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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).

' Measurement of
First Axns Seoond Axis Third Axis
Temperature (5 sn) " Temperature ts’sn) . Temperature
{15sn) Consistency Consistency Consistency (15 sn)
(a) {10 sn) (10 sn) {10 sn)
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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)
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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.

Conflict of interest statement

Authors declare that they have no conflict of interest.

Acknowledgment

We would like to thank our volunteers who have made the greatest contribution to our work.
References

[1] Kobayashi, H., Nagao, K., & Nakajima, K.,2012. Focus issue on male infertility. Advances in Urology.

[2] Meacham, R. B, Joyce, G. F., Wise, M., Kparker, A.,, & Niederberger, C. ,2007. Male Infertility. Journal of
Urology,177(6), :2058-2066.

[3] Qublan, H. S, Al-Okoor, K. Al-Ghoweri, A. S., & Abu-Qamar, A. ,2007. Sonographic spectrum of scrotal
abnormalities in infertile men. Journal of Clinical Ultrasound,35(8), :437-441.

[4] Brugo-Olmedo, S., Chillik, C., & Kopelman, S. ,2001. Definition and causes of infertility. Reproductive
BioMedicine Online,2(1),:173-185.

[5] Armstrong, ]. M, Keihani, S., & Hotaling, ]. M.,2018. Use of Ultrasound in Male Infertility: Appropriate Selection
of Men for Scrotal Ultrasound. Current Urology Reports 2018 19:8,19(8), :1-9.

72



Design of A Novel Device Measuring Testicular Consistency, Size and Temperature and Classification Algorithm Analysis of Data Compared to Urologist Examinations

[6] Makele, J.-A., Koskenniemi, J. j, Virtanen, H. E., & Toppari, J. ,2019. Testis Development. Endocrine
Reviews,40(4), :857-905.

[7] Durairajanayagam, D., Agarwal, A., & Ong, C. ,2015. Causes, effects and molecular mechanisms of testicular
heat stress. Reproductive BioMedicine Online,30(1), :14-27.

[8] Sengul, G., & Ertekin, C.,2020. Human cremaster muscle and cremasteric reflex: A comprehensive review.
Clinical Neurophysiology,131(6),:1354-1364.

[9] Gibson, A. Akinrinsola, A. Patel, T., Ray, A. Tucker, ], & McFadzean, 1. ,2002. Pharmacology and
thermosensitivity of the dartos muscle isolated from rat scrotum. British Journal of Pharmacology,136(8),
:1194-1200.

[10] Schoor, R. A, Elhanbly, S. M., & Niederberger, C. S.,2001. The pathophysiology of varicocele-associated male
infertility. Current Urology Reports 2001 2:6,2(6), :432-436.

[11] Eisenberg, M. L., & Lipshultz, L. 1. ,2011. Varicocele-induced infertility: Newer insights into its
pathophysiology. Indian Journal of Urology : IJU : Journal of the Urological Society of India,27(1), :64.

[12] Lewis, R. W., & Harrison, R. M. ,1979. Contact scrotal thermography: Application to problems of infertility.
Journal of Urology,122(1), :40-42.

[13] Karakas, E., Karakas, 0., Boyaci, F. N, Dogan, F., Kilicaslan, N., Cece, H., & Badem, 0. F.,2014. Varikoselli Eriskin
Hastalarda Bilateral Testikiiler Voliimlerin Ultrasonografi ile Degerlendirilmesi. Diizce Tip Fakiiltesi
Dergisi, 16(3), :30-32.

[14] Sakamoto, H., Ogawa, Y., & Yoshida, H. ,2008. Relationship Between Testicular Volume and Varicocele in
Patients With Infertility. Urology,71(1), :104-1009.

[15] Huang, D. Y., & Sidhu, P. S. ,2014. Focal testicular lesions: colour Doppler ultrasound, contrast-enhanced
ultrasound and tissue elastography as adjuvants to the diagnosis.
http://dx.doi.org/10.1259/bjr/30029741,85(SPEC. ISSUE 1).

[16] Aigner, F., De Zordo, T., Pallwein-Prettner, L., Junker, D., Schéfer, G., Pichler, R,, ... Frauscher, F.,2012. Real-
time sonoelastography for the evaluation of testicular lesions. Radiology,263(2), :584-589.

