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ABSTRACT

Carbon nanotube (CNT) and nanosized boron nitride (BN) materials are widely used support elements in sensor
development due to their compatibility and structural versatility. Studies examining physical parameters in such a
detailed comparison with ANN are rarely encountered in the literature. The presented study prepared sensors with
different amounts of nanomaterials, water, glycerol and gelatin content. The created sensors' glossiness (20°-60°), colour
change (4F) and hardness parameters were measured. The measurement data were evaluated using statistical methods
and the Multilayer Perceptron (MLP) artificial neural network model. Tansig was used as the transfer function, and the
mean square error was used as the performance function. The best classification for training and test success was made
in the hardness parameter with 99.9% accuracy, followed by AE with 94.9% accuracy. 4E and glossiness were the most
effective common structural materials for the experiments with 6 ml of water at 60° test conditions and 9 ml of water
for glossiness at 20° and hardness. For AE, 0.12 g BN and 0.06 g CNT and for 60° gloss, 0.06 g for both BN and CNT
provided the most significant effect on the changes. The experimental conditions of 0.06 g for BN and CNT were also
the most influential parameters for the hardness change.
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Sensorlerde Nano Bor Nitriir ve Karbon Nanotiip: YSA ile Karsilastirmah Inceleme

OZET

Karbon nanotiip (CNT) ve nano boyutlu bor nitriir (BN) malzemeler, uyumluluklar1 ve yapisal ¢ok yonliiliikkleri
nedeniyle sensor gelistirmede yaygin olarak kullanilan destek elemanlaridir. Literatiirde YSA ile fiziksel parametrelerin
bu kadar detayli bir sekilde karsilagtirilarak incelendigi caligmalara nadiren rastlanmaktadir. Sunulan calismada farkli
miktarlarda nanomalzemeler, su, gliserol ve jelatin igerikli sensorler hazirlanmistir. Olusturulan sensorlerin parlaklik
(20°-60°), renk degisimi (4E) ve sertlik parametreleri dl¢iilmiistiir. Olgiim verileri hem istatistiksel yontemler hem de
Cok Katmanli Algilayict (MLP) yapay sinir ag1 modeli kullanilarak degerlendirilmistir. Transfer fonksiyonu olarak
Tansig ve performans fonksiyonu olarak ortalama kare hata kullanilmistir. Hem egitim hem de test basarisi igin en iyi
siniflandirma %99,9 dogrulukla sertlik parametresinde yapilmis, bunu %94,9 dogrulukla AF takip etmistir. 4E ve
parlaklik, 60° test kosullarinda 6 ml su ile, 20°'de parlaklik ve sertlik i¢in de 9 ml su ile yapilan deneylerde en etkili
ortak yapisal malzemeler olmustur. 4F igin 0,12 g BN ve 0,06 g CNT ve 60° parlaklik i¢in hem BN hem de CNT igin
0,06 g degisimler lizerinde en biiyiik etkiyi saglamistir. Hem BN hem de CNT i¢in 0,06 g'lik deneysel kosullar da sertlik
degisimi i¢in en etkili parametreler olmustur.

Anahtar Kelimeler: Sensor, BN, CNT, MLP, AE, Parlakiik

1. INTRODUCTION

CNTs and BN, as important nanotechnology materials, are widely used in biosensors, electronic devices,
manufacturing operations, and medical applications [1-7]. Among nanomaterials, CNTs are formed by rolling
a graphene sheet to form cylindrical structures at the nanometer scale [8—10]. Carbon nanotubes have good
mechanical properties, a large surface area, a fast electron transfer rate and a high melting point [11-14]. In
addition, due to their superior properties, such as good biocompatibility, high thermal and electrical
conductivity and chemical stability, are considered ideal materials for biosensors and medical devices. BN is
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similar to carbon allotropes in its crystallographic and electronic structure and stands out among artificial
compounds. While there are many forms of boron nitride, the most common stable form is hexagonal boron
nitride (h-BN). Hexagonal boron nitride (hBN) differs from graphite in its electrical insulation, high thermal
shock resistance, and stability at high temperatures. These properties make hBN ideal for use in various
industrial fields such as automotive, metal industry, cosmetics and medicine [15,16]. h-BN is a two-
dimensional nanostructure consisting of layers held together by Van der Waals interactions, formed by the
covalent bonding of boron and nitrogen atoms in a hexagonal arrangement. In addition to its good mechanical
properties, structural stability and biocompatibility, h-BN exhibits superior properties such as chemical
inertness, high thermal conductivity, low thermal expansion and high electrical resistance, and is also notable
for its non-toxicity [17-20].

