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EDITORIAL

I am excited to announce the second issue of Natural Sciences

and Engineering Bulletin (NASE) which started to publish in
May 2024, as the journal of Graduate School of Natural and
Applied Sciences of Gaziantep University.

O

‘ The positive feedback we received after our first issue has
confirmed that we are on the right path and has motivated us to
further improve the journal. One of the main goals of our
journal is to provide medium for sharing and disseminating
) . technological developments, new ideas and research results in
7 the fields of natural sciences and engineering, within the rules
of ethics and scientific understanding, as an indexed journal. We believe that we are one step closer to this goal
with this issue.

The issue contains five articles from the disciplines of metallurgical and materials engineering, industrial
engineering, electrical and electronics engineering and food engineering. All articles have been peer-reviewed
using the double-blind review system. As the Editor-in-Chief, | would like to express my gratitude to all authors
and reviewers who contributed to this issue. | would like to extend my special thanks to NASE Associate Editors
Assoc. Prof. Dr. Mine MENEKSE YILMAZ and Prof. Dr. Tolgay KARA for their valuable efforts. I would also
like to thank Prof. Dr. Emrah CINKARA, NASE Language Editor, and Dr. Esra UNLU and Sibel TUTAR,
Technical and Ethical Editors, for their valuable contributions.

I would like to invite you to submit your original research papers to NASE in the future so that this journal can
fulfill its mission and benefit the scientific community. On behalf of the editorial board, authors and reviewers, |
would like to welcome you to our second NASE issue.

Prof. Dr. Cigdem AYKAC
Editér-in-Chief

Director of Graduate School of Natural and Applied Sciences of Gaziantep University
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Mn-Cu Based Coating on Graphite Cycling in Alkaline and Neutral Electrolytes for
Flexible Supercapacitor Applications

Abdulcabbar YAVUZ", Hiiseyin FAAL?

Keywords Abstract — Notable advancements have been made in the advancement of technologies utilizing
Flexible Electrode, flexible screens and sensors. However, the progress in the field of flexible energy storage devices
Energy Storage, has been comparatively restricted. Research on flexible energy storage electrodes is necessary
lonic Liquid, because of the crucial role of flexibility and stretchability in wearable, biomedical, and portable
Deep Eutectic electronic devices. This study examines the electrochemical characteristics of graphite filaments
Solvent, covered with alloy which possesses flexibility. Electrochemical synthesis of Mn-Cu-based
Potential Window modified graphite was achieved using a deep eutectic solvent at varying static voltages. Analyzed

in this study was the electrochemical deposition performance of films in Ethaline deep eutectic
solvent, as well as the subsequent cycling of the resultant electrodes in a KOH, Na,SO, and the
mixture of KOH and Na,SO, electrolytes. The potential window used for this analysis was
increased to 1.5 V. The graphite substrate, coated with Mn-Cu through the application of a voltage
of —1.9 V, exhibited a length capacitance of 109 mF cm when cycling electrolyte is the mixture
of KOH and Na,SO,. The film exhibited extensive surface covering and showed promise for
utilization in energy storage applications.

1. Introduction

As we approach the end of the first quarter of the twenty-first century, it is obvious that the increase in energy
and electricity consumption has produced a serious issue. Rapid population increase and changing consumer
habits are the two main causes of this global problem because a rapid population could spend more energy.
Additionally, daily life in many countries has been changed due to technological improvement. Almost all
technological devices (mobile phones, computers, electric vehicles, household goods, etc.) are based on energy
consumption. A sizeable amount of the total energy consumption is jointly accounted for by the industrial,
transportation, and construction sectors. Global energy demand could be anticipated to double by 2050 and triple
by the end of the century. Increasing the efficiency of the current traditional energy systems alone might not be
sufficient to meet this demand sustainably (Guney and Tepe, 2017; Mitali et al., 2022).

It seems that conventional energy sources have harmful environmental effects that lead to ecological problems
such as acid rain, ground-level ozone production, air and water pollution, global warming, and ozone layer
depletion. The quick depletion of available fossil fuel resources has also compelled energy supply firms around
the world to think about ways to increase the efficiency and economy of the use of current energy sources, as
well as to take action to develop new energy resources. Renewable energy sources were created as a result of
overcoming these difficulties and improving the sustainability of energy storage techniques, and they offer
significant advantages both economically and environmentally (Hannan et al., 2021; Yang et al., 2018).

In terms of energy usage and power management, energy storage technologies are crucial. It contributes to a
sustainable, safe, and clean way of future energy needs. There are numerous techniques for energy storage
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including capacitors and supercapacitors (Luo et al., 2015; Sharma et al., 2019); sodium-sulfur (NaS), lithium-
ion, nickel-cadmium (Ni-Cd) and lead-acid batteries (Kalhammer and Schneider, 1976); fuel cells, mechanically
pumped hydropower (Luo et al., 2015), compressed air energy storage systems (CAES), and flywheels.
Supercapacitor technologies with fast charge-discharge capabilities have become increasingly prominent as a
case of the need for high-power applications, maintaining energy quality, and satisfying continuous energy
demand (Ho et al., 2010). They have the potential to serve as a more eco-friendly form of energy storage, as they
generally contain fewer chemicals that are harmful to the environment and can be recycled. However, it is
important to note that while they may reduce the presence of toxic substances, this does not entirely eliminate the
possibility of such chemicals being present in certain formulations (Wen et al., 2015). Supercapacitors might,
therefore, be crucial components of energy storage systems in the future (Gonzalez et al., 2016). Some
supercapacitors are based on the principle of electrostatic storage, which is achieved by applying a voltage
between two electrodes. These kinds of supercapacitors are referred to as electric double-layer capacitors
(EDLC). Energy could be stored through an electrolyte solution between two solid electrolytes. Pseudocapacitors
and hybrid supercapacitors (their details are given in Section 2) are other main categories of supercapacitors
within the context of energy storage techniques (Li et al., 2008).

Electric double-layer capacitors (EDLCs) improve storage capacities by increasing electrical conductivity,
increasing the surface area of the electrodes, and reducing pore size (Arumugam et al., 2023). Pseudocapacitors
store energy by reversible multi-electron redox faradaic reactions (Sahin et al., 2020). Pseudocapacitors could
have higher specific capacitance values, while EDLCs generally exhibit greater cyclic stability and superior
power density and energy density performance. As the name implies, hybrid systems also give the option of
combining the power source of a capacitor-like electrode (EDLC structure) with the energy source of a battery-
like electrode (pseudocapacitor) in the same cell (Iro et al., 2016). The EDLC generally consist of carbon-based
materials. The materials of pseudocapacitors are hydroxide, sulphide and oxide-based metals/alloys such as Mn
(Mohanty et al., 2023) and Cu (Sayyed et al., 2023). Additionally, conducting polymers are also the material of
pseudocapacitors. When different materials belonging to EDLC and pseudocapacitors are combined, hybrid
supercapacitors can be obtained.

The main components with a significant impact on the performance of supercapacitors are electrodes and
electrolytes (Yavuz et al., 2022). The elements that store and release this energy are identified as electrodes
(Baig et al., 2023). Electrolytes are defined as those that provide energy storage and release processes at the
interface and facilitate the movement of ions. Therefore, the selection of the correct electrolyte and electrode is
important for supercapacitors' performance and efficiency (Iro et al., 2016). Therefore, we have focused on the
combination of both electrodes and electrolytes in this study.

The material, structure, conductivity, surface area and electrochemical properties of the electrode are critical
factors that influence the electrode's selection. For instance, a combination of EDLC and pseudocapacitive
materials could be fabricated for high-performance supercapacitors. In this study, active alloy-coated flexible
graphite electrodes have been studied to analyse supercapacitor performance. These coatings could create a
larger surface area of the electrode and increase the interaction with the electrolyte. Thus, electrode selection
could increase the energy storage capacity by enabling more interaction on the electrolyte interface of the
electrodes (Arumugam et al., 2023).

Deep eutectic solvents (DESs) and ionic liquids (ILs) have shared characteristics, such as being liquid at very
low temperatures and exhibiting little volatility; they are classified as separate categories of solutions. lonic
liquids are purely ionic compounds, usually consisting of a sizable organic cation and an inorganic or organic
anion. Deep eutectic solvents are created by the interaction of a hydrogen bond donor and a hydrogen bond
acceptor. This often leads to the formation of a mixture consisting of a quaternary ammonium salt and a
hydrogen bond donor, such as urea or aromatic acid. By causing a depression in the melting point, this
interaction results in the formation of a eutectic mixture. Contrary to ILs, DESs are not completely ionic and are,
hence, more convenient and cost-effective to manufacture. Various electrolytes such as DESs, sodium sulfate
(Na,S0O,) (Purushothaman et al., 2012), potassium hydroxide (KOH) (Brisse et al., 2018), a mixture of sodium
sulfate + potassium hydroxide (Na,SO, + KOH) (HCI) (Niknam et al., 2022) and hydrochloric acid could be
used for electrodeposition and cycling of electrodes.
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The main aim of the study is to analyze the interactions between selected electrodes and electrolytes and how
their variations could influence supercapacitor performance. This could be used for the development and
optimization of supercapacitor technology. In this research, electrodes, electrolytes, and the interactions between
these two components were investigated. The resulting data could be used to evaluate the parameters affecting
supercapacitor properties. This research could contribute to our understanding of how these electrolytes and
electrodes could affect supercapacitor performance. Mn-Cu-based electrodes were electrodeposited on the
graphite layer. After the coating process, modified electrodes were transferred to various electrolytes such as
sodium sulfate (Na,SO,), potassium hydroxide (KOH), sodium sulfate and potassium hydroxide mixture
(Na,SO, + KOH) and hydrochloric acid (HCI) in order to compare their electrochemical performance. This study
is the first to electrodeposit Mn-Cu alloy onto a graphite layer using a deep eutectic solvent. Furthermore, it is
the first to investigate the electrochemical performance of this alloy in various electrolytes, including alkaline,
acidic, and neutral solutions, with a particular focus on the novel Na,SO, + KOH mixture.

2. Materials and Methods

A solution of Ethaline deep eutectic solvent was created by combining two parts ethylene glycol with one part
choline chloride, then heating the mixture at a temperature of 65°C for a duration of 45 minutes. A solution
containing 0.5 M MnCI2 and 0.5 M CuCI2 was produced using an Ethaline deep eutectic solvent. Due to the
rapid solubility of both metal chlorides in Ethaline deep eutectic solvent, the mixing duration was limited to a
short period of time (usually 10 minutes). A solution was prepared by combining equal quantities of 1 M MnCl,
and 1 M CuCl, in a glass beaker at a temperature of 65°C. The resulting solution contained 0.5 M MnCl, and 0.5
M CuCl,. The graphite electrodes were directly submerged in Ethaline in order to electrodeposit Mn-Cu alloys.
No pretreatment step was applied. Cyclic voltammogram curves were generated for the deposition baths
containing pure Ethaline, Ethaline with Mn?" ions, and Ethaline with Cu®* ions. These curves were used to
analyze the electrochemical deposition behaviour of pure Ethaline, Mn, Cu, and Mn-Cu in Ethaline on graphite
electrodes. Three distinct static voltages (-1.6 V, -1.9 V, and -2.2 V) were individually supplied to the graphite
electrodes for a duration of 300 seconds at a temperature of 65°C in order to produce the alloys.

A three-electrode system was used for the growth and electrochemical characterisation of the electrodes. The
reference electrode containing an AgCl layer covered on Ag wire and a saturated potassium chloride electrolyte
in a glass body is used in aqueous solutions. In deep eutectic solvents (DESSs), a silver wire is used as a direct
reference electrode. The counter electrode was titanium-coated ruthenium mesh. Graphite-coated tape was used
as a working electrode. The potentiostat was controlled using a VersaSTAT 3, Princeton Applied Research
model potentiostat manufactured by AMATEK Company (USA). The list of chemicals utilized to produce the
findings in this study is manganese (Il) chloride dihydrate (MnCl,.2H,0, >%99, Merck), copper (I) chloride
dihydrate (CuCl,.2H,0, >%99, Merck), choline chloride (HOC,H,N(CHs)sCl, >%99, Alfa Aesar), mono
ethylene glycol, >%99, Nebioglu), potassium hydroxide (KOH, >%90, Tekkim), sodium sulfate (Na,SO,, >%90,
Merck).

The preparation of the graphite-coated flexible tape electrode is presented in Figure 1. The first step in cleaning
the surface of the bulk graphite substrate is to carefully wipe the main graphite surface from which the samples
will be taken with a clean napkin. This process ensures that any visible dirt, dust, or debris on the surface is
removed (Figure 1a). After the cleaning process is completed, 600 mesh sandpaper is used to make the surface
smoother. At this stage, the graphite surface is carefully sandpapered until it has a flat structure like a transom. In
this way, the substrate surface gains a smooth and homogeneous structure (Figure 1b). After the sanding process,
the graphite surface reaches a clean and flat structure. Now, for basic processing, transparent tape is used to
cover the substrate surface and prepare it for further processing. This tape is carefully placed on the graphite
surface, and the taping process is performed (Figure 1c). The tape is adhered to the graphite surface by pressing
lightly. This pre-bonding step ensures that the tape adheres properly to the surface. The tape is well adhered to
the graphite surface. This step ensures that the tape adheres more firmly to the surface and eliminates possible air
bubbles. Finally, the tape is completely adhered to the graphite surface, leaving no loose edges or gaps. This step
allows the tape to form a tight bond with the graphite surface (Figure 1d). As a result of the banding process, the
graphite surface is covered with tape, and a flexible graphite film is formed. This flexible graphite film is
removed from the graphite surface to obtain a thin, flexible substrate (Figure 1e & 1f). The samples are prepared
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by measuring and cutting the flexible graphite-coated tape (Figure 1g) to the desired size (1 cm?). These samples
have been used as current collectors (Figure 1h & 1i).

Figure 1. Photographs showing the preparation of flexible tape graphite substrate; a) Cleaning the surface of the
graphite; b) Sandpapering the surface of the graphite; c) Covering the substrate surface with a tape; d) Adhered
to the graphite surface by pressing lightly with glass rod; e) Removing thin flexible graphite film from the
graphite surface; f) Homogenising the surface of the graphite tape; g) Cutting the flexible graphite tape;h)
Obtaining a graphite film sample of 1 cm? size; i) The obtained samples are preserved for the electrode coating
test steps after quality standard control.

Once all the sodium sulfate (Na,SO,) or potassium hydroxide (KOH) were completely dissolved in the water, 1
M Na,SO,4 and 1 M KOH solutions were obtained. As a final step, the equal volumes of these two solutions were
mixed in a new beaker, resulting in an electrolyte solution consisting of 0.5 M KOH + 0.5 M Na,SO,. This
meticulously prepared electrolyte solution was then ready for use in the experimental procedures. The modified
electrodes were then submerged in solutions containing potassium hydroxide (KOH) and sodium sulfate
(Na,S0y,), as well as solutions containing combinations of these two electrolytes in equal amounts, to reveal their
electrochemical behaviours. By utilizing chronocoulometric, chronoamperometric, cyclic voltammetric, and
cyclic polarisation techniques, the electrochemical properties of both pure graphite and coated graphite
electrodes were examined. These attributes included capacitance calculations, stability, energy storage
capabilities, and rate-limiting reactions.

3. Results and Discussion
3.1. Growth of electrodes

The chronocoulometric analysis method was used to apply -1.6 V, -1.9 V, and -2.2 V potentials to graphite-
based samples in an Ethaline solution containing 0.5 M MnCl, + CuCl, at 60 °C for 150 seconds. This allowed
us to determine the growth of manganese and copper alloys by electrochemical deposition on the graphite
electrode. The red line in Figure 2a is the cyclic voltammogram responses of graphite in Ethaline, including Cu®*
ions. Oxidation and reduction of copper are observed at around -0.5 V. Redox reactions of Mn®* in the
electrolyte have been observed (see green line of Figure 2a) with the reduction of Mn starting at around -1.5 V,
which could be associated with the initial stages of Mn deposition and growth. These peaks do not belong to the

4
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graphite electrode as the black line in Figure 2b, which is a cyclic voltammogram of graphite in pure Ethaline,
does not illustrate redox peaks. Oxidation and reduction peaks of Ethaline having both ions (Cu®* and Mn?*)
appear (see blue line in Figure 2b). The application of a potential less than 1.5 V could cause the growth of Mn-
Cu alloy. The growth of a manganese and copper alloy on a graphite electrode over 150 seconds at potentials of -
16V, -1.9 V, and -2.2 V, as well as the alloy's capacity and charging period. The electrochemical plating
procedure can be optimized using this data to produce the optimum manganese copper alloy for graphite
electrodes. Chronocoulometric results were obtained by the integration of chronoamperometry data.