[17] Purdue, M. P., Devesa, S. S., Sigurdson, A. ]., & McGlynn, K. A.,2005. International patterns and trends in testis
cancer incidence. International Journal of Cancer,115(5), :822-827.

[18] Albers, P., Albrecht, W., Algaba, F., Bokemeyer, C., Cohn-Cedermark, G., Horwich, A, ... Pizzocaro, G.,2005.
Guidelines on Testicular Cancer. European Urology,48(6), :885-894.

[19] SAKAMOTO, H., SAITO, K., SHICHIZYO, T., ISHIKAWA, K., IGARASH]I, A., & YOSHIDA, H.,2006. Color Doppler
ultrasonography as a routine clinical examination in male infertility. International Journal of Urology,13(8),
:1073-1078.

[20] Brydgy, M., Foss4, S. D., Klepp, O., Bremnes, R. M., Wist, E. A,, Wentzel-Larsen, T., & Dahl, 0.,2005. Paternity
Following Treatment for Testicular Cancer. JNCI: Journal of the National Cancer Institute,97(21),:1580-1588.

[21] Djaladat, H., Burner, E., Parikh, P. M., Beroukhim Kay, D., & Hays, K. ,2014. The Association Between Testis
Cancer and Semen Abnormalities Before Orchiectomy: A Systematic Review. Journal of Adolescent and Young
Adult Oncology,3(4), :153-159.

[22] Ho, G. T., Gardner, H., Mostofi, K., DeWolf, W. C,, Loughlin, K. R., & Morgentaler, A.,1994. The effect of testicular
nongerm cell tumors on local spermatogenesis. Fertility and Sterility,62(1), :162-166.

[23] Ho, G. T., Gardner, H., DeWolf, W. C., Loughlin, K. R., & Morgentaler, A.,1992. Influence of testicular carcinoma
on ipsilateral spermatogenesis. Journal of Urology,148(3 1), :821-825.

[24] Kantarci, F., & Mihmanli, I.,2015. Skrotal Goriintiileme. In Tiirk Radyoloji Dernegi (pp. 59-70).

[25] Kim, W., Rosen, M. A, Langer, ]. E., Banner, M. P., Siegelman, E. S., & Ramchandani, P.,2007. US-MR imaging
correlation in pathologic conditions of the scrotum. Radiographics,27(5),:1239-1253.

[26] Simmons, L. W, Firman, R. C., Rhodes, G., & Peters, M. ,2004. Human sperm competition: Testis size, sperm
production and rates of extrapair copulations. Animal Behaviour,68(2), :297-302.

[27] Han, S., Zhao, L., Yang, C, Xu, J., Yao, C,, Huang, C,, ... Li, Z.,2021. Vitrification with microinjection of single
seminiferous tubules: an efficient cryopreservation approach for limited testicular tissue. Reproductive
BioMedicine Online.

[28] H,S, K, S, M, 0,K1,Y,0., &H, Y.,2007. Testicular volume measurement: comparison of ultrasonography,
orchidometry, and water displacement. Urology,69(1), :152-157.

73



Design of A Novel Device Measuring Testicular Consistency, Size and Temperature and Classification Algorithm Analysis of Data Compared to Urologist Examinations

[29] Holstein, A. F., Schulze, W., & Breucker, H.,1994. Histopathology of Human Testicular and Epididymal Tissue.
Male Infertility. Springer, London.

[30] Lewis, E. L., Rasor, M. 0., & Overstreet, ]. W. ,1985. Measurement of human testicular consistency by
tonometry. Fertility and Sterility,43(6), :911-916.

[31] Lin, C.C, Huang, W.].S., & Chen, K. K.,2009. Measurement of testicular volume in smaller testes: How accurate
is the conventional orchidometer? Journal of Andrology,30(6), :685-689.

[32] Ghiraldi, E. M., Salami, S. S., Gilbert, B. R., & Vira, M. A.,2015. Impalpable Testicular Seminoma Identified on
Sonoelastography. Journal of Medical Ultrasound,23(3),:150-153.

[33] Grasso, M., Blanco, S., Raber, M., & Nespoli, L.,2010. Elasto-sonography of the testis: Preliminary Experience.
Archivio Italiano di Urologia e Andrologia ,82(3), :160-163.