Gelatin, which is used in producing environmentally friendly, biodegradable sensors, is one of the most
promising biopolymers with features such as renewable, low price, and easy processability [21]. When
biosensors are evaluated in terms of production techniques, some processing techniques, such as surface
activation, modification, in situ polymerisation, etc., are laborious and expensive, involve complex processing
steps and are generally challenging for industrial applications. Therefore, to obtain the best result in terms of
cost-benefit, easy processing methods should be determined. The solution casting technique is a highly
efficient and cost-effective way [22,23].

One of the most interesting areas of carbon nanotube use is biopolymer biosensors, which include chemical
and biological sensing applications [24]. These are electrochemical sensors, optical sensors and field effect
devices. Biosensors are sensors consisting of a bioreceptor and a transducer, in their simplest definition. The
most basic features sought in a biosensor are repeatability, stability, scalability, simplicity, and cheapness [25].
The material properties and production methods used to produce biosensors affect these properties. Creating
and producing biosensors is difficult because it requires complex processing techniques such as surface
activation, modification, immobilisation, and transduction steps. One of the desired properties of biosensors is
glossiness. Although it varies according to the intended use of the biosensor, it is preferred that the sensor
surface is not too bright so that the glossiness does not cause measurement errors in bio-recognition processes,
analyte detection and in cases where the results need to be visually evaluated and interpreted. The film
structures used as sensors should be as flexible as possible to expand the use field and ease of use. Therefore,
the hardness of the films formed must be measured.

In nano biosensors, physical, chemical and biological properties increase in addition to biocompatibility,
and sensors can be easily functionalized [13,25]. Biocompatibility refers to the interoperability of sensors with
biological components such as enzymes, DNA, and antibodies [13]. Carbon nanotubes are also very effective
in creating support structures for these sensors [25]. Alam et al. [22] obtained nanocomposites by creating a
solution in which the ratio of gelatin to glycerol was kept at 3:1 and adding single-walled carbon nanotubes to
this mixture at different ratios. They determined a possible interaction between the —OH group of water and
glycerol in the single-walled carbon nanotube solution and the NH,™ groups of gelatins. It was found that the
film's roughness increased due to the formation of the interface bond between the carbon nanotube and the
polymer matrix, along with the increase in the concentration of the single-walled carbon nanotube filler. Alam
et al., in another study [21], investigated the electrical conduction properties of the composite structure formed
by adding a multi-walled carbon nanotube aqueous solution, a small amount of gelatin solution and glycerol
as a plasticiser.

Hexagonal boron nitride (h-BN), which has the same lattice structure as graphene, has similar properties to
graphene, such as muscular mechanical strength and good adsorption performance [12,13,25]. In addition to
these properties, it also has superior properties to graphene, such as oxidation resistance, electrical insulation,
and wide energy gap band [21,26,27]. In addition, they play an active role in biomedical applications with their
properties, such as good biocompatibility, high chemical and mechanical stability, high elastic modulus, and
biodegradability [26].