0,002 0,015+
(@) 1 (b)
0,001 0,010
'
0,000 ]
/d 0,005 -
) 4
2 -0,001 A s
= = 0,000
-0,002 1
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i 2+ 0 -0,010 4
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Figure 2. Cyclic voltammogram results of bare graphite in a) Ethaline having CuCl, (red line) and Ethaline
having MnCl, (red line) and b) pure Ethaline (black line) and Ethaline having both CuCl, and MnCl, (blue line).
The scan rate and temperature of the experiments are 50 mV s and 60 °C.

The chronoamperometry method was employed for electrodeposition of manganese and copper metals onto
graphite tapes (Figure 3a). Chronocoulometric data of the electrochemical deposition of a manganese-copper-
based layer on the graphite electrode in Figure 3b. The charge change will be, accordingly, a stabilized line over
time if the current flux approaches a constant value with time. This shows that the electrochemical reaction has
reached equilibrium, and the current is stable.
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Figure 3. The chronoamperometry and chronocoulometry responses of Mn-Cu growth at 60 °C for 150 seconds
a) chronoamperometry data of Mn-Cu alloy growth on graphite coated tape by application of -2.2 V (black line),
-1.9 V (red line) and -1.6 V (blue line), and b) chronocoulometry data of the growth given in panel a.
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It is known that the current graph expresses the change in the amount of charge (coulomb) carried in a certain
time. For this reason, over time, a constant current results in a steady build-up of charge. When the current is
high, the charge accumulation starts quickly and then increases more quickly over time. This indicates that the
electrochemical process is proceeding steadily and that the current does not change with time.

3.2. Electrochemical Characterisation of the Electrodes
3.2.1. Mn-Cu electrodeposited by application of -1.6 V

In the initial stage, graphite surfaces were coated with Mn-Cu films under a constant potential of -1.6 V using a
solution containing 0.5 M Mn*? and 0.5 M Cu*? ions in Ethaline. This process enabled the deposition of metal
alloys onto the graphite surfaces. Then, the electrodes were immersed in different electrolyte liquids determined
as 1 M Na,SO, and 1 M HCI in the range of -1 to 0.5 V with the same scanning rate. Cyclic voltammetry tests
were performed at the same scanning rate to examine their electrochemical behaviour. Upon evaluating the
results of the cyclic voltammetry tests, as depicted in Figure 4a and 4c, the current density in the HCI-based
electrolyte decreases upon cycling and reduction-oxidation peaks become stable after tens of cycling, and current
ranged from -0.5 mA cm? to +0.5 mA cm Additionally, in the Na,SO, electrolyte, this value corresponds to
peaks within the range of -4 mA cm? to +1 mA cm™. The current graph is stable, meaning that this electrolyte
could be used for cycling in the area of energy storage devices. Moreover, upon reviewing Figure 4b and 4d, it
became evident that the cyclic stability of HCI acid was lower compared to that of Na,SO, electrolyte, and cyclic
stability did not establish quickly. Therefore, we concluded that HCI acid is not suitable for electrochemical tests.
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Figure 4. a) The cyclic voltammetry responses of Mn-Cu alloys cycling in 1 M Na,SO,. b) 1% and 8" cycle of
Mn-Cu alloy in 1 M Na,SO,. ¢) Cyclic voltammetry responses of Mn-Cu alloys cycling in 1 M HCI. d) first and
15" cycle of Mn-Cu alloy in 1 M HCI. The electrodes were electrodeposited by application of -1.6 V in Ethaline

containing Mn? and Cu?* ions.
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Furthermore, with insights gained from the results of cyclic voltammetry tests conducted in various electrolytes,
an important role of electrolyte selection in influencing electrochemical properties and energy storage capacity
has been discovered. The coating process, which was carried out by applying a potential of -2.2 V to the graphite
surfaces by using an Ethaline solution containing 0.5 M Mn*? and 0.5 M Cu*?, was completed. Figure 5
illustrates the decrease of current upon cycling. However, the current responses evolve and become stable.
Figure 5c illustrates the area under the current-voltage curve of the mixing electrolyte is higher than that of the
other electrolyte. Figure 5¢ confirms that the mixed electrolyte is a more efficient option in terms of charge

storage capacity.
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Figure 5. a) The cyclic voltammetry responses of Mn-Cu alloys cycling in 1 M KOH. b) 1% and 14" cycle of
Mn-Cu alloy in 1 M KOH. c) cyclic voltammetry responses of Mn-Cu alloys cycling in 0.5 M Na,SO;+ 0.5 M
KOH. d) 1 and 5" cycle of Mn-Cu alloy in 0.5 M Na,SO, + 0.5 M KOH. The electrodes were electrodeposited

by application of -2.2 V in Ethaline containing Mn? and Cu?* ions

A preliminary study was conducted to determine the effects of different solution compositions and voltage levels
on the electrochemical performance of Mn-Cu coatings and approach optimal values. In this preliminary study,
processes were carried out using different solutions with varying compositions and concentrations, such as KOH,
Na,SO,, and 0.5 M KOH + 0.5 M Na,SO,4, employing three uniform voltage levels (-1.6, -1.9, and -2.2 V) for
each solution. In this case, consistent voltage levels were applied for each solution. As a result of these processes,
it was observed that the coating had a significant impact on the electrochemical performance of the electrodes (in
Figure 6). Particularly, in processes conducted within 1 M KOH, 1 M Na,SO,4, and 0.5 M KOH + 0.5 M Na,SO,
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mixed solutions, it was noted that the different voltage levels (-1.6, -1.9, and -2.2 V) did not yield the same. The
cyclic voltammogram responses of the alloy-based coatings were examined by comparing the current values of
bare graphite and Mn-Cu coated graphite in the solutions of 1 M KOH, 1 M Na,SO, and the mixture of 0.5 M
KOH + 0.5 M Na,SO, in Figure 6. The current value given by bare graphite in three solutions is approximately
0.4 mA (in Figure 6a, b, c). Mn-Cu coated graphite has been observed to provide around 4 mA in 1 M KOH
solution (in Figure 6a) and about 6 mA in 1 M Na,SO, solution (in Figure 6b). However, the current value
generated by Mn-Cu coated graphite tapes at a potential of -1.9 V in a mixture of solution of 0.5 M KOH and 0.5
M Na,SO, was calculated to be around 6.5 mA (in Figure 6c).

As a result of the cyclic voltammogram data, it was observed that the electrochemical performance of Mn-Cu-
coated graphite was significantly higher compared to that of bare graphite. In this context, it was determined that
the optimal operating voltage was -1.9 V, and it was planned to continue the experiments using three different
solvents. These experiments are important steps toward further optimizing the electrochemical performance.
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Figure 6. The cyclic voltammogram results of all types of graphite films cycled a) in 1 M KOH (v = 50 mV s™).
b) 1 M Na,SO, (v =50 mV s™). ¢) 0.5 M Na,SO, + 0.5M KOH (v =50 mV s™)

Figure 7 is obtained when the experiment was carried out by taking Mn-Cu coated graphite samples obtained by
applying -1.6 V potential using Ethaline. Then, the samples were subjected to cyclic voltammetry experiments in
three different electrolyte solutions with electrode potentials ranging from -0.9 V to 0.2 V. Different scan rates
(100 mV/s, 50 mV/s, 25 mV/s, and 10 mV/s) were used for these studies.

All graphs in Figure 7 show the increase in the current density of Mn-Cu alloys obtained at different electrode
potentials with the increase in scanning speed. These observations explain that the current density in
electrochemical reactions is a reflection of the rate of charge transfer. As the scanning speed increases, the
amount of charge transfer per unit time increases, increasing current density. The data shown in Figure 7b,
however, also show a distinct scenario. Current density maxima are observed in these figures at -3 and 3 mA cm’
2 Comparatively to Figures 7a and 7c, this figure's area under the curve is noticeably smaller. This implies that
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the electrolyte in Figure 7b has less storage capacity and electrochemical capacity than the covered surfaces of
the other samples.
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Figure 7. The cyclic voltammetry data Mn-Cu coated from Ethaline Deep Eutectic Solvent on graphite by

application of -1.6 V and now cycling in a) 1 M KOH; b) 1 M Na,SO, and c) an electrolyte consisting of 0.5 M
KOH and 0.5 M Na,SO,. The scan rates are given in the panels. d) Plot of the area capacitance of the electrodes

given in panel a, panel b, and panel ¢ depending on scanning speed.

The specific capacitance (C) is generally expressed using the following formula:

2 1av

T AAV

v

Where:

C is the specific capacitance (F cm™),

| represents the current density (A cm),
AV stands for the potential difference (V),
v signifies the scan rate (mV s™),

A is the area of active materials of the working electrode (cm?)

M

Specific capacitance refers to the amount of charge stored on an electrode surface during an electrochemical
process. The scanning rate, on the other hand, indicates the speed of the electrode potential in voltammetry
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experiments. Referring to Figure 7, the relationship between specific capacitance and scan rate is inversely
proportional. That is, as the scanning speed increases, the specific capacitance decreases.

Table 1. Specific capacitance values of Mn-Cu coated graphite tapes electrodeposited at -1.6 V potential
depending on the varying scanning rates in different electrolyte solutions

Scan Rate Specific Capacitance Specific Capacitance Specific Capacitance
(mv s in KOH in Na,SO, in KOH + Na,SO,
(mF cm?) (mF cm?) (mF cm?)
100 29 13 35
50 43 17 36
25 65 23 41

The same conclusion may be drawn about this by looking at the experimental data in Table 1. At higher scan
rates (e.g., 100 mV/s), the measured specific capacitance value in the KOH electrolyte is 29 mF cm™. As the
scan rate decreases (e.g., 10 mV/s), the specific capacitance value increases, reaching 69 mF cm™. This indicates
that slower scan rates (higher time scale) allow for greater charge storage capacity on the electrode surface.
Decreasing the scan rate allows for more charge storage on the electrode surface, leading to higher capacitance
values. Moreover, different electrolyte solutions exhibit similar trends, with capacitance values increasing as the
scan rate decreases.

3.2.2. Mn-Cu electrodeposited by application of -1.9 V

When comparing the graphs in Figure 8 and results in Table 2, a distinct difference in the data obtained from the
common electrolytes is observed. For instance, the current density values at a scan rate of 100 mV/s generally
range between -2 and 4 mA cm™ on average in Figure 8. In the Na,SO, electrolyte, the current density values
vary between -1 and 7 mA cm. Furthermore, in the I M KOH + 1 M Na,SO, electrolyte, the values span from -
410 8 mAcm=.

Table 2. Specific capacitance values of Mn-Cu coated graphite tapes at -1.9 V potential depending on the
varying scanning rates in different electrolyte solutions

Scan Rate Specific Capacitance Specific Capacitance Specific Capacitance
mv's?) (mF cm) (mF cm®) (mF cm)
in KOH in Na,SO, in KOH + Na,SO,
100 12 22 29
50 18 31 50
25 28 42 61
10 43 81 109
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Figure 8. The cyclic voltammograms of Mn-Cu alloy ina) 1 M KOH, b) 1 M Na,SO, and c) an electrolyte
consisting of 0.5 M KOH and 0.5 M Na,SO,. Mn-Cu alloy coating on graphite tapes was obtained in Ethaline
deep eutectic solvent by applying a constant voltage of -1.9 V. d) Plot of the area capacitance of the electrodes

given in panel a, panel b, and panel ¢ depending on scanning speed.

3.2.3. Mn-Cu electrodeposited by application of -2.2 V

The photographs of the Mn-Cu coating of graphite are presented in Figure 9. The current density values range
from -3 to 4 mA cm™ in the KOH electrolyte. In the Na,SO, electrolyte, these values vary between -1 and 2 mA
cm?. For the 1 M KOH + 1 M Na,SO, electrolyte, the values fall within the range of -2.5 to 3 mA cm™.
Exploring the factors underlying these discrepancies, we find that at higher scan rates, the time allocated to the
redox reaction diminishes, resulting in higher peak current values, especially at higher voltages.

Figure 9. Photograph of a) bare graphite; b) Mn-Cu alloy coating on graphite tapes obtained in Ethaline deep
eutectic solvent by applying a constant voltage of -1.6V; ¢) Mn-Cu alloy coating on graphite tapes obtained in
Ethaline deep eutectic solvent by applying a constant voltage of -1.9 V; d) Mn-Cu alloy coating on graphite tapes
obtained in a deep eutectic solvent by applying a constant voltage of -2.2 V
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Additionally, considering the alloy deposition process, we note that lower negative voltage values generally lead
to sparser and thinner coating layers (Figure 9). As ions are gradually transported to the surface, the coating layer
becomes more irregular and filled with voids. However, at higher negative voltages, denser and more compact
coating layers were observed (Figure 9c and 9d). Faster ion transport at higher voltages seems to yield a more
homogeneous layer. All these processes, supported by our graphical data, collectively highlight the effects of
different voltage levels and scan rates on the electrochemical coating process.

Comparing previous experimental figures by analyzing the graphs of Figure 10, in contrast to what was
anticipated under the same scanning speed and electrolyte conditions, the flexible graphite samples coated at
higher voltage exhibit lower current peaks. Numerous predictable and unforeseen causes can be responsible for
this behaviour, and it might be related to how electro-coating works. Because they carry more energy at higher
voltages, the ions in the electrolyte could move to the surface layer more quickly. A more compact and dense
coating layer may have occurred as a result. On the other hand, a coating layer may have become thinner and
thinner because the ions carry less energy at lower voltages.
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Figure 10. The cyclic voltammograms of Mn-Cu alloy in a) 1 M KOH, b) 1 M Na,SO, and c) an electrolyte
consisting of 0.5 M KOH and 0.5 M Na,SO,. Mn-Cu alloy coating on graphite tapes was obtained in Ethaline
deep eutectic solvent by applying a constant voltage of -2.2 V. d) Plot of the areal capacitance of the electrodes

given in panel a, panel b, and panel ¢ depending on scanning speed.

Figure 10 and Table 3 present specific capacitance values obtained at various scanning rates in different
electrolyte solutions: KOH, Na,SO,4, and a mixture of KOH + Na,SO,. These data provide valuable insights into
the relationship between electrolyte compositions, scanning rates, and specific capacitance values. Upon
examination, a clear trend emerges in the specific capacitance values across the different electrolyte solutions.
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Table 3. Specific capacitance values of Mn-Cu coated graphite tapes at -2.2 V potential depending on the
varying scanning rates in different electrolyte solutions

Scan Rate Specific Capacitance Specific Capacitance Specific Capacitance
(mV s? (mF cm’?) (mF cm®) (mF cm?)
in KOH in Na,SO, in KOH + Na,SO,
100 23 8 16
25 3 15 28

When examining the graphs in Figure 10 individually, the results obtained under different coating voltages offer
valuable insights. Firstly, the KOH electrolyte data acquired at -1.6 V coating voltage greatly outperforms the
data obtained at other coating voltages (Figure 10a). These results demonstrate how the electrolyte and the
coating voltage of -1.6 V improve and increase the electrode's capacitance properties. Notably, even better
results were obtained in comparison to the uncoated graphite-specific capacitance values and the -1.9 V and -2.2
V coatings. This demonstrates the potential of slower scan speeds to accommodate a higher capacity for charge
storage on the electrode surface and highlights the critical importance of selecting the right electrolyte.