[34] Behera, B., & Kumaravelan, G.,2020. Performance evaluation of Machine learning algorithms in Biomedical
Document Classification . International Journal of Advanced Science and Technology,29(5),:5018.

[35] Chen, W, Dols, S., Oetomo, S. B., & Feijs, L.,2010. Monitoring body temperature of newborn infants at neonatal
intensive care units using wearable sensors. In Proceedings of the 5th International ICST Conference on Body
Area Networks (pp. 188-194).

[36] Jadhav, R. N., Mathad, S. N., & Puri, V.,2012. Studies on the properties of Ni0.6Cu0.4Mn204 NTC ceramic due
to Fe doping. Ceramics International,38(6),:5181-5188.

[37] Lavenuta, G. . (n.d.). Negative Temperature Coefficient Thermistors. QTI Sensing Solutions

[38] Okabe, T., Fujimura, T., Okajima, J., Aiba, S., & Maruyama, S.,2018. Non-invasive measurement of effective
thermal conductivity of human skin with a guard-heated thermistor probe. International Journal of Heat and
Mass Transfer,126, :625-635.

[39] Narczyk, P., Siwiec, K., & Pleskacz, W. A.,2016. Precision human body temperature measurement based on
thermistor sensor. In Formal Proceedings of the 2016 IEEE 19th International Symposium on Design and
Diagnostics of Electronic Circuits and Systems, DDECS 2016. Institute of Electrical and Electronics Engineers
Inc.

[40] Otahalova, T., Slanina, Z., & Vala, D.,2012. Embedded sensors system for real time biomedical data acquisition
and analysis. In IFAC Proceedings Volumes (IFAC-PapersOnline) (Vol. 11, pp. 261-264). IFAC Secretariat.

[41] Norman, R. G., Ahmed, M. M., Walsleben, ]. A, & Rapoport, D. M.,1997. Detection of Respiratory Events During
NPSG: Nasal CannulaJPressure Sensor Versus Thermistor. Sleep,20(12),:1175-1176.

[42] Feteira, A. ,2009. Negative temperature coefficient resistance (NTCR) ceramic thermistors: An industrial
perspective. Journal of the American Ceramic Society,92(5), :967-983.

[43] Matus, M. ,2011. Temperature Measurement in Dimensional Metrology ~-Why the SteinhartHart Equation
works so well. In Proceeding of Macroscale . Bern-Wabern, Switzerland.

[44] Bi, X.,2021. Infrared Sensors and Ultrasonic Sensors (pp. 143-168). Springer, Singapore.

[45] Datta, A. K, & Almeida, M.,2005. Properties Relevant to Infrared Heating of Foods. In M. A. Rao, S. S. H. Rizvi,
A. K. Datta, & B. Raton (Eds.), Engineering Properties of Foods (pp. 209-235). Florida: CRC Press.

[46] Novotny, P. M., & Ferrier, N. . ,1999. Using infrared sensors and the Phong illumination model to measure
distances. Proceedings - IEEE International Conference on Robotics and Automation,2, :1644-1649.

[47] Kassim, A. M., Jaafar, H. I, Azam, M. A, Abas, N., & Yasuno, T. ,2013. Performances study of distance
measurement sensor with different object materials and properties. In Proceedings - 2013 IEEE 3rd
International Conference on System Engineering and Technology, ICSET 2013 (pp. 281-284).

[48] Mohammad, T.,2009. Using Ultrasonic and Infrared Sensors for Distance Measurement. International Journal
of Mechanical and Mechatronics Engineering,3(3), :267-272.

[49] Benet, G., Blanes, F., Sim4, ]. E., & Pérez, P.,2002. Using infrared sensors for distance measurement in mobile
robots. Robotics and Autonomous Systems,40(4), :255-266.

[50] Kalantari, M., Ramezanifard, M., Ahmadji, R., Dargahi, ., & K6vecses, ]. ,2011. A piezoresistive tactile sensor for
tissue characterization during catheter-based cardiac surgery. The International Journal of Medical Robotics
and Computer Assisted Surgery,7(4), :431-440.

74



Design of A Novel Device Measuring Testicular Consistency, Size and Temperature and Classification Algorithm Analysis of Data Compared to Urologist Examinations

[51] Pramanik, C., Saha, H., & Gangopadhyay, U.,2006. Design optimization of a high performance silicon MEMS
piezoresistive pressure sensor for biomedical applications. Journal of Micromechanics and
Microengineering,16(10), :2066.