Lima et al. [20] have used boron nitride-based nanocomposites in different applications by mixing the
aqueous dispersion of boron nitride nanoparticles with monomers or polymeric chains dissolved in water or,
in some cases, in ethanol. Good distribution of boron nitride in the hydrogel matrix dramatically improves the
mechanical properties by effectively increasing the load transfer. In addition, boron nitride can be used as a
filler material in hydrogels to increase biocompatibility and improve mechanical properties. It has also been
reported that nanoparticle-doped hydrogels enhance mechanical strength and Young's modulus and are also
used in drug delivery applications, intelligent systems and water treatment. Li et al. [28] performed molecular
dynamics simulations to systematically investigate the mechanical and thermal properties of carbon nanotubes
and boron nitrides. It was found that carbon nanotubes have a higher elasticity modulus, and their thermal
conductivity varies with different temperature changes.
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Algharagholy et al., which examines the effects of CNT and BN layers on sensor behaviour via electrical
conductivity, provides a detailed model for the sensitivity of molecular binding to conductivity changes and
molecular dissociation in the BN region. The analytical modelling focuses on electrical mechanisms and
sensitivity rather than our study's physical colour/gloss parameters [29]. The study, which includes thermal
and electrical properties of CNT and BN-added rubber polymer composites, EMI shielding with layering
approaches, and thermal conductivity, presents physical performance data at wt% levels, including the density
and distribution of additives, and nanomechanical effects of composite structures [30]. Another study
systematically analyses carbon nanomaterial-filled polymer sensors' physical (stiffness, flexibility) and
thermal (temperature sensing) sensitivities. While similar to our study in that it addresses sensor polymers'
stiffness, flexibility, and sensing behaviour, this study only includes carbon fillers instead of CNT/BN [31].
One study provides a general overview of sensor applications' physicochemical and mechanical performance
involving carbon nanomaterials such as CNTs, graphene, and fullerene. This review article examines sensor
functions (communication, environmental sensitivity, and long-term stability) using CNTs and partially
evaluates physical parameters [32]. Compares the sensor performance of CNT vs. BN nanotubes concerning
different functional groups (-NH2, -COOH, —NO:) and evaluates their ion response properties. This study
directly compares physical and electrical sensor performance (sodium and potassium ion sensitivity) [33]. In
this study, an effective bifunctional electrocatalyst was obtained for both oxygen reduction (ORR) and oxygen
evolution reaction (OER) by developing a nanocomposite based on carbon nanotubes (CNTs) and hexagonal
boron nitride (h-BN). CNTs and h-BN were synthesized by hydrothermal methods and annealed at 750 °C.
TEM, XRD, XPS, and Raman spectroscopy were used for structural and morphological characterisation.
Electrochemical performance was evaluated [34]. This study aims to evaluate the progress of carbon nanotube
(CNT)-based electrochemical sensors in biological analysis applications. Methods for the synthesis,
purification, functionalization, and integration into electrodes of CNTs are reviewed. The application of CNT-
based electrochemical sensors for detecting numerous biomolecules, including glucose, neurotransmitters,
proteins, DNA, cells, and microorganisms, is examined in detail. CNTs are described as suitable electrode
materials due to their high surface area, low overpotential, rapid electron transfer, and resistance to surface
fouling. Furthermore, their potential for widespread use in clinical diagnosis, food control, and environmental
analysis is highlighted [35]. In recent years, studies on biodegradable sensor technologies have increased the
search for environmentally friendly materials and the trend towards sustainable production techniques. For
example, Ko et al. (2021) significantly contributed to wearable sensor applications by fabricating solvent-free
CNT-doped flexible films [1]. In 2023, Bahrami Miyanji and his team highlighted the potential of CNT-
reinforced gelatin-based nanocomposite structures in tissue engineering [36]. Also in 2024, Zhao et al. detailed
the effects of CNT-doped carbon fibre composites on surface conductivity and mechanical strength [12].
Studies in the literature that examine the effects of changes in nano-sized BN and CNT additive ratios on the
physical properties of the resulting composites using glycerol and gelatin as a binder in biodegradable films in
such a detailed and comparative manner using artificial neural networks (ANNs) are rare. As seen in the
literature review [21,36-39], there are studies on biopolymer-based sensors containing CNTs and BN
additives, but these studies do not include physical parameter-focused ANN modelling. In the studies, it is
seen that the focus is generally on material structure, surface morphology, and thermal and mechanical
performance [40,41]. This gap exists, particularly in the simultaneous investigation of physical optical
parameters with modeling. Filling this gap in the literature will contribute to developing more effective and
reliable sensors in industry and biomedical fields. Sensors can be exposed to various external factors in their
environments. Sensors must have sufficient rigidity to absorb impacts. Furthermore, when positioned on a
flexible material like fabric, they must be able to operate in coordination with this material. Sensors must also
possess characteristics that ensure compatibility in terms of color and gloss within the systems in which they
are used. The color and gloss characteristics of sensors interact with heat and light sources, causing the data
being measured to be erroneous. Furthermore, due to this interaction, the signals transmitted to the sensor or
the signals it generates may be interpreted differently than intended. Color and gloss sensitivities directly affect
the operating conditions of the systems in which the sensors operate. Firstly, sensors are manufactured by
combining different elements. The quantity or size of each of these elements gives the sensor different
properties. In addition to functional properties, physical properties also vary depending on these elements.
Examining the impact of sensor elements on physical properties has been deemed an important topic. While
numerous studies have focused on the functional properties of sensors, the fact that their physical properties
have been studied less has motivated this study. This study is one of the first comprehensive comparative
studies to analyze the physical properties (gloss, AE, and hardness) of CNT- and BN-doped biodegradable
sensors using ANN (MLP). The literature typically examines functional properties such as electrical
conductivity and thermal stability. However, physical parameters such as AF, gloss, and hardness are crucial
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for visual perception and sensor performance under application conditions. Furthermore, simultaneous
measurement and modeling of these three physical parameters with an ANN fills a gap in the literature. In the
presented study, it is aimed to reveal the potential of CNT and BN by ANN methods to improve the
performance of materials used in sensor production. For this purpose, the surface morphology of biodegradable
films formed by using different ratios of nano additives, glycerol and gelatin will be investigated
experimentally. Then, the data obtained from the experiments for each parameter will be evaluated
comparatively with ANN.

2. MATERIAL AND METHOD
2.1. Materials

Commercial colourless gelatin (Bovine gelatin, Dr. Oetker (% 100%)- 2408155), glycerol (Glycerin-Health
(% 80%)- GL139), purified water-deionised water (DIW), EN/MWCNT703 (10-20 um - Ege Nanotek (%
95%)), BN (BORTEK Bor Technologies and Mechatronics Industry and tic. Inc. 120 nm-hexagonal structure)
purchased samples were used.