Analysis of the data acquired under a coating voltage of -1.9 V similarly reveals a tendency similar to the data
shown in Figure 11a. The reported specific capacitance value in the KOH electrolyte is 12 mF cm™ at higher
scan rates (for example, 100 mV/s). The specific capacitance value rises to a maximum of 43 mF cm when the
scan rate falls (for example, to 10 mV/s). When evaluating the results acquired in the Na,SO, electrolyte under a
-1.9 V coating voltage, the same pattern is observed. Higher specific capacitance values are produced when the
scan rate is reduced. For instance, the specific capacitance is 22 mF cm™ at a scan rate of 100 mV/s but increases
to 81 mF cm™ with a scan rate of 10 mV/s (Figure 11b).
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Figure 11. Specific capacitance of Mn-Cu based alloy on graphite depending on the applied coating voltage at
different values a) cycled in 1 M KOH; b) cycled 1 M Na,SO, and; c) cycled in the mixture of 0.5 M KOH and
0.5 M Na,S0O;, at various scanning speed.

A comparison of the capacitances of metal-based supercapacitor electrodes, as reported in the literature, is
provided in Table 4. The study of data obtained using the mixed KOH + Na,SO, electrolyte also yielded similar
results. It is obvious that for scan rate measurements, the best results are obtained with a constant -1.9 V coating
voltage. For instance, the specific capacitance value is 29 mF cm™ at a scan rate of 100 mV/s, but it increases to
109 mF cm™ with a scan rate of 10 mV/s (in Figure 11c).

Additionally, the high capacitance characteristics of the 0.5 M KOH + 0.5 M Na,SO, concentrated electrolyte
are supported by the capacitance values under the -1.6 V coating voltage. These experimental graphs
demonstrate, in conclusion, how important electrolyte composition and scan rate are in determining certain
capacitance values. The complicated nature of these systems' energy storage mechanisms is underlined by the
relationship between ion conductivity and surface response kinetics.

The electrolytes used in this study, specifically KOH, Na,SO,, and their mixture, play a crucial role in
influencing the cyclic performance of the electrodes due to their distinct ionic characteristics. The size of the
ions, their mobility within the electrolyte, and their chemical interactions with the electrode surface significantly
impact the overall electrochemical behaviour. Moreover, the structural and compositional properties of the
electrodes themselves, particularly in terms of their material composition and surface morphology, also
contribute to the cyclic performance observed. In addition, the applied voltages during the electrochemical
deposition process are critical in determining the specific capacitance values achieved. Varying the deposition
voltage directly influences the nucleation and growth dynamics of the Mn-Cu film on the graphite substrate.
Specifically, the applied growth voltages can significantly influence the deposition rates, the uniformity of the
deposited particles, and the resulting surface area available for charge storage. These factors, in turn, play an
important role in determining the capacitance, as variations in deposition conditions directly affect the
microstructural properties of the electrode surface and its capacity for efficient charge accumulation.

Table 4. Comparison of electrode capacitances for supercapacitors as reported in the literature

Electrode Method Specific Capacitance Electrolyte Reference
Material (mF cm™)

MnO, Electrodeposition 13 Na,SO, (Tran et al., 2020)
CuO/rGO Hydrothermal 80 Na,SO, (Bu and Huang, 2017)
NiO-TiO, Potentiostatic 46 NaOH (Xie et al., 2009)

anodization
Ni(OH), Facile hydrothermal 36 PVA-KOH (Dong et al., 2014)
Mn-Cu Electrodeposition 109 KOH + Na,SO, This work
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4. Conclusion

The development of technologies that make use of flexible screens and sensors has seen significant progress in
recent years. On the other hand, the development of flexible energy storage technologies has been somewhat
slow in comparison to other areas of research. It is essential to do research on flexible energy storage electrodes
because of the significant role that flexibility and stretchability play in the development of wearable, biomedical,
and portable electrical electronic devices. Within the scope of this research work, the electrochemical properties
of graphite filaments that have been coated with an alloy and exhibit flexibility are investigated. The
electrochemical synthesis of modified graphite based on manganese and copper was accomplished in a deep
eutectic solvent ionic liquid, which altered the static voltage levels. The performance of electrochemical
deposition of films in Ethaline deep eutectic solvent was analyzed in this study. The alloy was obtained from Mn
and Cu-based chloride salts in an Ethaline ionic liquid. The growth potentials were -1.6, -1.9 and -2.2 V. The
subsequent cycling of the resultant electrodes in a KOH, Na,SO,4 and the mixture of KOH and Na,SO,4
electrolytes was also analyzed. An increase to 1.5 V was made to the potential window that was utilized for this
investigation. It was determined how much the areal capacitance of the flexible electrodes that were
manufactured was. It is possible to exert control over the performance of the electrode by modifying the
structure of the material through alterations in the conditions under which the deposition takes place. After being
coated with Mn-Cu by means of an application of a voltage of —1.9V, the graphite substrate displayed a length
capacitance of 109 mF cm™ when the cycling electrolyte was a mixture of potassium hydroxide and sodium
sulfate. There was a significant amount of surface covering on the film, which indicates that it has the potential
to be deployed in energy storage applications.
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Keywords Abstract — Over the past few decades, there has been a significant increase in the occurrence of
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LDA, increasingly attracting the attention of organizations engaged in disaster events, especially in the
Post-disaster, context of post-disaster emergency response. This research aims to assess the use of UAV
Unmanned aerial applications in the post-disaster phase through a descriptive literature analysis. The evaluation is
vehicle conducted using the Latent Dirichlet Allocation (LDA) topic modelling and clustering approach,

namely the fuzzy c-means algorithm. A total of 433 papers are extracted from the Scopus
database. The analysis offers valuable insights into three primary domains: imaging-based damage
assessment, emergency communication networks, and vehicle routing optimization. These
findings emphasize the significance of technology and streamlined systems in effectively handling
complex situations, such as disaster response and network management. By integrating UAVs into
disaster response strategies, policymakers can significantly enhance the agility and efficiency of
their operations, ultimately saving lives and minimizing the impact of natural disasters on
communities. This study can assist in achieving these goals by providing valuable insights and
guidance.

1. Introduction

Drones or unmanned aerial vehicles (UAVs) are aircraft capable of autonomous flight without human
intervention (Calamoneri et al., 2024). UAVs can capture aerial images that are valuable for analyzing large
areas of land using geospatial techniques. UAVs are encompassed within the realm of remote sensing (Garnica-
Pena and Alcantara-Ayala, 2021). They have gained growing attention from organizations engaged in disaster
response activities. They serve a variety of purposes in post-disaster activities, including damage assessment
using UAV images (Zou et al., 2024), bushfire detection (Qadir et al., 2024), network communication (Lei et al.,
2024; Wu et al., 2024), and vehicle routing issues (Faiz et al., 2024; Zhang et al., 2022). The literature we
reviewed contained a paper that addressed the use of UAVSs in the aftermath of a disaster. The following are
some of them: Freeman et al. (2021) outlined the findings of a comprehensive examination of the utilization of
aerial robotic technology in the field of civil engineering. Civil engineering applications can be categorized into
three primary areas: (i) monitoring and inspecting civil infrastructure; (ii) managing sites, constructing using
robots, and maintaining structures; and (iii) conducting surveys and assessing damage quickly after a disaster.
The authors conducted a review focusing on these issues. Mohd Daud et al. (2022) seek to assess the current
viability of drone projects and address various obstacles associated with deploying drones in large-scale disasters,
with the intention of empowering and motivating potential future endeavors. According to the identified papers,
the use of drones in disasters was categorized into four main areas: (1) mapping or disaster management, (2)
search and rescue, (3) transportation, and (4) training. Lozano and Tien (2023) concentrated on the tools,
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including UAVs, employed to evaluate the physical harm in lifeline networks and structures. The tools provided
encompass several lifeline networks, such as water, gas, transportation, power, and building infrastructure. They
also cover a wide range of hazards, such as earthquakes, flooding caused by hurricanes, and heavy rainfall. The
paper provided a comprehensive evaluation of each tool, examining important factors such as scope, accuracy,
and long-term accessibility. Their analysis aimed to facilitate the integration of datasets across different tools and
pinpoint any deficiencies in current data collection methods. Phadke and Medrano (2023) investigated a wide
range of application scenarios for UAV swarms in order to highlight the various components that collaborate to
enhance the overall resilience of the swarm. Swarm applications are classified using a three-category system.
Although systemic resilience is a complex topic, most practical implementations of UAV swarm research
primarily aim to enhance the resilience of certain components against unexpected events. Ishiwatari (2024)
investigated the function of drones in disaster management by studying different uses of drones in reaction to the
Noto Peninsula earthquake in January 2024. Multiple concerns were identified, such as the necessity to integrate
drone capabilities into disaster management plans, formulate suitable laws and regulations, establish
coordination mechanisms between the public and private sectors, tackle technological limitations arising from
advancements in technology, and implement specialized training programs for drone operators. Garnica-Pena
and Alcantara-Ayala (2021) seek to examine the role of the global landslide research community in reducing the
risk and managing the consequences of disasters, specifically focusing on the utilization of UAVSs, as discussed
in the existing literature. The initial section highlighted the significance of research contributions on disaster risk
for the execution of initiatives and strategies related to disaster risk management. The second half focused on
providing background information and discussing the present applications of drones in the field of hazards and
risk. Zhang et al. (2024) presented a classification scheme for the drone cooperative delivery problem (TDCDP)
and provided a comprehensive summary of the relevant studies. The analysis focused on the detailed
examination of the effects of changes in clients and environments on truck and drone delivery modalities. The
suggested taxonomy categorized the delivery modes in TDCDP into four types: Parallel delivery, mixed delivery,
drone delivery with truck-assisting, and truck delivery with drone-assisting.

UAVs have gained prominence as a cutting-edge technology for disaster management. Their capabilities in aerial
imaging, communication, and navigation make them ideal for enhancing disaster response efforts. In recent
literature, the utilization of UAVSs in disaster management has been extensively explored across various domains,
including infrastructure monitoring, disaster response, and hazard assessment. However, our study distinguishes
itself by offering a comprehensive descriptive literature review that specifically assesses UAV applications in
post-disaster scenarios. Unlike previous works, which often emphasize specific applications or technologies, our
research applies the LDA topic modelling to systematically identify and categorize the main topics and trends
within the literature related to UAV applications in disaster response. Furthermore, by employing the fuzzy c-
means algorithm, we provide a nuanced analysis of UAV applications, clustering them to offer insights into their
effectiveness and potential for future enhancements. This dual approach of topic modelling and clustering not
only enriches the understanding of current UAV applications but also highlights emerging trends and gaps,
setting the stage for more targeted and effective disaster response strategies.

The subsequent sections of the paper are structured in the following manner: Section 2 outlines the methodology
that is relevant to the topic. Section 3 provides a concise overview of the findings and the subsequent discussions.
Section 4 serves as the conclusion of the study.

2. Materials and Methods

This section outlines the process of identifying the most important publications in the dataset using LDA topic
modelling combined with the fuzzy c-means algorithm. The search syntax is provided in Table 1.

Table 1. Search strings on Scopus

Database Search strings

(TITLE-ABS-KEY ("drone") OR TITLE-ABS-KEY ("unmanned aerial

Scopus (July 17, 2024) vehicles”) AND TITLE-ABS-KEY ( "post-disaster" )
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The search yields 433 papers. The abstracts of all publications are examined. The pre-processing stage, which
involves the cleansing and preparation of data for subsequent operations, is implemented on the data set using
the MATLAB R2021a software. URLs (Uniform Resource Locators), also referred to as web addresses, have
been eliminated due to their tendency to cause text misclassification. Punctuations and search strings (such as
“drone”, “unmanned aerial vehicles”, “UAVs”, and “post disaster”) are eliminated. Finally, tokenization is
implemented, which involves the division of sequences into distinct tokens. After the pre-processing stage, the
LDA procedure is implemented on the dataset. The fuzzy c-means algorithm is implemented after the LDA to
acquire center documents.

2.1. Latent Dirichlet allocation (LDA)

Blei et al. (2003) introduced the LDA, a probabilistic model that generates a corpus. The fundamental concept is that
documents are represented as stochastic combinations of latent topics, with each subject being defined by a
probability distribution of words.

Pl B) = T, J P8 |)(TTyd, Xy P(Zatn 180)P(Watn|Zan, B))dOg @)

The concentration parameter of the Dirichlet prior for the topic distribution of each document is denoted by a in (1),
while B represents the same parameter for the word distribution within each topic. z,, represents the topic
assignment for the nth word in document d, wy,, represents the nth word in document d, and 6, represents the topic
distribution for document d. The total number of words in the document is denoted by N, the number of documents
being analyzed is denoted by M, and the corpus of M documents is represented by D.

2.2. Fuzzy c-means

Bezdek et al. (1984) introduced the renowned fuzzy c-means clustering algorithm, which differs from the classic
k-means approach by enabling a sample to be assigned to multiple clusters rather than a single one. The
fuzzification factor, which determines the degree of fuzziness within the clusters, is used to assign membership
values to data items for the clusters within a range of 0 to 1. The objective function is minimized by the
methodology. The fuzzy c-means model is as follows (Mao and Xu, 2024):

2
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where x; represents the ith data point from the dataset X, which is a set of real numbers in an n-dimensional
space. v; represents the jth prototype of the cluster in this context. u;; is the membership grade of the individual
data point x; belonging to v;. As a coefficient, the fuzzification factor is represented by the scalar "m" (where
m > 1). The parameter m, known as the fuzzification factor, has a substantial influence on the formation of
clusters during the process. (2) and (3) require that the overall sum of membership grades for each data point in
all clusters is 1. Each cluster must contain at least one data point, although no cluster may completely dominate
all data points. (4) determines the degree to which a data point is associated with a cluster by evaluating its
distance from the cluster's prototype. (5) adjusts the cluster prototypes with the weighted sum of data points'
membership grades, adjusted by the fuzzification factor. The objective function described above is minimized by
iteratively computing modifications to the membership degree and prototypes, specifically,

1
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3. Results and Discussion

By using 433 papers, the LDA process is implemented to gather important topics and their probabilities. Figure 1
helps to determine the appropriate number of topics.
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Figure 1. Relationship between the number of topics, validation perplexity and time elapsed

Figure 1 shows the relationship between the number of topics and two metrics: validation perplexity and time
elapsed. Taking the Figure 1 into account, we determined the number of topics as 7. At 7 topics, there's a good
balance between model complexity and efficiency. The perplexity is relatively low, ensuring clearer topic
distinction. The time required for processing is minimal, making the model computationally efficient.

After the LDA process, a matrix with dimensions of 433x7 is acquired. This matrix displays the probability of 7
significant topics across 433 documents. The number of clusters is computed using the elbow approach based on
the data from the resulting matrix. Figure 2 demonstrates the results of the elbow method.

¢ Squared Lirory

Figure 2. Results of the elbow method

The Figure 2 suggests an "elbow" around 3-5 clusters. This is where the rate of decrease in the sum of squared
errors starts to slow, indicating a potential optimal number of clusters. We selected a cluster count of 5 to
observe the range of variety. However, in this case, three of the five clusters overlapped at the same point.
Consequently, we gather three clusters. The center coordinates of the clusters are obtained from documents 224,
64, and 218.

3.1. Center papers of the clusters

Cluster 1: This center paper (224) employed UAV-based aerial imagery as a flood detection method, utilizing a
Convolutional Neural Network (CNN) to extract flood-related features from the images of the disaster zone. The
study area was situated in a flood-prone region of the Indus River in Pakistan, and UAVs were employed to
capture images of the area both before and after the disaster. 2150 image replacements were generated during the
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training phase by resizing and cropping the source images. To validate the model, it was tested against both pre-
and post-disaster images. The model has a 91% accuracy rate for affirmative flood detection results (Munawar et
al., 2021).

Cluster 2: This center paper (64) proposed a joint data aggregation and computational outsourcing (JDACO)
scheme for UAV-enabled 10T systems in post-disaster scenarios. The primary goal of JDACO is to reduce the
overall energy consumption and latency in the aggregation and computation processes. It accomplishes this by
utilizing UAVs as mobile edge computing servers and deploying numerous UAVs (Raivi and Moh, 2024).

Cluster 3: This center paper (218) examined a cognitive satellite-UAV network (CSUN), in which the satellite
and UAVs are administered in a coordinated manner and opportunistically share spectrum to alleviate the
spectrum scarcity issue. In particular, the paper proposed the UAV swarm to reduce the interference between
satellites and UAVs. The proposed algorithm's superiority can be seen in the simulation results, which suggest
that it may be a viable solution for enhancing the coverage performance of terrestrial 4G/5G networks (Liu et al.,
2020).

