. Comparison of classification algorithms in terms of consistency and heat stress

Method Tree Naive Bayes SVM KNN Ensemble
Validation 5 10 15 5 10 15 5 10 15 5 10 15 5 10 15
Rate
ACE},‘/:;“’Y 920 890 920 860 870 870 890 890 900 910 880 920 860 87.0 86.0
FlScore 094 093 094 091 092 092 093 093 093 094 092 094 092 092 092
Specificity 066 050 066 0 025 0 050 050 055 060 046 071 036 040 0,57
Recall 094 093 094 088 089 088 092 093 093 094 094 093 092 092 092
Precision 096 094 096 096 096 097 095 094 095 095 092 097 092 093 092

Table 3 shows the F-score, Specificity, Recall and Precision values of the algorithms shown in figure 6, according
to their confusion matrix. Among all algorithms and validation rates, trees with 5 cross validation rates have the
highest F score of 0.94. The lowest value belongs to Naive Bayes which has 5 cross validation rates with 0.91.
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Another important point in the table is specificity, and in general, algorithms cannot be said to have very high
specificity. KNN with 15 cross validation rate provides the highest specificity with 0.71. Again, with the worst
specificity, Naive Bayes provides 0 at a cross validation rate of 5 to 15.

3.3.2.Classification of the small and normal testicular volume with 3 axes of testis by the device

Since our main aim in this study was to measure testicular volume differences, regardless of whether they were
infertile or not, the testes, whose 3-axis distances were measured by the LED and photodetector, were labelled as
small and normal, and classification algorithms were applied. While this labelling was done, data with a volume
less than 20 mL as a result of orchidometer were labelled as small according to the literature[66]. Other testes
were also labelled as normal.
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Figure 7, the algorithms in Matlab were applied to the numerical data in mV of the 3-axis measured with the help
of the device for each testis labelled as small or normal according to the volume information obtained by the
orchidometer measurement. Again, classification processes were carried out using 3 different cross validation
rates.

As seen in Figure 7, the accuracy rates of all algorithms on axis measurement are very close to each other.
Compared to the cross validation 5 rate, the highest accuracy rate is 88% in trees. As a result of the study, when
the ratio was 10, SVM showed the highest accuracy rate with 88%. Finally, looking at the rate of 15, Trees and
Ensemble showed the highest accuracy with 89%.

Table 4. Comparison of classification algorithms in terms of testicle size

Method Tree Naive Bayes SVM Ensemble KNN
Validation 10 15 5 10 15 5 10 15 5 10 15 5 10 15
Rate

AC‘E},‘/:;‘CY 880 870 89.0 830 830 083 860 880 850 860 860 89.0 860 860 850

F1 Score 092 089 092 087 088 088 091 091 09 09 091 092 089 091 090
Specificity 083 071 083 052 054 055 08 070 061 066 072 083 070 070 0,66
Recall 088 08 089 09 091 088 08 091 09 089 087 089 088 088 087

Precision 097 091 097 086 087 090 098 093 091 093 096 097 091 095 095

Table 4 shows the F-score, Specificity, Recall and Precision values of the algorithms shown in figure 7, according
to their confusion matrix. Among all algorithms and validation rates, trees with 5 and 15 cross validation rates
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have the highest F score of 0.92. The lowest value belongs to Naive Bayes which has 5 cross validation rates with
0.87.

As said before, another important point in the table is specificity. Looking at Table 3, it can be said that the
algorithms applied to the data taken for the distance measurement in table 4 generally have higher specificity.
Ensemble with 15 cross validation rate and Tree with 5 cross validation rates provide the highest specificity with
0.83. Again, with the worst specificity, Naive Bayes provides 0,52 at a cross validation rate of 5.

4. Conclusion

There are many people all over the world who want to have children but cannot have children due to various
problems. These mentioned problems can occur as a result of both male and female factors. Finding the source of
infertility is very important both in taking preventive measures and in reaching the necessary treatment without
losing time.

Determining the causes of male infertility is a very laborious and long process. The physical examination is the
first step of this research, and during this examination, the testicles responsible for sperm production are
examined. During the examination, the focus is on testicular consistency and volume. However, during the physical
examination, the person performing the examination should be experienced in this regard. Because palpation is
unfortunately relative. The physician cannot obtain any numerical data as a result of palpation. The orchidometer
used in volume measurement also gives comparative measurements, while some intermediate values are not
taken into account. There are more complex systems for measuring both testicular consistency, volume, and
testicular temperature. However, these systems also require trained people, are time-consuming and expensive.

In this study, a system that has never been done before is designed. In this system, testicular abnormalities were
tried to be revealed by measuring the temperature, volume and consistency of the testis in just one minute at the
same time, and the results obtained by the doctor with the palpation method were compared. When the data
obtained from the patients were examined, it was seen that there was a significant difference between soft and
hard testicular tissue. The distance sensor designed for short distance measurement used in testicular volume
examination has also shown that it makes a healthy measurement. However, the system, which was successful in
the empty measurement, could not show the same sensitivity when trying to measure the testicular axes. For this
reason, the volume calculation could not be made according to the Lambert equation from the measurements
taken. The problem affecting this may be that the sensors did not show sufficient sensitivity, or the location of the
sensors may be considered to be not suitable for such a measurement. Changing the sensors for the system or
making a more suitable positioning will allow the volume calculation to be made according to the equation.
Finally, another issue in the study is the use of machine learning methods. Although the applied methods showed
high accuracy, the specificity rate is not optimal due to data limitations. This is because there is not enough data.
It is clear that with more data, both the accuracy rates and the level of specificity will be higher.
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