[52] Gao, L., Zhu, C,, Lj, L,, Zhang, C,, Liu, J,, Yu, H.-D., & Huang, W. ,2019. All Paper-Based Flexible and Wearable
Piezoresistive Pressure Sensor. ACS Applied Materials & Interfaces,11(28), :25034-25042.

[53] Marco, S., Samitier, J., Ruiz, 0., Morante, J. R., & Esteve, ].,1996. High-performance piezoresistive pressure
sensors for biomedical applications using very thin structured membranes. Measurement Science and
Technology,7(9),:1195-1203.

[54] Chen, S., Zhu, M. Q., Ma, B. H., & Yuan, W. Z.,2008. Design and optimization of a micro piezoresistive pressure
sensor. In 3rd IEEE International Conference on Nano/Micro Engineered and Molecular Systems, NEMS (pp.
351-356).

[55] Kumar, S. S., & Pant, B. D. ,2014. Design principles and considerations for the ‘ideal’ silicon piezoresistive
pressure sensor: a focused review. Microsystem Technologies,7(20), :1213-1247.

[56] Reverter, F., Horak, G., Bilas, V., & Gasulla, M.,2009. Novel and low-cost temperature compensation technique
for piezoresistive pressure sensors. In BIPM (Ed.), XIX IMEKO World Congress (pp. 2355-2359).

[57] Singh, R, Ngo, L. L., Seng, H. S., & Mok, F. N. C.,2002. A silicon piezoresistive pressure sensor. In Proceedings
- 1st IEEE International Workshop on Electronic Design, Test and Applications, DELTA 2002 (pp. 181-184).
Institute of Electrical and Electronics Engineers Inc.

[58] Beccani, M., Di Natali, C., Benjamin, C. E., Bell, C. S, Hall, N. E., & Valdastri, P.,2015. Wireless tissue palpation:
Head characterization to improve tumor detection in soft tissue. Sensors and Actuators A: Physical,223, :180-
190.

[59] Ahn, B., Kim, Y., Oh, C. K., & Kim, ]. ,2012. Robotic palpation and mechanical property characterization for
abnormal tissue localization. Medical & Biological Engineering & Computing ,50(9),:961-971.

[60] Iranmanesh, S. H., Miranian, A., & Abdollahzade, M.,2012. Signal processing using singular spectrum analysis
for nonlinear system identification. In 11th International Conference on Information Science, Signal
Processing and their Applications, ISSPA 2012 (pp. 722-727).

[61] Pilgram, B., Schappacher, W., & Pfurtscheller, G. ,1992. A noise reduction method using singular value
decomposition. In Proceedings of the Annual International Conference of the IEEE Engineering in Medicine
and Biology Society, EMBS (Vol. 6, pp. 2756-2758). Institute of Electrical and Electronics Engineers Inc.

[62] Saeed, M., Took, C. C., & Alty, S. R.,2020. Efficient Algorithm to Implement Sliding Singular Spectrum Analysis
with Application to Biomedical Signal Denoising. In ICASSP, IEEE International Conference on Acoustics,
Speech and Signal Processing - Proceedings (Vol. 2020-May, pp. 1026-1029). Barcelona, Spain: Institute of
Electrical and Electronics Engineers Inc.

[63] Tabachnick, B. G., & Fidell, L. S.,2014. Using multivariate statistics . Pearson2012 (Vol. 6). Boston: Pearson.

[64] Hair, ]. F.,, Black, W., Babin, B., Anderson, R., & Tatham, R.,2013. Multivariate Data Analysis (2013th ed., Vol.
7). Essex, England: Pearson Education Limited.

[65] George, D., & Mallery, P.,2016. SPSS for Windows step by step : a simple guide and reference. Published in
2010 in Boston by Allyn & Bacon (Vol. 14). Boston : Taylor & Francis .

[66] Carmignani, L., Gadda, F., Mancini, M., Gazzano, G., Nerva, F., Rocco, F., & Colpi, G. M. ,2004. Dedection of
Testicular Ultrasonographic Lesions in Severe Male Infertility. The Journal of Urology,172(3), :1045-1047.

75