These center papers collectively illustrate the diverse applications of UAV technology in disaster management
and communication networks, highlighting innovative approaches to improve efficiency and effectiveness.

The 1st cluster contains 246 documents, the 2nd cluster contains 102 documents, and the 3rd cluster contains 85
documents. We identified the five critical topics in each cluster using LDA. Table 2 illustrates the significant
topics of cluster 1 along with their probabilities.

Table 2. Important topics of cluster 1

Cluster 1
Topic 1 Topic 2 Topic 3 Topic 4 Topic 5
Word, Probability Word, Probability Word, Probability Word, Probability ~ Word,Probability
"damage" "network™ "rescue” "remote” "data"
0.036289 0.016966 0.025189 0.01757 0.01952
"data" "vehicle" "emergency" "sensing” "accuracy”
0.022717 0.01523 0.021701 0.016471 0.018097
"images" "operations” "relief" "management" "response”
0.022275 0.011567 0.014532 0.016288 0.017893
"assessment" "performance" "vehicles" "technology" "area"
0.019914 0.010796 0.0091068 0.011896 0.01708
"information" "compared" "delivery" "field" "learning"
0.017849 0.0096395 0.008913 0.010981 0.01342

Table 2 presents a cluster analysis with five topics, each containing words and their corresponding probabilities.
The words with higher probabilities within each topic are considered more representative of that topic. Each
topic contains keywords related to a specific subject, indicated by their probabilities. Higher probability words
are more central to the topic. For example, in Topic 1, "damage" is the most significant word with a probability
of 0.036289, followed by "data" and "images". Figure 3 shows the word cloud of cluster 1.
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Figure 3. Word cloud of cluster 1

The word cloud in Figure 3 highlights the most frequently used terms in texts related to damage assessment
using imaging technologies. The central term is "image" or "imaging", indicating that visual data is crucial in
this context. "Information™ may signify the data gathered from images, and "provide” may suggest that images
supply essential data. This word cloud suggests a strong focus on the use of advanced imaging technologies for
efficient and accurate damage assessment in disaster management, emphasizing practical applications, accuracy,
and the types of disasters addressed. The important topics of the 2nd cluster are given in Table 3.

Table 3. Important topics of cluster 2

Cluster 2

Topic 1 Topic 2 Topic 3 Topic 4 Topic 5

Word, Probability Word, Probability Word, Probability Word, Probability Word, Probability

" " " T " " gt "performance”
energy communication network data 0.029091
0.040873 0.089893 0.087533 0.041689 '
" " " " " " " " "allocation™
emergency coverage networks deployment 0.026061
0.036508 0.033542 0.050398 0.032603 '
" " " " " " " "task"
users power infrastructure areas 0.026061
0.033333 0.026387 0.017507 0.024052 '
P Mapaatt " " " S "mobile"
optimization area strategy transmission 0.018788
0.030159 0.023703 0.016976 0.022983 '
"simulation" "wireless" "throughput™ "nodes" "offloading"
0.025 0.023256 0.014854 0.018707 0.018182

Table 3 shows a cluster analysis for cluster 2 with five topics, each containing words and their corresponding
probabilities. For example, in Topic 2, "communication" is the most significant word with a probability of
0.089893, followed by "coverage" and "power". Figure 4 indicates word cloud analysis of cluster 2.
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Figure 4. Word cloud of cluster 2

The word cloud in Figure 4 emphasizes key terms related to communication networks, particularly in scenarios
requiring coverage and optimization. The word cloud shows that "communication” and "network" are the central
themes, indicating a focus on the systems that facilitate information exchange. The emphasis on "Coverage"”
highlights the significance of maintaining network availability across various areas. Words like "energy"”,
"rescue” and "emergency" indicate the critical role of these networks in urgent and high-stakes situations. The
significant topics of the last cluster are provided in Table 4.

Table 4. Important topics of cluster 3

Cluster 3
Topic 1 Topic 2 Topic 3 Topic 4 Topic5
Word, Probability Word, Probability Word, Probability Word, Probability Word, Probability

"communication™ "performance™ "vehicles" "network" "networks"
0.055787 0.029206 0.029309 0.065954 0.027824
"emergency" "vehicle" "optimal” "rescue” "coverage"
0.027633 0.026869 0.018171 0.01842 0.023372
"area" "data" "planning” "areas" "'scenarios™
0.022941 0.021612 0.017585 0.016637 0.021703

"optimization" "routing" "channel" "tasks" "energy"

0.019812 0.015187 0.016999 0.012478 0.02059
"ground" "base" "efficient” "transmission" "number"
0.017727 0.012267 0.016413 0.011884 0.018364

Table 4 indicates a cluster analysis for cluster 3 with five topics. For example, in Topic 1, "communication" is
the most significant word with a probability of 0.055787, followed by "emergency" and "area". Topic 2
emphasizes performance, vehicle, data, and routing words. The word cloud of the last cluster is given in Figure 5.
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Figure 5. Word cloud of cluster 3

The word cloud in Figure 5 is similar to the one in Figure 4, but it is seen that vehicle routing problems stand out
in the third one. The word cloud highlights essential terms associated with communication networks, particularly
in the context of vehicles and optimization. The central theme revolves around "network™ and "communication™,
indicating a focus on systems facilitating information exchange. The term "vehicle" is prominent. This indicates
that the problems related to vehicle routing and optimization are focused inside this cluster.

All in all, the cluster analysis highlights distinct thematic areas across multiple topics, each characterized by
specific keywords and their probabilities. These topics are further illustrated by word clouds, emphasizing the
center papers. The analysis provides insights into three main areas: Damage assessment through imaging,
communication networks in emergency scenarios, and vehicle routing optimization. These findings highlight the
importance of technology and efficient systems in managing complex situations, such as disaster response and
network management. The emphasis on specific terms reflects the current focus areas and challenges within each
cluster, offering a roadmap for future research and development.

4. Conclusion

In recent decades, the increase in natural disasters has underscored the critical need for effective disaster response
strategies. UAVs have emerged as a valuable tool in managing these crises, offering innovative solutions for post-
disaster scenarios. This study provides a comprehensive evaluation of UAV applications through a detailed literature
analysis, utilizing LDA topic modelling and the fuzzy c-means clustering approach. Our analysis, based on 433
papers extracted from the Scopus database, identifies three primary domains where UAVSs significantly contribute to
disaster response: imaging-based damage assessment, emergency communication networks, and vehicle routing
optimization. These domains reflect the diverse and impactful applications of UAVs technology in enhancing
disaster management processes.

This paper stands out by providing a thorough descriptive literature analysis that uniquely evaluates the use of UAVS
in post-disaster situations. In contrast to prior studies that often focus on particular applications or technologies, our
research utilizes LDA topic modelling to methodically identify and classify the primary subjects and patterns in the
literature concerning UAV applications in disaster response. Moreover, using the fuzzy c-means technique, we
provide a detailed examination of UAV applications, grouping them to provide valuable information on their
efficiency and prospects for future improvements. This combined method of subject modelling and clustering
enhances the comprehension of present UAV applications and identifies developing patterns and deficiencies,
therefore clearing the way for more focused and efficient disaster response operations.

Overall, the cluster analysis and word clouds illustrate distinct thematic areas within UAV applications, each
characterized by specific challenges and focus areas. These findings provide a valuable roadmap for future research
and development in UAV technology, guiding efforts to enhance disaster response strategies. By integrating UAVs
into disaster management frameworks, policymakers and practitioners can improve the agility and efficiency of their
operations, ultimately saving lives and reducing the impact of natural disasters on communities.
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Sensitive Microwave Sensor for Adulteration Detection in Olive Oil
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Keywords Abstract — A novel reflection-based microwave sensor that is reproducible, feasible, and sensitive
Microwave sensing, to changes in dielectric parameters has been specifically developed, fabricated, and analyzed to
Dielectric constant, detect sunflower oil mixed with olive oil. The proposed sensor is built on an FR-4 dielectric
Quality factor, substrate and shows a magnitude of -47.19 dB at a resonance frequency of 9.48 GHz. An electric
Figure of merit, field distribution analysis of the sensor was performed, and it was determined that the electric field
Low cost was significantly concentrated in the upper regions of the resonator. Olive oil was mixed with

sunflower oil at the rates of 10%, 20% and 30%. The prepared samples were placed directly on the
sensor and the performance of the sensor in simulation and experimental environments was tested.
Based on the measured dielectric constants, the results of the experiments and simulations were
observed to be consistent. The proposed sensor demonstrated superior performance compared to
other sensors proposed in the literature in experimental measurements with a Q-factor of 4635,
normalized sensitivity value of 3.62%, a Figure of Merit of 6581, and resonance frequency shift of
62 MHz occurred between the pure olive oil and the 10% sunflower oil adulterated olive oil
sample. The proposed sensor can be preferred in industrial and liquid chemical detection
applications due to its high sensitivity, high-quality factor, low cost, and small amount of sample
required.

1. Introduction

Food quality and composition are key parameters of critical importance in all processes of the food
manufacturing industry. However, some manufacturers increase the adulteration of foods for profit maximization
purposes (Gogis et al., 2009). It is emphasized that olive oils are richer in composition and quality than other
oils in daily use. However, due to differences in the production processes of these oils, the price range may vary
from low-quality to high-quality oils. This can cause complexities in the marketing process when low-quality
oils are mixed with high-quality oils (Osman et al., 2014). Extra virgin olive oil and other valuable oils are often
mixed with more economical oils such as sunflower, corn, palm, and cottonseed (Gunstone, 2011). Such
adulterations may utilize methods to conceal changes that make them difficult to detect by normal human senses
or basic tools (Meenu et al., 2019). Infrared combined with traditional methods such as gas chromatography (GC)
(Hashempour et al., 2024) and High-Performance Liquid Chromatography (HPLC) (Menegoz and Moret, 2024)
as well as modern spectroscopic techniques such as thin layer chromatography (TLC) (Khursheed et al., 2024)
and differential scanning calorimetry (DSC) (Islam et al., 2022a). Methods such as (IR) (Yilmaz-Diizyaman et
al., 2024), ultraviolet (UV) (Musa, 2024) and fluorescence spectroscopy (Rueda et al., 2024) are also used in the
analysis of oil samples. Although these analysis techniques are often criticized for being time-consuming,
complex, and requiring high-cost facilities. Metamaterials (MMs) are defined as human-created materials with
extraordinary exotic properties. One of the properties of metamaterials (MM) is that they can control and direct
electromagnetic waves (Wu et al., 2024). Following experimental verification of the structures of metamaterials,
significant research has been conducted in this field. One of the most striking features of this structure is the
concept known as the "Invisibility Cloak”, which is quite interesting (Ergin et al., 2010). Additionally, this

structure allows energy absorption in wide band gaps (Krodel et al., 2015). Advances in absorber applications
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have created opportunities for various studies on energy harvesting (Korkmaz and Hasar, 2021 ; Korkmaz et al.,
2023; Obaidullah et al., 2021). Every year, new types of sensors are developed thanks to advances in micro and
nanotechnology and electronics, photonics, and materials science (Hasar et al., 2024b; Shi et al., 2020). Recent
research has focused on the development of sensors with high accuracy, compact size, and high sensitivity
(Alahnomi et al., 2021). Microwave (MW) sensors use the electromagnetic field for sensing and generally have
operating frequencies in the range of 300 MHz to terahertz (Mehrotra et al., 2019). The advantages of MW
sensors compared to other options include features such as low cost, compact structure, high accuracy, easy
production, and testability. Due to these obvious advantages, MW sensors play an important role in various
fields of life, such as healthcare (Korostynska et al., 2014), the food industry (Hasar et al., 2024a), the defence
sector (Hudec et al., 2009), and industry (Nyfors, 2000). MW sensors can generally be classified into two basic
types: Broadband sensors and resonance-based sensors. Resonance-based sensors typically function with high
sensitivity over a narrow frequency range and generally use a limited and intense electric field for sensing. The
resonance frequency is extremely sensitive to dielectric loading in this region, and any instantaneous change can
lead to a significant shift in the resonance frequency (Bhatti et al., 2022). In recent years, researchers have
conducted a series of studies to detect adulteration with MW sensors. The use of MTM sensors in detecting
various oils is demonstrated by (Bakir et al., 2019). For example, while the resonance frequency is 70 MHz in
dirty and clean transformer oils, this value is reduced to 50 MHz in olive and corn oils. A high-efficiency
portable sensor is mentioned to detect branded and unbranded fuel samples (Tiimkaya et al., 2018). While the
resonance frequency shift for branded and unbranded diesel was determined as 72 MHz, this frequency shifted
by 12 MHz for branded and unbranded gasoline. A transmission line-based MTM sensor has been introduced to
identify original and adulterated gasoline samples (Tamer et al., 2018). This sensor can discriminate between
original and adulterated diesel samples with a frequency shift of 50 MHz. Reviews of the literature reveal that
metamaterial-based sensors can be used over a wide frequency range (Bakir et al., 2019; Tiimkaya et al., 2018;
Tamer et al., 2018; Lee et al., 2017) and for a variety of materials from solid dielectrics to liquids, gases, and
biomolecules (Vélez et al., 2017; Mohd Bahar et al., 2019; Lee and Yook, 2008). A sensitive MTM sensor has
been introduced to discriminate between original and adulterated fuel samples (Timkaya et al., 2017). The
resonance frequency is shifted to 100 MHz. Rhombus MTM sensor was considered for flow sensing (Tiimkaya
et al., 2019), but the sensitivity and quality factors were low in this study. Another study proposed that a curved
line metamaterial-based sensor used for polypropylene detection exhibited moderate performance (Islam et al.,
2021). A sensor inspired by the MTM absorber has been proposed to detect liquid chemicals with changing
electrical properties (Abdulkarim et al., 2019). The quality factor and sensitivity of the sensor were found to be
inadequate. An omega-shaped sensor has been introduced for industrial applications (Altintas et al., 2020). The
sensor operates in the 8-12 GHz frequency range and is designed with a 70 MHz frequency shift for clean and
waste transformer oils. Additionally, another MTM sensor has been introduced to detect liquid chemicals
(Abdulkarim et al., 2020c). In the study, quality factors and sensitivity are average. As a result of our literature
research, it was determined that the sensitivity, quality factor (Q-factor), and Figure of Merit (FoM) of the
proposed sensors are important performance parameters and that these parameters are potential limitations and
disadvantages for the sensors proposed in the literature (Khalil et al., 2023). As a solution to the mentioned
limitations and disadvantages, this study proposes a microwave (MW) sensor that is repeatable, feasible, and
sensitive to changes in dielectric parameters to detect adulterations in olive oil. The proposed sensor is capable
of successfully detecting adulteration in sunflower oil mixed with olive oil at 10%. The proposed sensor exhibits
superior performance compared to other sensors reported in the literature. The proposed sensor operates at a
frequency of 9.481 GHz with a maximum sensitivity of 3.62%, a quality factor value of 4635, and a FoM value
of 6581. In addition, the proposed sensor or system is considered an important candidate for sensing applications.
It has advantages such as high sensitivity, compact design, low manufacturing and measurement costs, small size,
easy use, low sample consumption, and low cost. The rest of the manuscript is as follows. The design of the
proposed sensor, analysis, and preparation of samples are presented in detail in the Materials and Methods
section. In the next section, dielectric constant measurement and adulteration processes of sunflower oil mixed
with olive oil were examined in detail. Additionally, the proposed sensor's Q-factor, FoM, and sensitivity
analyses are presented in detail in the Results and Discussion section. In the last section, the conclusions
obtained from the study are given.
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2. Materials and Methods
2.1. Design and analysis

In this section, the proposed MW sensor developed and examined within the scope of this study will be explained in
detail. The optimal design was obtained by meticulously adjusting the proposed dimensions, and its final version for
the detection of liquid foods (especially oils) using MW techniques is shown in Figure 1a. The proposed design is
presented in Figure 1a, and simulations were carried out using the finite integration technique (FIT)-based Computer
Simulation Technology MW Studio (CST) program. The designed sensor consists of a resonator at the top, an FR-4
dielectric layer in the middle, and a copper grounding layer at the bottom. In the proposed design, the loss tangent
value of FR-4 was determined to be 0.025, its relative permeability was 4.3, and its thickness was 1 mm. Considering
the durability, cost analysis, market availability, and reproducibility of the study, FR-4 material can be considered as
a more suitable material for this study. The total size of the sensor is 22.86x10.16 mm? (compatible with X-band
waveguide) and is designed to operate in the 8-12 GHz frequency range. The |S;;1 |45 Value of the reflection-based
sensor (without sample) designed in the CST program is seen as -47.19 dB around 9.481 GHz in the graph in Figure
2b. To demonstrate the accuracy and repeatability of the designed sensor, the proposed sensor was fabricated in
compliance with the X-band waveguide, and the |S;, |45 (reflectance) parameter was measured (without samples) as
shown in Figure 1b. As shown in Figure 2b, as a result of the measurement using the VNA device, when there is no
sample on the proposed reflection resonance sensor, the |S; ;|45 Value of the sensor is approximately -42.35 dB at the
frequency of 9.467 GHz. In addition, effect of four strips that forming resonator of the proposed sensor to response of
the |S;1145 Value shown in Figure 2b. The |S;; |45 Value of the sensor is approximately -29.96 dB at the frequency of
9.493 GHz in the case without using the four strips in the design. It is evident that the four strips surrounding the
main resonator induce a deeper reflection response and increase the response’s quality.