2.2. Method

The solution casting technique was used as an easy-to-produce, simple, cheap and highly efficient method
for an environmentally friendly, biodegradable and biocompatible sensor structure [22]. Since the starting
point of this study was to examine the effects of the changing concentration amount and various nanomaterials
on the sensors' physical properties, a suitable preparation plan was made for this purpose. The amounts and
levels of additives that make up the produced sensors are shown in Table 1.

Table 1. Parameters used in sensor preparation

Parameters Level1 Level2 Level3
Water (ml) 3 6 9
Gelatin (g) 0.15 0.30 0.45
Glycerol (g) 0.075 0.15 0.225
BN/CNT(g) 0.06 0.12 0.18

The Taguchi method was used as the experimental design and analysis method. Here, the steps of
determining the factors and interactions, determining the levels of each factor, selecting the appropriate
orthogonal matrix, transferring the factors and interactions to the columns of the orthogonal matrices,
performing the experiments, analysing the data, determining the optimal levels, and performing the verification
experiments were carried out. Fifty-four experiments were carried out for BN and CNT-doped sensors with
the L27 orthogonal experimental design (Table 2).

In preparing the sensors, gelatin and glycerol, preferred as a plasticiser, were dissolved in pure water at
room temperature in the amounts specified in the experimental parameters. Afterwards, CNT and BN solutions
were mixed separately and homogeneously. The formed solutions were poured onto transparent plates with
dimensions of 129x45x19 mm for sensor formation. These samples were left to dry for 8 hours in open air
flow at room temperature and separated from the transparent plates. The measurement process began after the
films were created. The stages of the study are shown in Figure 1.

In the glossiness meter that can measure at 20°, 60°, and 85°, 20° measurements are used to identify
glossiness surfaces, 85° measurements are used to identify matte surfaces, and 60° measurements are used to
identify both matte and glossiness surfaces [42]. In the study, the glossiness measurements of the sensors were
carried out at 20° and 60° with the MicroTRI-gloss p (Glossmeter) (BYK Gardner brand, TS4318 EN ISO
2813-2014) glossiness measurement device. 20° measurements were considered to define how bright the
sensors produced were, and 60° measurements were supposed to represent how close they were to matte.
Glossiness measurements were performed in triplicate, and the results were evaluated by calculating their
means and standard deviations.
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Table 2. Experimental design created with L27 Orthogonal array

Experiment no Water (ml) Gelatin (g) Glycerol (g) Coating amount (g)
1 3 0.15 0.075 0.06
2 3 0.15 0.075 0.06
3 3 0.15 0.075 0.06
4 3 0.30 0.150 0.12
5 3 0.30 0.150 0.12
6 3 0.30 0.150 0.12
7 3 0.45 0.225 0.18
8 3 0.45 0.225 0.18
9 3 0.45 0.225 0.18
10 6 0.30 0.075 0.18
11 6 0.30 0.075 0.18
12 6 0.30 0.075 0.18
13 6 0.45 0.150 0.06
14 6 0.45 0.150 0.06
15 6 0.45 0.150 0.06
16 6 0.15 0.225 0.12
17 6 0.15 0.225 0.12
18 6 0.15 0.225 0.12
19 9 0.45 0.075 0.12

20 9 0.45 0.075 0.12
21 9 0.45 0.075 0.12
22 9 0.15 0.150 0.18
23 9 0.15 0.150 0.18
24 9 0.15 0.150 0.18
25 9 0.30 0.225 0.06
26 9 0.30 0.225 0.06
27 9 0.30 0.225 0.06

Ge! (gr) Glycercl (gr)
Water (ml) / BN/CNT (zn)

-
.
. .
-
-
(V5]

Ot + 8 B8 gt » 6351

Figure 1. Working steps (1: Production, 2: Measurement, 3: Analysis)

Colour was measured depending on the concentration of CNT and BN-doped sensors prepared at different
concentrations. For this purpose, the Colorstriker colour measuring device (ASTM-D2244) was used, which
has the measuring feature in the CIE L*a*b* colour system (Figure 1). The measurements were carried out in
triplicate for both doped sensors. In the measurement of L*, a*, and b* values, L *Indicates the color change
from black to white (L* = 0 black, L* = 100 white). a*: Defines the colour change from red to green. The
tendency towards red is positive; the tendency towards green is negative. This range is defined by the values
+127 to -128. b*: It represents the colour range between yellow and blue. Like the a* value, this range is
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defined by the values +127 to -128 [42—44]. In the colour system, the origin of this system is a* =0, b* =0
and L *= 50, representing the actual neutral grey colour [43—46]. 4E was used to describe the colour properties
of the produced sensors with a single concept. The origin of the colour system was taken as a reference in AF
calculations. The amount of deviation from the origin was found using Equation 1 for each sensor base test
sample.