(b)
(a)

]

Figure 1. Proposed MW sensor (a) main structure in CST (b) front view of the fabricated sensor

Electric field distributions were examined to understand the working principle of the proposed sensor. Changes in the
electric field provide information about the amount of energy the sensor can store (Islam et al., 2022b). The electric
field distributions of the proposed sensor were simulated without samples at the resonance frequency of 9.48 GHz.
As seen in Figure 2c, the electric field intensity is higher in the components that make up the resonator. Figure 2d
represents the surface current distribution of the proposed sensor at the resonance frequency. Surface current
distribution is observed to be concentrated on and around the elements forming the resonator. As a result, the
proposed structure is capable of detecting even the smallest changes in the electrical properties of the sample. The
proposed sensor has a design where the input port is provided at 1, the output port is measured at 2, and a two-port
network is used to power the sensor, as the setup is shown in Figure 2a. When the electromagnetic wave was
transmitted through port 1, most of the energy was stored in the sensing section during resonance. This energy then
interacted with the dielectric properties of the tested oil sample, which were different from those of air, changing the
resonance frequency. The resonance frequency was determined with the reflection coefficient |S;;|45. As a result of
our market and literature research, we determined that sunflower oil is one of the oil types most commonly mixed
with olive oil. Based on this observation, pure sunflower and olive oil purchased from the supermarket were
adulterated at different rates. Maintaining the properties of all the oils we supply is important for the accuracy of the
study. Therefore, all samples were stored in the refrigerator, protected from sunlight, in closed, dark glass bottles at
approximately 5°C. Some samples were prepared to determine whether the designed MW sensor could detect oils or
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determine minimum adulteration rate capacity. These samples consist of pure olive oil, pure sunflower oil, and pure
sunflower oil (mixed with olive oil at 10%, 20%, and 30% rates).

o .
= < ~Simulation
— - Experimental
Q'- -30 = without four strips
-40
-50
8 9 10 1 12

Frequency (GHz)

(@

Figure 2. (a) Experimental setup for sample measurements with proposed sensor (b) experimental and simulated
scattering parameter |S;, |45 Of the proposed sensor in the air and |S;, 145 response without four strips (c) E-field and
(d) surface current distribution of the proposed sensor at 9.481 GHz

3. Results and Discussion

The dielectric properties of all samples should be determined to simulate the response of the proposed sensor to
samples prepared at different percentages and compared with experimental studies. For this purpose, the
dielectric constants of the samples were determined in the 8-12 GHz frequency range using the dielectric probe
measurement setup shown in Figure 3a. Dielectric constants of the prepared samples were determined using
Keysight Technologies' open-ended coaxial dielectric probe kit (Model number: N1501A) with calibration steps
such as short, clear, and distilled water and a calibrated VNA. The complex dielectric coefficient of the samples
can be calculated using the formula given in (1).

e=¢€—je" (1)

Here €' represents the real component of permittivity, and €” represents the imaginary component of the permittivity.
Figure 3b shows the graph of the real dielectric constants of pure olive oil, pure sunflower oil, and olive oil-
sunflower oil mixture samples at different ratios. It can be seen from Figure 3b that the real dielectric constant value
of sunflower oil is greater than that of olive oil. Additionally, the real dielectric constant of the samples shows a
linear decrease between 8 GHz and 12 GHz. The real dielectric constants measured at the resonance frequency of the
samples for pure olive oil, sunflower oil mixed with 10%, 20%, and 30% olive oil, and pure sunflower oil are 2.53,
2.68, 2.73, 2.77, and 2.89, respectively.
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Figure 3. (a) Measurement set up for determining the dielectric constant of different samples using N1501A
dielectric probe kit (b) dielectric constant curves for pure olive oil-sunflower oil adulteration

We stated that the dielectric properties of all prepared samples should be determined to simulate the response of the
designed MW sensor to samples prepared at different percentages and compare it with experimental studies. The
dielectric properties of the samples were determined using the dielectric probe assembly shown in Figure 3a, and the
results are shown in Figure 3b. The measured dielectric constants were transferred to the CST simulation program
and added to the CST library. All samples whose dielectric properties were determined and whose data were
transferred to the CST library were simulated by placing them on the resonator. In this context, the response of the
proposed sensor to samples prepared at different percentages was evaluated in a simulation environment.

3.1. Adulteration and analysis of olive oil with sunflower oil

In this section, the process of the proposed MW reflection resonance sensor to analyze the adulteration of olive
oil and sunflower oil at different rates with simulation and experimental setups is examined. The proposed sensor
was modeled in a simulation environment in the frequency range of 8 GHz to 12 GHz, using the dielectric
property data of pure olive oil, pure sunflower oil, and 10%, 20%, and 30% sunflower oil-olive oil mixtures.
Pure olive oil and pure sunflower oil samples were added to the CST library. The simulation results of
adulteration of sunflower oil and olive oil are shown in Figure 4a. As observed in Figure 4a, the proposed
reflection resonance sensor responds to different resonance frequencies and changing reflection magnitudes with
the change of the sunflower oil ratio added to the olive oil. For the proposed sensor, the observed resonance
frequency in the simulation environment (without samples) was found to be approximately 9.481 GHz and the
|S11 145 Value was -47.19 dB. When pure olive oil is placed at the top of the resonator, the observed resonance
frequency is approximately 9.274 GHz and the |S,;|4z magnitude is -35.23 dB, under conditions where all
simulation parameters are kept same. In this case, changes were observed in the resonance frequency and |S;; |45
value of the proposed sensor when there was no sample in the simulation environment and pure olive oil was
placed as a sample. In the simulation for the proposed sensor, according to the result obtained using pure
sunflower oil dielectric constant data, the resonance frequency was observed to be approximately 8.824 GHz,
and the |S;, |45 value was observed to be -23.13 dB. Simulation results (resonance frequency and magnitude) of
10% sunflower oil and pure olive oil mixture, 20% sunflower oil and pure olive oil mixture, and 30% sunflower
oil and pure olive oil mixture were obtained as (-32.13 dB and 9.112 GHz), (-30.03 dB and 9.050 GHz), and
(-28.83 dB and 8.980 GHz), respectively. The experimental results of adulteration of olive oil and sunflower oil
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are presented in Figure 4b. When Figure 4b is examined, it is observed that the |S,; |,z values of the proposed
reflection resonance sensor vary at different resonance frequencies, and in various samples.
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Figure 4. |S;4145 graph for pure olive oil, pure sunflower oil, and pure olive oil- sunflower oil adulteration in
different percentages (a) simulated result and (b) measured result

It has been observed that the experimental measurement results (magnitude and resonance frequency) for pure
olive oil, 10% sunflower oil olive oil mixture, 20% sunflower oil olive oil mixture, 30% sunflower oil olive oil
mixture, and pure sunflower oil samples are (-34.76 dB and 9.263 GHz), -31.57 dB and 9.101 GHz, (-29.17 dB
and 9.042 GHz), (-27.97 dB and 8.971 GHz), (-22.73 dB and 8.811 GHz), respectively. Experimentally observed
changes in the resonance frequency of the sensor were recorded as the ratio of sunflower oil mixed with olive oil
increased. Figure 5a and Figure 5b show the resonance frequencies obtained from olive oil and sunflower oil
mixtures in experimental and simulation setups and how these frequencies change compared to pure olive oil.
According to the experimental measurement results, the resonance frequencies of pure olive oil, pure sunflower
oil, and adulterated samples were determined. As a result of experimental measurements, the resonance
frequency shifts of the samples compared to pure olive oil were determined as 0 MHz, 62 MHz, 221 MHz, 292
MHz, and 452 MHz, respectively. Additionally, in the simulation results, the resonance frequency shifts of the
samples compared to pure olive oil were observed as 0 MHz, 62 MHz, 224 MHz, 294 MHz, and 450 MHz,
respectively. According to the experimental and simulation results presented above, as the amount of sunflower
oil added to pure olive oil increases, the resonance frequency decreases, and resonance frequency shifts increase.
Table 1 shows the experimental and simulation results of olive oil-sunflower oil adulteration, including the
resonance frequencies of the samples, |S;1]45, € values, and the resonance frequency shifts of the samples
compared to pure olive oil.
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Figure 5. (a) Measured and simulated linearity plot of the resonant frequency versus sunflower oil concentration,
(b) Measured and simulated linearity plot of the frequency shift versus sunflower oil concentration

When Table 1 is examined, the following inferences can be made regarding Figure 4a, Figure 4b, Figure 5a and
Figure 5b. When the real dielectric constant values of the samples were listed from smallest to largest, an order
was observed as pure olive oil, olive oil mixture containing 10% sunflower oil, olive oil mixture containing 20%
sunflower oil, olive oil mixture containing 30% sunflower oil, and pure sunflower oil. In both simulation and
experimental measurements, it is observed that the resonance frequency decreases as the ratio of sunflower oil
mixed with pure olive oil increases. However, it is observed that as the sunflower oil ratio increases, the
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resonance frequency shifts of the samples increase compared to pure olive oil. Additionally, when Figure 5a and
Figure 5b are examined, it is observed that an almost linear graph is obtained. When Figure 5a and Figure 5b are
examined, it is possible to estimate the resonance frequency of the olive oil sample to which a certain amount of
sunflower oil is added and the frequency shift compared to pure olive oil. When we look at the |S;; |45 values
according to the experimental and simulation results of olive oil-sunflower oil adulteration, it is observed that
|S11145 Values decrease as the amount of sunflower oil added to pure olive oil increases in both cases. Finally,
when the resonance frequency and |S;;|45 Values for olive oil and sunflower oil adulteration are examined, it is
understood that the experimental and simulation results are compatible and are ranked according to the dielectric
constant values.

Table 1. Resonance frequency, |S;1 |45 value, €' values, and resonance frequency shifts compared to pure olive
oil for samples of olive oil-sunflower oil adulteration

. Freq.
Res. Freq. S
Samples Z?;)Freq. q |_ 11las I(-:;ll)dg , Fre(cgi.rﬁ;m Shift
(exp) (sim) p (exp)
Pure olive oil 9.274 GHz 9.263GHz  -3523dB  -3476dB 253 0MHz 0 MHz
. .
10% sunflower oil =g 1,5 oy 9.101GHz  -32.13dB  -3157dB  2.68 62 MHz 62 MHz

adulteration

20% sunflower oil

. 9.050 GHz 9.042 GHz 30.03dB 29.17 dB 2.73 224 MHz 221 MHz
adulteration

30% sunflower oil
adulteration

Pure sunflower oil 8.824 GHz 8.811 GHz -23.13dB  -22.73dB 2.89 450 MHz 452 MHz

8.980 GHz 8.971 GHz -28.83dB  -27.97dB 277 294 MHz 292 MHz

3.2. Sensitivity, quality factor, and figure of merit analysis

The performance of the sensor is generally determined by dimensionless sensor parameters such as sensitivity,
quality factor, and FoM. The expressions in (2) and (3) were used to calculate the quality factor (Q-factor) and
bandwidth frequency of the proposed sensor. Here f., f, fn, and f; represent center resonance frequency,
bandwidth frequency, and higher and lower frequencies within -3 dB of the center frequency, respectively. As
can be understood from (2), the bandwidth frequency has a critical effect on the Q-factor value.

_L
Q=7 @

fo=/h—n 3)

When the proposed sensor is tested in the region where the electric field is strongest by loading the sample, the
resonance frequency changes depending entirely on the permeability of the tested material. This relationship
shows that any change in relative permittivity (Ae,.) causes a linear change in resonance frequency (Af,).
Therefore, sensitivity (S), an important parameter of the proposed sensor, can be determined by using (4).

_ % — fempty_fer (4)

A€, €—1

Here, €, represents the dielectric constant of the sample, f.p.p¢, is the empty state resonance frequency of the
proposed sensor, f, _is the resonance frequency of the sensor in the state where the sample is placed. S(%) is the
normalized sensitivity of the proposed sensor (Alahnomi et al., 2021). The normalized sensitivity of the
proposed sensor can be determined by using expression (5).

S(%) = Jempty=fer x 100 5)

fempty (er—1)
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Within the scope of this study, the Q-factor and sensitivity values of olive oil and sunflower oil samples tested
on the proposed sensor were calculated. The Q-factors of olive oil and sunflower oil are 4635 and 465, the
sensitivity values are 1.42% and 3.62%, respectively. Additionally, the FoM value of the proposed sensor can be
determined by using expression (6).

FoM =S x Q — factor (6)

Based on expression (6), the FoM values of olive oil and sunflower oil were calculated as 6581 and 1683,
respectively. Olive oil, with a Q-factor value of 4635, and sunflower oil, with a normalized sensitivity value of
3.62%, have the highest values. The proposed sensor was evaluated based on the Q-factor, material detection,
operating frequency, resonance frequency shift, and FoM criteria presented in Table 2 for comparison with other
proposed sensors in the literature. When Table 2 is examined, it is seen that the proposed sensor in this study has
the highest values with a Q-factor value of 4635 and FoM of 6581.

When we examine (2), it is understood that the bandwidth frequency is inversely proportional to the Q-factor
value. The bandwidth of the proposed design at the ringing frequency is quite low compared to other studies in
the literature. Therefore, the Q-factor value is expected to be higher. In addition, since the FoM value is directly
proportional to the Q-factor (6), it is clear that the FoM value of the proposed sensor is higher compared to other
studies in the literature. Our proposed sensor offers higher sensitivity, better quality factor, and higher FoM value
compared to other studies published in the literature. Therefore, these results indicate that the proposed sensor is
a suitable choice for practical applications.