AE = \[(Ly — L,)* + (a, — az)? + (b, — b,)? 1

Here, AE defines the amount of color difference. L;, a;, and b; express the coordinate values of the neutral
gray color (L; =50, a; =0 and b; = 0), L», a> and b express the color values of the measured films.

The hardness measurement of the produced sensor structures was carried out with a Shore D hardness
measuring device (Tronic brand) (Figure 1). In this device, the measurement is made by inserting needles into
the films and measuring the depth of the inserted needle by applying a certain force to determine the relative
hardness degree. As with the other parameters, three repeated measurements were performed for each sensor
structure, then the average and standard deviation values were calculated.

This study used ANN because modelling complex and multiple parameters, such as 4E, gloss, and hardness,
using classical statistical methods can yield limited results. It allows for more effective modelling of the
interactions between parameters by evaluating the effects of parameters individually and collectively in
multivariate systems. It also provides flexibility in estimating the effects of different additive ratios and
performing optimisations. Furthermore, ANN is used in our study as a tool that complements experimental
methods and enables advanced analysis.

The MLP structure, an artificial neural network architecture (Figure 2), was created using the Matlab-nntool
interface and the classes created for each parameter are shown in Table 3. Since the effects of the selected
parameters on different outputs will be observed, classes specific to each production were created to make the
classification more accurate and precise. In this neural network, 67% of the dataset was used for training, while
33% was used for testing (data was selected randomly). The Levenberg-Marquardt (Train LM) adaptation
learning function was used to classify and model the MLP structure with five neuron input layers. The TrainLM
algorithm was chosen because it provides the fastest convergence for small neural network models operating
with small datasets and minimizes the error function efficiently. It is also frequently used for classification
models with small datasets in the MATLAB environment. Tansig was defined as the transfer function, and
the mean square error was determined as the performance function. The epoch number was determined as
1000, and the early stopping method and 33% test data separation were applied to prevent overfitting. Loss
function curves and validation error analyses have been added.

Hidden I..'1}'1.'r Output Layer

Input Output

9 4
Figure 2. MLP network architecture
Data for 4E, gloss, and hardness values were divided into four classes. When creating classes, the clustering
intervals were chosen to be equally sized and consistent with the natural distribution, considering the existing data
distribution. For example, for 4E, the observed values between 6.6 and 28.1 were divided into four equally spaced
classes. This classification enabled a more balanced class sampling in the ANN model and strengthened class
distinguishing features (Table 3).

Table 3. Classes of parameters

Class I Class 11 Class 111 Class IV

AE 6.6-11.9 12-17.3 17.4-22.7 22.8-28.1
Glossiness 20° 0.2-0.575 0.576-0.95 0.96-1.326 1.327-1.71
Glossiness 60° 0.9-3.37 3.38-5.84 5.85-8.31 8.32-10.78
Hardness (Shore D) 6.33-11.915 11.92-17.5 17.6-23.09 23.1-28.68

253



Keser, Kaya / Manufacturing Technologies and Applications 6(3), 248-262, 2025

In the last stage, the Taguchi optimisation method was used to obtain the optimum results for each value.
These results can sometimes be any of the existing experiments, and sometimes they can be the result of an
experiment other than the experiments performed. Therefore, verification experiments, which are a method
that can be used in these cases, were performed.

2.3. Advantages and Limitations of the Methods Used

The Taguchi method used in this study is a low-cost and time-saving method that allows for systematically
analysing the effects of parameters without the need for numerous experiments. Using the L27 orthogonal
design, optimal combinations were determined for three levels of each of the four parameters. However, the
Taguchi method only evaluates the main effects, revealing limited interactions between parameters; this neural
network requires additional modelling in complex systems. Therefore, the Multilayer Perceptron (MLP)
artificial neural network model was used in this study. MLP stands out for its ability to process different input
variables (numerical/measured) and learn complex and nonlinear relationships. The Levenberg—Marquardt
algorithm achieved high accuracy with a low epoch count. However, when the data set is small, there may be
a risk of overfitting. This study used test data separation (33%) and early stopping to mitigate this risk. In the
future, the model's generalisation ability can be improved with larger data sets.

3. EXPERIMENT AND OPTIMIZATION RESULTS

Each parameter was measured separately for all sensors. The averages of the measurement results were
calculated, and these values are shown in Table 4 and 5. In order to evaluate the data obtained from the
hardness, glossiness and AF data measurements of the samples, graphs were drawn in the OriginPro 2018
program.