Table 2. Comparison of the proposed sensor with other sensors available in the literature

_ _ Operating Resonance o
References Material Sensing Frequency (GH2) Frgquency factor FoM
Shift (MHz)

(Altintas et al., 2019) Transformer oil 2-6 40 60 34
(Abdulkarim et al., 2020b) QOil 1-8 63 90 32
(Tamer et al., 2020) Diesel 8-12 60 110 37
(Abdulkarim et al., 2020a) Diesel 8-12 120 105 41
(Bakir et al., 2019) Transformer oil 8-12 70 100 48
(Tiimkaya et al., 2018) Diesel 10-12 72 90 52
(Tamer et al., 2018) Diesel 8-12 100 95 38
(Tamkaya et al., 2019) Diesel 8-12 92 105 43
(Islam et al., 2022b) Olive and corn oils 8-12 100 135 76
This work Olive and sunflower oils ~ 8-12 450 4635 6581
4. Conclusion

Olive oil is a highly preferred food due to its healthy ingredients. Olive oil may be exposed to impurities during the
production process due to high costs. This study proposes an MW sensor that is reproducible, feasible, and sensitive
to changes in dielectric parameters to detect sunflower oil adulterated with olive oil. Simulation and experimental
measurement results of the proposed reflection-based MW sensor were determined as -47.19 dB at 9.481 GHz
frequency and -42.35 dB at 9.467 GHz frequency, respectively. When the simulation and experimental results are
examined, it is observed that both measurements of the proposed sensor are consistent. In addition, the electric field
and surface current distribution analyses of the proposed sensor were performed, and it was observed that the electric
field was more intense in the parts forming the resonator. On the other hand, the dielectric constants of olive oil and
sunflower oil were measured and analyzed using a dielectric measurement probe setup. Although the dielectric
constants for olive oil and sunflower oil are close to each other, a resonance frequency shift of 62 MHz occurred
between the pure olive oil and the 10% sunflower oil adulterated olive oil sample. The dielectric constants of the
determined oils were significantly effective in frequency shift and magnitude interpretations in the simulation
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environment and experimental measurements. Olive oil and sunflower oil were mixed in certain proportions, and the
response of the samples prepared using the proposed reflection-based sensor was examined in both simulation and
experimental environments. Finally, the performance of the proposed sensor is analyzed. Accordingly, the Q-factor,
sensitivity, and FoM values of the proposed sensor were calculated. It has been observed that the proposed sensor
performs better than other sensors published in the literature, with a Q-factor value of 4635, a normalized sensitivity
value of 3.62%, and a FoM value of 6581. In conclusion, based on simulation, experimental data, and performance
analysis, it was observed that the proposed MW sensor could detect sunflower oils added to olive oil at rates of 10%
and above by using the frequency shift properties. For these reasons, the proposed sensor or system can be preferred
in various applications, such as industrial and liquid chemical detection, with advantages such as high sensitivity,
high-quality factors, superior performance, low cost, and little sample consumption.
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Keywords Abstract — Bulgur and bulgur products may be sold and stored in bags composed of cloth or
Bulgur, polymer, which exhibit disparate permeability and physical characteristics that could potentially
Fine bulgur, impact the product. The products can be sold in bulk without individual packaging, directly from
Kahramanmaras, sacks or specific bulk storage, in accordance with customer requirements. The aim of the study
Packaging, was to evaluate preferred storage-packaging systems for bulgur and bulgur products by consumers

Consumer preference  in Kahramanmaras region. In the region, some consumers produce their own bulgur at home
instead of buying it from the market. Accordingly, an investigation of bulgur and its derivatives
has been undertaken to ascertain consumer preferences with regard to home production, direct
purchases from sacks, bulk purchases, and purchases of those already packed. These factors are
important for the purpose of revealing bulgur consumption habits. The recommendations that can
be drawn from the results obtained in this study are expected to contribute to the consumption and
marketing of the bulgur. In addition, awareness was created of the preference for bulgur, fine
bulgur, firik, and very fine bulgur and their importance in terms of health, packaging systems, and
storage in Kahramanmaras province. This survey was applied to 350 households in order to
interview face-to-face with households living in the urban area of Kahramanmaras province. The
statistical examination of the data revealed that consumers lack sufficient information regarding
the nutritional value of the products in question. Furthermore, it was evaluated that the effect of
the packaging materials used for bulgur and bulgur products on the product properties, including
shelf life, is not widely understood by consumers.

1. Introduction

Throughout human history, bulgur has been of great importance as a basic food source and different foods have
been developed by processing with various methods. Studies on the processing of bulgur since the Stone Age
show that bulgur may be one of the first processed foods in human history (Bayram, 2007; Bilgigli and Soylu,
2016). In the Kahramanmaras region, bulgur production is both a commercial and household practice, reflecting
the area’s deep-rooted agricultural traditions. Approximately 40% of the population still produces their own
bulgur at home, while a significant portion opts for bulk purchases or pre-packaged bulgur, highlighting diverse
consumption patterns in the region. This duality in production and consumption presents unique challenges and
opportunities for manufacturers. For instance, local producers must balance between traditional bulk sales and
modern packaging techniques that extend the products’ shelf life, preserve their nutritional value, and meet
consumer demand for convenience. Recent studies in the region have identified the need for innovation in bulgur
packaging (Kasar et al., 2021; Kayaoglu and Giilmez, 2022; Ozbay et al., 2016). Most consumers prefer
packaged bulgur due to its hygienic advantages and extended shelf life (Gupta et al., 2023; Sumiahadi et al.,
2020).
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However, some of the consumers prefer buying the products in bulk, even some of them producing their bulgur
and its derivatives by themselves. The increasing awareness of health and nutritional benefits linked to bulgur
consumption also suggests that there is a rising demand for improved packaging solutions that better cater to
consumer health-consciousness. Bulgur is a highly nutritious cereal product rich in several key nutrients. It
contains a high amount of fiber, which supports digestive health, and is an excellent source of complex
carbohydrates that provide sustained energy (Doénmez et al., 2004). Additionally, bulgur is rich in B vitamins
(especially B1 and folate), which are important for energy metabolism and nervous system health (Ozbay et al.,
2016). It also contains essential minerals like magnesium, iron, potassium, and phosphorus, which contribute to
bone health, blood pressure regulation, and muscle function (Michel and Bayram, 2024). Its general composition
includes 9-13% water, 10-16% protein, 1.2-1.5% fat, 76-78% carbohydrate, 1.2-1.4% ash and 1.1-1.3% fiber. In
addition, it has higher values in terms of nutrients such as protein, calcium, iron, vitamin B1 and niacin
compared to other cereal products such as bread and pasta (Saad et al., 2018). Bulgur is a product produced by
cleaning, cooking, drying and grinding bulgur to certain sizes and has the ability to be stored for a long time due
to the inactivation of enzymes during the cooking process (Belibagh et al., 2009). Bulgur is known as a staple
food widely used especially in Middle Eastern and Mediterranean cuisines. Fine bulgur is smaller in size than
bulgur and represents the smallest size of the yellow bulgur varieties except very fine bulgur, but very fine
bulgur is also not cooked during production. Fine bulgur is rich in fiber, vegetable protein, minerals and vitamins
(Michel and Bayram, 2024). Firik is a traditional product obtained by roasting wheat in the milk stage with fire
and has a green brown color and a sooty aroma, these characteristics are considered as quality parameters of firik
(Yilmaz and Yildirim, 2020). Figure 1 shows main wheat derivatives, bulgur, fine bulgur, dovme and firik.
Effective packaging is essential to preserve the quality and extend the shelf life of bulgur products. Packaging
needs and storage conditions of bulgur and bulgur products are given in Table 1. The sensitivity of these
products to moisture, oxygen and light requires the selection of appropriate packaging materials (Sumiahadi et
al., 2020; Xie, 2017). Inappropriate storage conditions can lead to mold, oxidation, and loss of nutritional value.
This study aims to assess the level of knowledge of local people about the packaging and storage conditions of
bulgur and fine bulgur in Kahramanmaras region, to examine the effects of the materials used in the packaging
of these products on product quality and to analyze data on consumer preferences. The objective of this study is
to ascertain the extent of knowledge held by the local population in the Kahramanmarag region with regard to the
packaging and storage of bulgur and related products. Furthermore, this study seeks to identify consumer
preferences for purchasing these products with or without packaging, as well as to determine which types of
packaging options are preferred. Furthermore, the relationship between consumer characteristics, including age,
gender, education level, income level, and demographic and socioeconomic status, and consumption of bulgur
and bulgur products was examined. The study also investigated which traditional foods are most commonly
prepared with bulgur and its derivatives.

Table 1. Summary table of bulgur and fine bulgur packaging and storage conditions.

Product Packaging Material Storage Conditions” Labeling Details
Bulgur Food-grade plastic/paper bags or Cool, dry place (15-25°C), low  Product name, packaging date,
containers humidity™, protect from direct expiration date, storage
sunlight™ instructions
Fine bulgur Food-grade plastic/paper bags or Cool, dry place (15-25°C), low Product name, packaging date,

containers

humidity™, protect from direct
sunlight™

expiration date,

instructions

storage

“Ifrom a label of a related product pack, “?Sumiahadi, et al., 2020
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BULGUR FINE BULGUR

Figure 1. Visual presentation of some wheat derivatives
2. Methodology

This study was conducted in order to determine the consumption habits of bulgur and bulgur products of consumers
residing in the urban area of Kahramanmaras. In addition to the local people living in the Kahramanmarag region,
workers working in various factories in the Organized Industrial Zone (O1Z) were also included in the research. Data
collection was conducted through face-to-face surveys between March 2024 and April 2024. The study consists of a
total of 350 people living in the urban area of Kahramanmaras province. In the selection of the respondents, the
location of Kahramanmaras province in the Mediterranean region was taken into account, ensuring a general
representativeness in terms of income and educational status of the region. In the questionnaire form, questions were
included to determine the consumption levels of these products of the participants and their level of knowledge about
the packaging methods of them. In addition, demographic information such as gender, age, education level,
occupation, number of people in the household, and income level was also collected. The reason for choosing this
method is to determine the level of knowledge of local people about the packaging and storage of bulgur and bulgur
products in the most accurate way, to understand the reasons for the preference of these products and to analyze the
demographic and socioeconomic factors behind these preferences in detail. Face-to-face interviews increase the
reliability of the results by providing a better understanding of the survey questions and enabling respondents to
provide more reliable data. In the study, the confidentiality and anonymity of the participants were protected during
data collection and analysis. The participants were informed that the information they provided would only be used
for academic purposes and that their personal information would be kept confidential. In addition, the participants
were voluntarily included in the study and no pressure or coercion was applied. During data collection, all procedures
were carried out in accordance with the rules of academic ethics and the rights of the participants were respected. The
data obtained were analyzed using statistical evaluation methods. These analyses include detailed evaluations of the
reasons for the preference for bulgur and fine bulgur, factors affecting consumption, nutritional content, packaging,
and storage. In line with the results of the research, deficiencies in the level of public knowledge on bulgur and fine
bulgur packaging and storage were identified and it was aimed to raise awareness on this issue.

In this study, a 44-question survey was used to assess the knowledge of consumers living in the urban area of
Kahramanmaras on the packaging and storage of bulgur and fine bulgur, as well as to gather data on their
preferences, consumption factors, and nutritional awareness, providing a quick and economical method to
evaluate attitudes, behaviors, and opinions on these topics.

2.1. Survey structure

The survey questions were structured with classification and ranking scales. Closed-ended questions were used
to ensure that respondents provided their answers within predetermined categories. These categories were
organized as simple binary options (e.g. 'yes' or 'no', 'male’ or ‘female’) or more complex lists of alternatives from
which respondents could choose. Closed-ended questions provided nominal and ordinal data, allowing the data
to be analyzed systematically (Gokkaya Erdem et al., 2023).

2.2. Sampling and data collection process

The study sample consisted of individuals living in the urban area of Kahramanmarag province who agreed to
participate in the research. Sample selection was randomized, and data were collected through face-to-face
surveys at the OIZ. The inclusion criteria included individuals residing in the Kahramanmarag region who
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accepted the survey, while the exclusion criteria included factors such as not consuming cereal products, general
health status, and age.

2.3. Data analysis

The collected data were analyzed using the free trial version of SPSS (Statistical Package for Social Sciences)
for Windows 25.0 software. Descriptive statistical methods (number, percentage) were used to evaluate the data.
The relationships between variables were analyzed by the Chi-square test. The chi-square test has been chosen
because it is more appropriate for analyzing categorical data, does not assume a normal distribution, and is more
flexible regarding the assumptions about the data, making it suitable for scenarios where parametric tests may
not be applicable. Statistical analyses were performed at a 95% confidence interval, and the significance level
was accepted as 0.05. This methodology allowed the analysis of consumer preferences and knowledge levels on
bulgur and fine bulgur consumption, packaging, and storage in accordance with the objectives of the study.

3. Results and Discussion

3.1. Demographic characteristics of consumers

The study surveyed 350 households in the urban area of Kahramanmaras to understand their consumption habits
of bulgur and bulgur products. The survey sample of 350 respondents may not be fully representative of the
entire Kahramanmaras region. However, it provides meaningful insights into consumer preferences in urban
areas. Future studies could focus on more specific areas, such as industrial zones or universities, to obtain results
that are more representative of these particular communities. Table 2 summarizes the demographic
characteristics of the participants. The majority of the respondents were young to middle-aged adults, with
54.3% being female and 51.7 % being married. In terms of education, 35.7% of respondents held undergraduate
degrees, while 31.7% were high school graduates. Most of the participants were employed (50.6%), while 18%
were students. In terms of household size, 67.7% of the participants lived in families with 3-5 members, and
17.1% lived in households with 6-7 members. Family income distribution varied, with 33.4% of households
earning between 17,000 TL and 30,000 TL per month and 23.7% earning below 17,000 TL. For future readers to
accurately assess the monetary amounts mentioned in this section, it is important to provide context regarding
the minimum wage at the time of writing. As of 2024, the minimum wage in Turkey was 17,002 TL per month.
This wage serves as a benchmark for understanding income brackets within the study. For instance, households
earning below 17,000 TL per month are likely earning close to or slightly above the minimum wage, whereas
those in higher income brackets (above 30,000 TL) represent the middle and upper-income segments. This
context helps assess the economic standing of participants in relation to their consumption behaviors and
purchasing power. The data on income levels in this region directly influences consumer preferences, especially
in terms of the types of bulgur products they purchase. Higher-income consumers tend to prefer packaged
products for their convenience and perceived hygiene, while lower-income households are more likely to
purchase in bulk or produce bulgur at home. Bulgur and fine bulgur hold a significant place in the diets of many
urban populations in Turkey, including Kahramanmaras, where these products are a staple due to their
affordability, ease of preparation, and versatility (Donmez et al., 2004). Studies show that demographic factors
such as income, education, and household size influence the consumption patterns of bulgur. For example,
households with lower income and larger family sizes tend to consume bulgur more frequently due to its cost-
effectiveness and high nutritional value (Kayaoglu and Giilmez, 2022). Bulgur, particularly fine bulgur, is
commonly used in dishes like kisi+ (a bulgur-based salad) and raw kofte, where its light texture and fast
preparation are appreciated. It can be soaked rather than cooked, making it an accessible and convenient
ingredient for many. Moreover, bulgur's high fiber content and lower glycemic index compared to rice and pasta
make it a popular choice among health-conscious consumers (Tekin-Cakmak et al., 2024). For companies aiming
to develop marketing strategies around bulgur, understanding these consumption patterns and demographic
factors provides essential insights. Marketing efforts could emphasize its health benefits, convenience, and
versatility to appeal to a broad range of consumers across various socioeconomic segments (Kayaoglu and
Giilmez, 2022).
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Table 2. Participants’ descriptive information

Number %
Age 25 and below 118 33.7
26-35 110 314
36-45 65 18.6
46+ 57 16.3
Gender Male 160 45.7
Female 190 54.3
Marital Status Single 169 48.3
Married 181 51.7
Education Status Primary school 53 15.1
High school 111 31.7
Associate Degree 39 111
License 125 35.7
Master Degree/PhD 22 6.3
Employment Status Employed 177 50.6
Not employed 59 16.9
Stay-at-home parent 46 131
Student 63 18.0
Other 5 1.4
Number of family members 1-2 39 111
3-5 237 67.7
6-7 60 17.1
8-10 11 3.1
10+ 3 0.9
Monthly family income <17.000TL 83 23.7
(as of 2024, min wage is 17,002 TL) 17,000 TL- 30,000TL 117 334
30,000 TL- 45,000 TL 70 20.0
45,000 TL- 60,000 TL 36 10.3
> 60,000 TL 44 12.6
I consume every day 73 20.9
Consumption Frequency I consume one day a week 186 53.1
I consume it every fifteen days 53 15.1
I consume it once a month 38 10.9