Table 4. Physical properties of BN-based sensor substrates obtained from measurements

= T, 20 -
=2 & % Ei.s =
2. 2 < 8 s S & . .
A = = =S § < UE Glossiness  Glossiness ~ Hardness

z & o (20°) (60° (Shore D)
1 3 0.15 0.075 0.06 18.52 2.3 20.6 8
2 3 0.15 0.075 0.06 17.80 1.4 8.7 11
3 3 0.15 0.075 0.06 24.07 1 3 4
4 3 0.30 0.150 0.12 28.17 1.1 2.1 4
5 3 0.30 0.150 0.12 26.20 1.2 2.9 10
6 3 0.30 0.150 0.12 28.82 0.6 2 5
7 3 0.45 0.225 0.18 17.88 1.1 1 35
8 3 0.45 0.225 0.18 28.26 1.1 0.3 12
9 3 0.45 0.225 0.18 24.44 1.2 1.4 12
10 6 0.30 0.075 0.18 20.80 1.2 1.8 8
11 6 0.30 0.075 0.18 23.42 1.1 1.8 12
12 6 0.30 0.075 0.18 20.89 0.9 22 30
13 6 0.45 0.150 0.06 14.29 2.8 3.8 20
14 6 0.45 0.150 0.06 16.43 1.2 13.3 18
15 6 0.45 0.150 0.06 21.52 1.1 4.1 22
16 6 0.15 0.225 0.12 23.56 0.5 2.8 13
17 6 0.15 0.225 0.12 10.75 1.2 2.2 7
18 6 0.15 0.225 0.12 22.33 1.1 4.4 20
19 9 0.45 0.075 0.12 19.90 1.2 1.6 32
20 9 0.45 0.075 0.12 15.82 1.2 2.4 40
21 9 0.45 0.075 0.12 21.47 1.3 2 14
22 9 0.15 0.150 0.18 23.42 1.2 1.8 20
23 9 0.15 0.150 0.18 21.84 1.2 1.7 11
24 9 0.15 0.150 0.18 24.35 1.2 1.6 13
25 9 0.30 0.225 0.06 17.98 1.2 2.6 14
26 9 0.30 0.225 0.06 20.89 1.1 2.1 17
27 9 0.30 0.225 0.06 13.58 1.2 4.7 15
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Table 5. Physical properties of CNT-based sensor substrates obtained from measurements

= = o0 _
2 E I 3 EEF ot
s g £ 3 F20C . .
= = = S, S £ Glossiness Glossiness Hardness
= = 3 5 =% 4E 0% (60°) (Shore D)
1 3 0.15 0.075 0.06 28.24 0.5 2.8 18
2 3 0.15 0.075 0.06 5.32 1.2 4.8 18
3 3 0.15 0.075 0.06 17.42 2 7.3 22
4 3 0.30 0.150 0.12 16.36 0.2 1 16
5 3 0.30 0.150 0.12 11.44 0.3 1.2 13
6 3 0.30 0.150 0.12 5.88 0.7 34 20
7 3 0.45 0.225 0.18 8.35 0.9 4.9 23
8 3 0.45 0.225 0.18 22.95 0.2 2.1 11
9 3 0.45 0.225 0.18 20.41 0.1 0.8 21
10 6 0.30 0.075 0.18 28.77 0.2 2.2 21
11 6 0.30 0.075 0.18 23.72 0.2 0.8 15
12 6 0.30 0.075 0.18 28.62 0.2 1.1 30
13 6 0.45 0.150 0.06 10.72 0.6 3 24
14 6 0.45 0.150 0.06 5.29 0.5 1.6 20
15 6 0.45 0.150 0.06 3.74 0.8 33 23
16 6 0.15 0.225 0.12 11.24 0.4 1.4 16
17 6 0.15 0.225 0.12 14.24 0.7 0.2 16
18 6 0.15 0.225 0.12 2.20 0.9 2.8 21
19 9 0.45 0.075 0.12 21.97 0.8 2.2 10
20 9 0.45 0.075 0.12 12.73 0.6 1.9 28
21 9 0.45 0.075 0.12 2.13 1.7 8.4 19
22 9 0.15 0.150 0.18 19.02 0.9 2.4 21
23 9 0.15 0.150 0.18 17.08 0.7 24 21
24 9 0.15 0.150 0.18 16.14 3.1 7.1 19
25 9 0.30 0.225 0.06 19.08 0.5 1.6 8
26 9 0.30 0.225 0.06 16.33 0.7 1.1 14
27 9 0.30 0.225 0.06 20.13 1.1 24 28

In general, sensors with BN additives show higher values. However, except for studies where colour change
in sensors needs to be monitored (such as colourimetric sensor structures), it is desired to have no or very little
colour change. When evaluating concentration-dependent colour change values, choosing the fifth
experimental group with CNT additives would be more accurate since the colour change is minimal (Figure
3).