3.2. Consumption methods of consumers for wheat derivatives

Table 3 shows the consumption preferences of consumers living in the urban area of Kahramanmaras province
for wheat derivatives, especially bulgur and fine bulgur, and the dishes made from these products. The data
reveals that bulgur is the most preferred wheat derivative among consumers in the region. While 78.6% of the
respondents stated that they consume bulgur the most, 21.4% stated that they prefer fine bulgur. It was observed
that bulgur is a widely consumed food in Kahramanmaras and is frequently used in traditional dishes, especially
in rural areas. Among the participants who preferred bulgur, the most popular dish was infertile, with a rate of
50.9%. This was followed by stuffed (i¢li) kofte at 28.0%, bulgur soup at 13.8%, and plain bulgur pilaf at 13.1%.
Among the participants who preferred fine bulgur, the most consumed food was raw kofte with 42.6%, followed
by fine bulgur kofte with 41.3%. These results show that fine bulgur is mostly used in local and special dishes.
Participants who preferred pounded bulgur preferred traditional dishes such as plain pounded pilaf (20.2%) and
asure (4.1%). This shows that pounded bulgur is used especially in certain types of dishes and has an important
place in traditional cuisine. Among the respondents who preferred firik, the most popular dish was firik pilaf
(78.5%). Firik is also used in making tarhana (49.4%) and soup (15.2%). Firik is not known like other wheat
derivatives, but it stands out as a food with high nutritional value. In conclusion, wheat derivatives are widely
consumed in the urban area of Kahramanmaras province, especially bulgur, which is used in various dishes.
These findings show that bulgur and fine bulgur have an important place in the local cuisine and that the
consumption habits of these products are closely related to the nutritional culture of the people of the region.
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Table 3. Distribution of participants' consumption preference for wheat derivatives

Number %
Which of the wheat derivatives, bulgur, and its Fine bulgur » 214
products, do you consume the most?
Bulgur 275 78.6
Very fine bulgur 28 8.0
Apart from bulgur and its products, doyou Dd&vme 243 69.4
consume the most? 22.6
Firik 79
Please examine the listed dishes (including mainly  Plain bulgur pilaf 36 13.1
bulgur) and indicate your preference (n=275) Bulgur pilaf with vegetables 28 10.2
Pilaf with meat 9 33
Soup 38 13.8
Anali kizli kofte 11 4.0
Kofte with sour 20 7.2
Somelek kofte 21 7.6
Yaglama 2 0.7
Kisir 140 50.9
Sarma/Dolma 11 4.0
Mumbar 3 1.1
Stuffed(i¢li) kofte 77 28.0
Fine bulgur kofte 31 41.3
Please examine the listed dishes (including mainly  Lentil kofte 19 25.3
fine bulgur) and indicate your preference (n=75) Fellah kofte 9 12.0
Batirik kofte 1 13
Raw kofte 32 42.6
Plain dovme rice 49 20.2
Please examine the listed dishes (including mainly D6vme rice with vegetables 3 1.2
dévme) and indicate your preference (n=243) Soup 9 3.7
D6vme soup with yogurt 8 3.3
Ddvme asi 3 1.2
Asure 10 41
Pilaf 62 785
Please examine the listed dishes (including mainly  Tarhana 39 494
firik) and indicate your preference (n=79) Soup 12 152
Please examine the listed dishes (including mainly
very fine bulgur) and indicate your preference Fine bulgur kofte 28 100.0

(n=28)

3.3. Consumption preferences of consumers

This study examined the reasons why consumers living in urban areas of Kahramanmarag province prefer bulgur
derivatives such as bulgur and fine bulgur. The data obtained show that the majority of the participants (82.6%)
prefer these products because they find them nutritious and satisfying. In addition, 84.6% of the participants
stated that they consume dishes made from bulgur derivatives because they find them delicious. Furthermore,
75.1% of the participants reported that they prefer these products because they can be stored for a long time
without spoiling. This is consistent with previous findings that highlight bulgur's long shelf life and minimal
need for preservatives, making it a durable food choice for households. Moreover, 80.6% emphasized that they
prefer these products for their health benefits, a sentiment echoed by studies showing that bulgur is rich in fiber,
protein, and essential nutrients. A previous study by Bayram (2007) found that Turkish consumers' preference
for bulgur is also driven by its versatile use in both daily meals and traditional dishes. These findings, which
align with our results, confirm that bulgur holds a significant place in Turkish cuisine, particularly in
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Kahramanmaras, where both traditional and modern consumption patterns coexist. In conclusion, our findings
reaffirm that bulgur and similar products are widely preferred in Kahramanmaras due to their nutritional value,
durability, and health benefits. These preferences are consistent with broader trends observed in Turkish bulgur
consumption studies. The strong cultural and practical reasons for the preference for these products make them
integral to the local diet, highlighting the potential for further studies to explore how modern packaging methods
could enhance their appeal and marketability. Recent research in Turkey highlights the increasing consumer
demand for health-conscious and sustainably packaged products. For example, a study by Kayaoglu and Giilmez
(2022) indicates that Turkish consumers are becoming more mindful of packaging materials and their impact on
product quality and safety. This aligns with the findings of this study, which underscores the growing importance
of packaging in influencing consumer choices, particularly for staple foods like bulgur. Another similar study
was conducted by Ozbay et al. (2016); they examined the consumption of bulgur in Karaman province, with a
particular focus on the factors that influence purchasing decisions and consumer knowledge about its effects on
human health. The majority of consumers are farmers and civil servants with varying levels of education. The
study finds that factors such as expiration date, brand, and price significantly impact consumers' purchasing
decisions, with flavor also being an important criterion. In contrast, packaging and cooking time are less
significant factors. It is generally observed that men are responsible for purchasing decisions. Additionally, most
consumers lack sufficient information about the health effects of bulgur, although highly educated consumers
tend to have better knowledge about its nutritional benefits, and this knowledge increases with their level of
education. The study also revealed that bulgur is mostly consumed as pilaf, with the least frequent consumption
being once a month.

3.4. Main factors in consumers' preference

In this part, the reasons why consumers living in the urban area of Kahramanmarag prefer bulgur and similar
bulgur derivatives and the factors behind these preferences have been investigated (Tables 4-5). 63.1% of the
participants stated that they prefer these products due to the high production rate in their region. This shows the
impact of local production on consumer preferences. In addition, 86.6% of the participants stated that bulgur and
similar products are frequently consumed by their families and circles, indicating that cultural and social factors
play an important role in the preference for bulgur derivatives. However, 44.3% of the respondents indicated that
they were interested in learning about the benefits of bulgur from social media, radio, and/or television
programs. However, this rate indicates that interest in information is limited and that more awareness-raising
activities are needed.

Table 4. Evaluation of participants' reasons for preference

Yes No
Number % Number %
| prefer it because it is nutritious and satisfying. 289 82.6 61 174
I prefer it because it cooks quickly. 218 62.3 132 37.7
I prefer it because it has a long shelf life 263 75.1 87 24.9
I enjoy consuming dishes made from this product because of its taste. 296 84.6 54 154
I prefer it because it's well-loved and enjoyed by my family. 279 79.7 71 20.3
I select it because it promotes good health. 282 80.6 68 194

Table 5. Evaluation of participants' reasons for preference

Yes No
Number % Number %
I prefer it because of the high production rate in the region where 1 live. 221 63.1 129 36.9
It is consumed a lot in my family and circle. 303 86.6 47 134
I am interested in information about the benefits of bulgur on social 155 443 195 55.7

media, radio, and/or TV programs.
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In conclusion, local production, family, and environmental impacts play an important role in the preference for
bulgur and similar products in Kahramanmaras province. However, more information about the benefits of
bulgur through the media may increase consumers' interest in these products. These findings emphasize that
local production and social environment are determining factors in food preferences.

3.5. Importance of nutrition and health

The nutritional value of a human diet is important for being healthy. This part was conducted to assess
participants' views on nutrient content (Table 6). According to the data obtained, it was found that the majority
of the participants (66%) had information about different types of bulgur and paid attention to this when
shopping. The proportion of participants who prefer organic production is as high as 81.4%. In addition, 63.4%
of the participants stated that they prefer organic foods because they are rich in fiber, vitamin B1, and folic acid.
62.9% of the participants stated that they prefer foods because they do not contain cholesterol and unsaturated
fats. 57.4% of the participants stated that they were informed that it contains gluten and that people with gluten
sensitivity should use it with caution. Finally, 55.1% of the participants stated that they preferred the foods
because of the low glycemic index. These results show the participants’ awareness and preferences regarding
nutrient content. In particular, a high level of awareness was observed regarding organic production and the
potential effects of nutrients on health. These data provide valuable information for research on dietary habits
and health awareness.

Table 6. Evaluation of participants' views on nutrient content

Yes No
Number % Number %

I know there are different types of bulgur, and | pay attention to that 231 66.0 119 340
when | buy.

I prefer organic production. 285 814 65 18.6
| prefer it because it is rich in pulses/fiber, vitamin B1, and folic acid. 222 63.4 128 36.6
| prefer it because it is free of cholesterol and unsaturated fat. 220 62.9 130 37.1
| ha\_/e_ information that it contf_ilns_gluten fand that people who are 201 574 149 426
sensitive to gluten should use it with caution.

| prefer it because it has a low glycemic index. 193 55.1 157 449

3.6. Evaluation of participants' preference for packaging and storage

This study was conducted to assess the opinions of the participants about packaged products and products sold in
the open. Consumer preferences regarding the packaging needs for bulgur and bulgur products are shown in
Table 7. According to the data obtained, 91.1% of the participants prefer products that do not contain foreign
substances (stones, soil, etc.). 54.6% of the participants stated that they make their own products from bulgur at
home. While 40.9% of the respondents buy products sold in the open, 73.7% prefer packaged products, 67.7% of
respondents have knowledge about the packaging materials used in the market, and 66.6% know the differences
between these materials and their effects on the product. 90.3% of respondents think that packaging should have
a label indicating product content, optimal use, and storage conditions. 89.1% of the respondents think that the
packaging design should best represent the product and be easy to use, and 71.1% of the participants stated that
they place the packaged product in the cupboard when they bring it home.

The rate of those who pay attention to the production and expiration date on the packaging of the product is
92.6%. 95.7% of the participants stopped consuming when they noticed any change in the smell, color, or taste
of the product. 76.3% of the respondents stopped consumption when they noticed that the product was insect-
infested during storage. 43.4% of respondents think that the characteristics of packaged products and products
sold in the open are the same. Finally, 58.9% of respondents know that the storage temperature should not be
above 18°C and humidity should not be above 65%. These results shed light on respondents' awareness and
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preferences regarding packaged and openly sold products. A high level of awareness of the importance of
packaging on product quality and safety was observed.

Table 7. Evaluation of participants' packaging and storage preferences

Items Yes No
Number % Number %
I prefer no foreign matter (stones, soil, etc.). 319 91.1 31 8.9
At home, we make our own from bulgur. 191 54.6 159 45.4
I buy products sold in the open. 143 40.9 207 59.1
I buy the packaged product. 258 73.7 92 26.3
I know the packaging materials used in the market. (Example:
polyethylene, cellophane, polypropylene, paper, cloth or sack) 231 67.7 113 323
I know the differences between the packaging materials used and their 233 66.6 117 334
impact on the product. ' '
The packaging must have a label indicating the contents, optimal use,
and storage conditions of the product. 316 03 34 9.7
The packaging design should best represent the product and be easy to 312 89.1 38 10.9
use. . .
When | buy a packaged product and bring it home, | put it packaged in 249 711 101 28.9
the cupboard. ' '
When buying, | pay attention to the production and expiration date on 324 926 26 74
the packaging. ' '
If | notice any change in the smell, color, or taste of the product, | stop 335 957 15 43
consuming it. : :
If | see that the product is infested during storage, | stop consuming it. 267 76.3 83 23.7
The characteristics of packaged products and products sold in the open
are the same. 152 434 198 56.6
I know that the storage temperature should be 18°C, and the humidity 206 589 144 a1

should not be above 65%.

3.7. Determination of the factors affecting the packaging and storage preferences of consumers

This study aimed to analyze the relationship between consumers' packaging and storage preferences and age.
According to the data obtained, consumers showed different packaging and storage preferences according to age
groups.

Preference for products without foreign substances: 91.1% of the participants preferred products without
foreign substances, while there was no statistically significant difference between age groups (p=0.090).

Making your own products from bulgur at home: A significant difference was found between age groups in the
proportion of those who made their own products at home (p=0.014). Participants in the 26-35 age group
(30.4%) stand out as the group with the highest rate of this habit.

Purchasing openly sold products: The preference for buying products sold in the open did not show a
significant difference between age groups (p=0.203).

Buying packaged products: The preference for buying packaged products did not show a significant difference
between age groups (p=0.056).

Knowledge about packaging materials: Participants’ knowledge about packaging materials did not show a
significant difference between age groups (p=0.155).
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Knowing the differences between packaging materials: The rates of knowing the differences between
packaging materials did not show a significant difference between age groups (p=0.649).

Packaging should have a label: The proportion of respondents who thought that packaging should have a label
indicating the contents, optimal use, and storage conditions showed a significant difference between age groups
(p=0.013). Respondents in the 26-35 age group adopted these views the most.

Packaging design represents the product in the best way: The view that packaging design should represent the
product in the best way possible showed a significant difference between age groups (p=0.023). Participants in
the 26-35 age group adopted this view the most.

Putting the packaged product in the cupboard when you bring it home: The habit of putting the packaged
product in the cupboard when brought home did not show a significant difference between age groups (p=0.090).

Paying attention to the production and expiration dates on the packaging: The rates of paying attention to the
production and expiration dates did not show a significant difference between age groups (p=0.698).

Stopping consumption if they notice changes in the smell, color, or taste of the product: The proportion of
those who noticed changes in the smell, color, or taste of the product did not show a significant difference
between age groups (p=0.616).

Stopping consumption if the product is insect-infested: There was no significant difference between age groups
in the rates of stopping consumption if the product was insect-infested (p=0.742).

Thinking that the characteristics of packaged products and openly sold products are the same: This opinion
showed a significant difference between age groups (p=0.048). Respondents aged 25 and under were more likely
to hold this view.

Having information about storage temperature and humidity: Knowledge about storage temperature and
humidity did not show a significant difference between age groups (p=0.409).

These results show that consumers have different awareness and habits about packaging and storage preferences
according to age groups. In particular, participants in the 26-35 age groups are more conscious and careful about
packaging and storage. These data provide important information for future studies on consumer habits and
packaging strategies.

3.7.1. Analyzing the relationship between consumers’ packaging and storage preferences and age

The effect of consumers’ age and education level on packaging types and storage needs of bulgur and products
were tabulated in Tables 8-9.

3.7.2. Analyzing the relationship between consumers’ packaging and storage preferences and education level

This study aimed to analyze the relationship between respondents' packaging and storage preferences and their
level of education (Table 9). According to the data obtained, participants showed different packaging and storage
preferences according to their level of education.

Preference for products without foreign substances: 91.1% of the participants preferred products without
foreign substances, while there was no statistically significant difference between the levels of education
(p=0.476).

Making your own products from bulgur at home: No significant difference was found between education levels
in the proportion of those who make their own products at home (p=0.476).

Purchasing openly sold products: The preference for buying openly sold products showed a significant
difference between education levels (p=0.019). Secondary education graduates stand out as the group with this
habit the most.

Buying packaged products: The preference for buying packaged products did not show a significant difference
between education levels (p=0.155).
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Knowledge about packaging materials: Participants' knowledge about packaging materials did not show a
significant difference between education levels (p=0.776).

Table 8. The relationship between participants' packaging and storage preferences and age

25 and below 26-35 36-45 46+ X? P

Number % Number % Number %  Number %

I'prefer no foreign  ygg 103 32.3 99 310 61 19.1 56 176 6501  0.090
matter (stones, soil,

etc.).

No 15 48.4 11 35.5 4 12.9 1 3.2
Athome, we make  ygg 57 29.8 58 30.4 34 17.8 42 220 10553  0.014*
our own from
bulgur. No 61 384 52 327 31 195 15 94

!bgyIEdeUCtSSOW Yes 44 308 4 28.7 28 196 30 210 4610  0.203
1IN DUIK.

No 74 35.7 69 333 37 17.9 27 13.0

I buy the packed Yes 95 36.8 79 30.6 49 19.0 35 13.6  7.567 0.056

product. No 23 250 31 337 16 174 22 239

I know the Yes 72 30.4 77 325 50 21.1 38 160 5.234 0.155
packaging materials

used in the market.

(e.g. polyethylene,

cellophane, pp, No 46 40.7 33 29.2 15 133 19 16.8
paper, cloth or

sack).

I know the Yes 74 31.8 77 33.0 45 19.3 37 159 1.648 0.649
differences between

the packaging

materials used and

their impact on the No 44 37.6 33 28.2 20 17.1 20 17.1
product.