30 + =— BN Doped
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Figure 3. 4E change

Parameters such as the purpose of the sensors and the experimental environment in which they will be used
are effective in selecting glossy or matte. The glossiness of the sensors can be clearly distinguished in the 20°
graph, and the glossiness is higher in BN-doped sensors. In order to create a glossy sensor structure, it is better
to examine the graph in Figure 4 and select the fifth experimental group with BN doping, which has higher
glossiness.
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When Figure 5 is examined, it is seen that the hardness value of CNT-doped sensors is generally higher.
Since neither a hard nor a soft structure is desired in the sensor architecture, choosing CNT-doped sensors with
an average hardness value would be more accurate.
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Figure 5. Hardness change

When the effects of sensor components on the 4 on the classification success rate are interpreted using
MLP results obtained using 54 data sets separately for each parameter, it is seen that the classification accuracy
rates are pretty high when examining the gloss and hardness parameters (Figure 6). When examined according
to the correlation coefficient, it is revealed that each parameter can be easily classified and distinguished with
accuracies of 95%, 88.3%, 84%, and 99.9%, respectively. It is observed that the amount of change in each
component allows for a clear distinction between the examined parameters. High accuracy values were
obtained, particularly for the hardness parameter. This is primarily due to the hardness parameter being closer
to a linear distribution, resulting in more distinct class separation, a clear separation of the class intervals used
in the model, and a balanced training data balance. The model was created with a 67% training-33% test split,
and 99.9% accuracy was achieved on test data not included in the training set. This significantly reduced the
risk of overfitting. Additionally, early stopping was used.

To determine the optimum parameter for each factor, main effect graphs created using S/N response were
given and evaluated separately (Figures 7-10). The best value for any parameter was found according to the
most significant S/N ratio obtained among all parameter levels.
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When the graph is evaluated (Figure 7a-b), it is seen that 6 ml of water, 0.30 g of gelatin, 0.225 g of glycerol,
and 0.12 g of coating values are effective parameters for BN-doped sensors. While a decrease in the S/N ratio
is observed as the doping amount increases, the S/N ratios are pretty close to each other in cases where the
gelatin amount is 0.15 g and 0.45 g. For CNT-doped sensors, these values are 6 mL of water, 0.45 g of gelatin,
0.225 g of glycerol, and 0.06 g of coating, respectively. In these sensors, the S/N ratios are pretty close in cases
where the coating amount is 0.06 and 0.12 g.
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It is seen that 9 ml of water, 0.15 g of gelatin, 0.225 g of glycerol, and 0.06 g of coating values are effective
parameters for BN-doped sensors (Figure 8a). In addition, the S/N ratio increased as the amount of water
increased, while the S/N ratio decreased as the amount of coating increased. For CNT-doped sensors, 9 ml of
water, 0.30 g of gelatin, 0.75 g of glycerol, and 0.06 g of coating are the effective parameters (Figure 8. b). As
gelatin increased in these sensors, the S/N ratio decreased.
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Figure 9. Glossiness 60° a) BN b) CNT

When the graphs in Figure 9 are evaluated, it is interpreted that 6 ml of water, 0.30 g of gelatin, 0.075 g of
glycerol, and 0.06 g of coating values are effective parameters for BN-doped sensors. In these sensors, it is
seen that the increase in the amount of gelatin causes the S/N ratio to decrease. 9 ml of water, 0.15 g of gelatin,
0.225 g of glycerol, and 0.06 g of coating are effective parameters for CNT-doped sensors. When the amount
of gelatin is 0.15 to 0.30 g, the S/N ratio does not change much, but the S/N ratio decreases as the amount of
glycerol and the amount of additives increase.

In terms of hardness, when evaluated by looking at the main effect graphs (Figure 10), 9 ml water, 0.30 g
gelatin, 0.225 g glycerol, and 0.06 g coating values are effective parameters for BN-doped sensors. For CNT-
doped sensors, 9 ml of water, 0.15 g of gelatin, 0.225 g of glycerol, and 0.06 g of coating values are effective,
respectively. In these sensors, the S/N ratio increases as the amount of water and glycerol increases, while the
S/N ratio decreases as the amount of doping increases.
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When we look at the verification experiments, we see that an experiment with optimum results for the
hardness parameter was included in the experimental sets. However, the optimum results for 4F and glossiness
were obtained under different conditions than the existing experiments. The values obtained from the
calculations and verification experiments are presented in Table 6. When we look at the predicted value and
validation experiment results, we see that the difference is relatively small, and these results confirm the other
stages of the study.

Table 6. Optimum results and validation experiments for parameters

BN Doped Sensors CNT Doped Sensors
Taguchi Levels Predicted Validation Levels Predicted Validation
Optimization Value Experiment Value Experiment
6 mL 6 mL
030¢g 045¢
AE 0.225 g 21 25.96 0.225 g 22.4 17.7
0.12¢g 0.06 g
9 mL 9 mL
~ o 0.15g 030g
Glossiness 20 0.225 g 1.66 1.3 0.075 g 1.7 1.9
0.06 g 0.06 g
6 mL 9mL
~ o 0.30g 0.15¢g
Glossiness 60 0.075 g 9 9.9 0.225 ¢ 4.8 5
0.06 g 0.06 g
9mL 6 mL
030¢g 030¢g
Hardness 0225 g 20.3 17.5 0.075 g 21 22
0.06 g 0.18 g

In this study, the effects of nano-sized BN and CNT additives on gloss, colour difference (4E), and hardness
in biodegradable gelatin-based sensor structures were analysed in detail. The measured parameters were
evaluated using traditional statistical methods and a multilayer artificial neural network (MLP) model. In the
classification analysis conducted with ANN, the highest accuracy was obtained for the hardness parameter
(99.9%), followed by 4E (95%), gloss at 20° (88.3%), and 60° (84%). These results demonstrate that ANN
modelling has a strong discrimination ability on physical parameters. Based on the experimental findings, less
colour change was observed in CNT-added samples, demonstrating the advantage of CNTs in applications
where visual perception is important. Conversely, higher gloss values were observed in BN-added samples.
Optimum results were obtained for the hardness parameter with a moderate CNT additive. Consequently,
appropriate parameter combinations were suggested for different application scenarios of the sensor structures
used in this study. The study's results reveal the effectiveness of ANN in measuring physical parameters and
in the advanced modelling and optimisation of such systems.

These biodegradable sensors can be used in areas requiring visual assessment, such as food packaging and
environmental humidity and gas measurements. 4E and gloss parameters are critical in colour-based sensing
systems. Compared to traditional metal oxide sensors, the advantages of these structures include low cost,
biocompatibility, and environmentally friendly production processes. The solution casting technique used in
this study is known for its low cost and suitability for industrial production. Furthermore, the widespread
availability and processability of the materials used increase the potential for scalable production of these
Sensors.

Compared with the literature, it was observed that the AE and gloss values obtained in this study differed
depending on the type and ratio of additives. For example, in the studies of CNT-doped biocomposite films by
Alam et al. (2022), colour saturation increased while flexibility decreased [21]. The current study observed
that the AF value changed less with low CNT concentrations, which is consistent with the optical stability
reported in the literature. On the other hand, the high gloss values of BN-doped sensors are consistent with the
findings of researchers such as Giannopoulos and Lima regarding the surface smoothness and optical
reflectivity effects of BN [20,47]. In terms of hardness, molecular dynamics simulation studies by Li et al.
revealed that the elastic modulus of CNT is higher than that of BN, which explains the broader distribution of
hardness values in CNT-doped sensors in our study [28]. Therefore, the results are consistent with experimental
perspective and literature on the correlation between material structure and physical properties.
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4. CONCLUSIONS

This study presents the evaluation of the results of 4 parameters that have not yet been evaluated together

with the production of biodegradable nano-sized BN and CNT doped sensors, which have not been used in
other studies in the literature, with three different methods. The study focuses on which type and amount of
additives can be preferred for different studies rather than determining a definite additive or concentration.
The following conclusions were drawn from this research:

Our study is one of the first comprehensive comparative studies analysing the physical properties
(gloss, 4E, and hardness) of CNT- and BN-doped biodegradable sensors using ANN (MLP).
Physical parameters such as AE, gloss, and hardness are crucial for sensor performance in visual
perception and application conditions.

The simultaneous measurement and modelling of three physical parameters using an ANN fills a gap
in the literature.

This gap has been filled, particularly in the simultaneous investigation of physical optical parameters
with modeling.

For AE, the fifth experimental group with CNT additives should be selected.

In the glossiness 20° graph, the glossiness is high in BN-doped sensors.

AE is classified with a 95% accuracy rate with MLP.

Glossiness 20° is classified with 88.3% accuracy, while this value is 84% at glossiness 60°.

Hardness values are classified with 99.9% accuracy in these sensors.

For AF parameter, 6 ml of water and 0.225 g of glycerol are effective parameters.

While 9 ml of water and 0.06 g of doped amount are effective parameters for 20° gloss, this is 0.06 g
of additive for 60° gloss.

Regarding hardness, 9 ml of water, 0.225 g of glycerol and 0.06 g of doped amount are effective
parameters.

When the predicted value and the verification experiment results are examined, it is seen that the
difference is relatively small.
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