The packaging
must have a label
indicating the
contents,  optimal
use, and storage No 20 58.8 6 17.6 4 11.8 4 11.8
conditions of the

product.

Yes 98 31.0 104 32.9 61 19.3 53 16.8 10.730 0.013*

The  packaging  ves 97 311 101 324 62 199 52 167 9557  0.023*
design should best

represent the

product and be easy  No 21 55.3 9 23.7 3 7.9 5 13.2

to use.

When 1 buy a e 78 313 74 29.7 51 20.5 46 185  6.496 0.090

packaged  product
and bring it home, |
put it packaged in
the cupboard.

No 40 39.6 36 35.6 14 13.9 11 10.9

When buying, | pay

. Yes 109 33.6 104 32.1 60 18.5 51 15.7 1.432 0.698
attention to the
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production and

expiration date on g 9 34.6 6 23.1 5 19.2 6 23.1
the packaging.

If | notice any Yes 111 33.1 107 319 63 18.8 54 161  1.795 0.616
change in the smell,

color, or taste of the
product, I stop

L No 7 46.7 3 20.0 2 13.3 3 20.0
consuming it.
It | see that the yoo g9 333 82 307 53 199 43 161 1247  0.742
product is infested
during storage, |
stop consuming it. No 29 34.9 28 33.7 12 145 14 16.9

The characteristics
of packaged
products and

products sold in the
open are the same. No 71 35.9 70 35.4 29 14.6 28 14.1

Yes 47 30.9 40 26.3 36 23.7 29 191  7.926 0.048*

I know that the
storage temperature  Yes 66 320 72 35.0 36 175 32 155 2.891 0.409
should be 18 °C,
and the humidity

should not be above
65%. No 52 36.1 38 26.4 29 20.1 25 17.4

Knowing the differences between packaging materials: The rate of knowing the differences between packaging
materials did not show a significant difference between educational levels (p=0,784).

Packaging should have a label: The proportion of respondents who thought that packaging should have a label
indicating the contents, optimal use, and storage conditions did not show a significant difference between
education levels (p=0.511).

The packaging design should represent the product in the best way: The opinion that the packaging design
should represent the product in the best possible way did not show a significant difference between educational
levels (p=0.257).

Putting the packaged product in the cupboard when you bring it home: The habit of putting the packaged
product in the cupboard after bringing it home showed a significant difference between educational levels
(p=0.022). Secondary education graduates had this habit the most.

Paying attention to the production and expiry dates on the packaging: The rates of paying attention to the
production and expiry dates did not show a significant difference between educational levels (p=0.313).

Stopping consumption if they notice changes in the smell, color, or taste of the product: The rates of those
who noticed changes in the smell, color, or taste of the product did not show a significant difference between
education levels (p=0.368).

Stopping consumption in the event of insect infestation: The rates of stopping consumption if the product was
insect-infested showed a significant difference between educational levels (p=0.002). Secondary education
graduates stand out as the group with the highest level of awareness on this issue.

Thinking that the characteristics of packaged products and openly sold products are the same: This opinion
showed a significant difference between education levels (p=0.000). Secondary education graduates were the
group that adopted those views the most.

Having information about storage temperature and humidity: Knowledge about storage temperature and
humidity did not show a significant difference between educational levels (p=0.797).

These results show that consumers have different awareness and habits about packaging and storage preferences
according to their educational levels. Secondary education graduates are more careful and conscious about
packaged products and storage of products.
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Table 9. The relationship between participants' preference for packaging and storage and education level

Primary school High school Associate degree  License Master's Degree/ X2 P
PhD

Number % Number % Number % Number % Number %

I prefer no foreign matter (stones, soil, etc.). Yes 51 16.0 100 313 37 116 112 351 19 6.0 3512 0.476
No 2 65 11 355 2 6.5 13 419 3 9.7
At home, we make our own from bulgur. Yes 40 209 65 340 21 11.0 55 288 10 5.2 16.431 0.476
No 13 82 46 289 18 113 70 440 12 75
I buy products sold in the open. Yes 26 18.2 56 392 14 9.8 38 266 9 6.3 11.756 0.019*
No 27 130 55 26.6 25 121 87 420 13 6.3
Yes 35 136 82 318 28 109 100 388 13 5.0 6.664 0.155
I buy the packaged product.
No 18 196 29 315 11 120 25 272 9 9.8
I know the packaging materials used in the market. Yes 39 165 73 308 24 101 86 36.3 15 6.3 1.778 0.776
(Example: polyethylene, cellophane, pp, paper, cloth or sack). 14 124 38 336 15 133 39 35 7 6.2
I know the differences between the packaging materials Yes 37 159 75 322 23 9.9 82 352 16 6.9 1.739 0.784
used and their impact on the product. No 16 137 36 308 16 137 43 368 6 5.1
The packaging must have a label indicating the contents, Yes 49 155 102 323 37 11.7 109 345 19 6.0 3.288 0.511
optimal use, and storage conditions of the product. No 4 18 9 %65 2 5.9 16 471 3 8.8
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The packaging design should best represent the product Yes 50 160 99 L7 37 119 106 40 20 64 5300 0257
and be easy to use. No 3 79 12 316 2 53 19 500 2 53
When | buy a packaged product and bring it home, Yes 45 181 84 337 27 108 81 325 12 4.8 11.472 0.022*
I put it packaged in the cupboard. No 8 79 27 267 12 119 44 436 10 9.9
When buying, | pay attention to the production and Yes 48 148 102 315 39 120 116 358 19 59 475 0313
expiration date on the packaging. No 5 192 9 346 0 00 9 346 3 115
If I notice any change in the smell, color, or taste of the product, Yes 53 15.8 105 313 37 11.0 118 35.2 22 6.6 4.291 0.368
| stop consuming it. No 0 0.0 6 400 2 133 7 46.7 0 0.0
If I see that the product s infested during storage, Yes 46 172 90 337 29 109 92 345 10 37 16783  0.002*
I stop consuming it. No 7 84 21 253 10 120 33 398 12 14.5

Yes 34 224 57 375 15 9.9 41 270 5 3.3 22.076 0.000*
The characteristics of packaged products and products sold No 19 96 54 273 24 121 84 94 17 86
in the open are the same.

Yes 30 146 68 330 20 9.7 76 369 12 5.8 1.664 0.797
I know that the storage temperature should be 18°C,

No 23 16.0 43 299 19 13.2 49 340 10 6.9

and the humidity should not be above 65%.
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3.7.3. Analyzing the relationship between consumers' packaging and storage preferences and monthly income

The data revealed were listed in Tables 10-11.

Table 10. The relationship between participants' packaging and storage preferences and monthly income

<17.000 17.000- 30.000 — 45.000- >60.000 TL X2 p
TL 30.000TL 45.000 TL 60.000 TL
Number % Number % Number % Number % Number %

I prefer no foreign matter Yes 75 235 109 34.2 62 194 36 11.3 37 116 7.436 0.115
(stones. soil. etc.).

No 8 25.8 8 25.8 8 25.8 0 0.0 7 22.6
At home. We make our own Yes 57 29.8 67 35.1 36 18.8 13 6.8 18 9.4 15.542 0.004*
from bulgur.

No 26 16.4 50 31.4 34 214 23 145 26 16.4
I buy products sold in the Yes 38 26.6 45 315 24 16.8 14 9.8 22 154 3.942 0.414
open.

No 45 21.7 72 34.8 46 22.2 22 10.6 22 10.6

Yes 54 20.9 84 32.6 55 21.3 33 12.8 32 12.4 10.293 0.036*
I buy the packaged product.

No 29 315 33 35.9 15 16.3 3 3.3 12 13.0
I know the packaging Yes 57 24.1 85 35.9 45 19.0 26 11.0 24 10.1 5.540 0.236
materials used in the market.
(Example: Polyethylene,  No 26 230 32 283 25 221 10 8.8 20 17.7
cellophane, pp. paper, cloth or
sack).
I know the differences Yes 58 24.9 80 34.3 49 21.0 23 9.9 23 9.9 5.108 0.276
between the packaging
materials used and their No 25 214 37 316 21 179 13 11 21 17.9
impact on the product.
The packaging must have a Yes 74 234 108 34.2 67 21.2 31 9.8 36 114 7.330 0.119
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label indicating the contents.

Optimal use and storage No 9 26.5 9 26.5 3 8.8 5 14.7 8 235

conditions of the product.

The packaging design should Yes 73 23.4 106 34.0 62 19.9 32 10.3 39 125 0.415 0.981
best represent the product and

be easy to use. No 10 26.3 11 28.9 8 21.1 4 10.5 5 13.2

When | buy a packaged product ~ Yes 62 24.9 88 353 49 19.7 23 9.2 27 10.8 4.473 0.346
and bring it home. | put it

packaged in the cupboard. No 21 20.8 29 28.7 21 20.8 13 12.9 17 16.8

When buying. | pay attention Yes 74 22.8 107 33.0 69 21.3 33 10.2 41 12.7 5.351 0.253
to the production and

expiration date on the No 9 346 10 385 1 3.8 3 115 3 115

packaging.

If I notice any change in the Yes 78 23.3 113 33.7 69 20.6 35 10.4 40 11.9 4.895 0.298
smell, color, or taste of the

product. | stop consuming it. No 5 33.3 4 26.7 1 6.7 1 6.7 4 26.7

If | see that the product is Yes 62 23.2 94 35.2 53 19.9 26 9.7 32 12.0 1.829 0.767
infested during storage. | stop

consuming it. No 21 25.3 23 21.7 17 20.5 10 12.0 12 145

The characteristics of Yes 40 26.3 54 355 29 19.1 14 9.2 15 9.9 3.098 0.542
packaged products and

products sold in the openare  No 43 217 63 318 41 207 22 111 29 14.6

the same.

I know that the storage Yes 56 27.2 66 32.0 34 16.5 25 12.1 25 12.1 7.632 0.106
temperature should be 18°C,

and the humidity should notbe  No 27 188 51 354 36 250 11 76 19 13.2

above 65%.

*p<0.05
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Table 11. The relationship between participants' packaging and storage preferences and the frequency of

consumption of the preferred product

Daily Weekly Biweekly ~ Monthly X2 p
(%) (%) (%) (%)

Prefer no foreign matter in bulgurand Yes 70 219 168 527 48 150 33 103 3.086 0.379

its derivatives (stones, soil, etc.).
No 3 9.7 18 581 5 16.1 5 16.1

Producing own bulgur and its Yes 48 251 95 497 25 131 23 120 6.314 0.097
derivatives from bulgur at home.

No 25 157 91 572 28 176 15 94

Yes 41 287 65 455 25 175 12 84  11.996 0.007*
Buying bulgur and its derivatives in
bulk No 32 155 121 585 28 135 26 126

Buying bulgur and its derivatives Yes 63 244 132 512 36 140 27 105 7.749 0.051
packed

No 10 109 54 587 17 185 11 120

Knowing packaging materials Yes 57 241 135 570 30 127 15 6.3 22459 0.000*
used (cellophane, pp, paper, cloth, or

sack).
No 16 142 51 451 23 204 23 204

Knowing the differences between Yes 52 223 135 579 28 120 18 7.7 14525 0.002*

packaging materials
No 21 179 51 436 25 214 20 171

Putting  packaged products in Yes 61 245 125 502 34 137 29 116 8.647 0.034*
the cupboard

No 12 119 61 604 19 188 9 8.9

Paying attention to production/ Yes 73 218 175 522 53 158 34 101 10452 0.015*
expiration dates

No O 00 11 733 O 0.0 4  26.7

Believing packaged and sold in bulk Yes 53 257 114 553 21 102 18 87 16.319 0.001*
products are the same

No 20 139 72 500 32 222 20 139

*p<"0.05

Thinking that the properties of packaged products and openly sold products are the same: The rates of
thinking that the properties of packaged products and openly sold products are the same showed a significant
difference according to the frequency of consumption (p=0.001). The rate of those who hold this view is higher
among those who consume once a week.

There was no significant difference between the rates of knowledge of other items and income levels. These
results show that consumers have different awareness and habits about packaging and storage preferences
according to their consumption frequency. Those who consume every day are especially careful and conscious
about packaging and storage. These data provide important information for future studies on consumer habits
and packaging strategies.

4. Conclusion

The data obtained in this study demonstrate that Turkish consumers exhibit a strong preference for packaged
products and demonstrate a high level of attention to the information presented on the packaging, particularly
with regard to production and expiration dates. While these findings suggest an increase in consumer awareness,
no concrete data were identified to assess the direct impact of technological innovations and product diversity on
this awareness. Nevertheless, consumer behavior regarding packaging and storage preferences offers some
insight into the potential impact of technological developments and increased product variety. The fact that the
majority of consumers prefer packaged products and are aware of the information about these products indicates
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a growing awareness among consumers in general. However, to reach a more definitive conclusion on this issue,
further research is needed that directly examines the effects of technological innovations and product variety on
conscious consumption. In the Kahramanmarag region, bulgur and bulgur products are still manufactured using
the traditional home production technique, which has been in use for centuries. The products were ready for sale
in sacks or in bulk, in cloth bags, or in polymer packages with various features. The purchased products are then
stored in tin cans, glass jars, cloth bags, or in the polymer packages in which they were purchased. The survey
results show that consumers prefer to store bulgur and bulgur products in the same package in which they bought
them. These items should be stored in a cool and dry place. However, consumers lack sufficient information
about the nutritional and health benefits of these products. Providing this information should be the
responsibility of authorized individuals. Additionally, consumers should not be aware of the impact of the
packaging materials used on the product features. The findings of the thesis study indicate that bulgur and fine
bulgur are widely consumed products, with a preference for the latter in urban areas of the Kahramanmarag
province. In the course of the research, 350 households were surveyed in person, and the consumption habits,
packaging preferences, and storage conditions of the participants were examined. The results of the statistical
analysis indicated that 75% of the participants consume bulgur at least once a week, with 60% of them including
it in their families' daily diet. Furthermore, 40% of respondents typically consume bulgur openly or as it is
produced in their own homes, while 35% prefer products packaged in polymer bags. These findings indicate that
bulgur is a significant food item in Kahramanmaras province, with consumption habits largely based on
traditional methods. However, it was revealed that consumers lack sufficient knowledge about the effects of
packaging materials on shelf life, underscoring the need for increased awareness of this issue. It is recommended
that after consumers become aware of this, incentive policies and practices should be developed to determine
their preferences, and they can develop new packaging systems to eliminate deterioration of the products by
insects, light, etc.

Based on the identified gaps in consumer knowledge, the following policy recommendations might be proposed:

A. For companies: Develop marketing campaigns that emphasize the nutritional benefits of bulgur, such as its
high fiber and vitamin content. Introducing innovative packaging designs that highlight these health benefits
could attract more health-conscious consumers.

B. For government institutions: Launch public awareness programs to educate consumers about the health
benefits of bulgur and other traditional foods. Nutrition labeling requirements could also be enforced to improve
consumer understanding.

C. For non-governmental organizations: Work with local communities to organize workshops on traditional
bulgur production methods and their nutritional value. These initiatives can help bridge the knowledge gap,
especially among younger generations.

The key findings of this study could be summarized as follows:
A. Assignificant portion of consumers prefer packaged bulgur due to its hygiene and longer shelf life.

B. Many consumers are unaware of the nutritional value of bulgur, suggesting a need for better consumer
education.

C. Bulk purchases and home production remain common, particularly among older generations, indicating a
cultural element in bulgur consumption patterns.
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Abstract — This research introduces a novel approach to cancer cell growth modeling by
integrating principles from the plant-soil analogy and control engineering. The proposed model
offers a flexible alternative to traditional dynamic mathematical models, enabling simulations of
tumor growth under therapeutic conditions. The simulator, operational on an annual basis,
considers diverse patient characteristics and treatment approaches. Nonlinear simulation models
provide a comprehensive comparison, showcasing trajectory and precision improvements relative

mathematical models,
Tumor growth

to conventional time-dependent dynamic mathematical models. The study further proposes an
elastic cancer modeling mechanism, exploring optimal drug dosage concentrations and patient

simulations, resistance to cancer drugs. A dynamic model is introduced to identify optimal dosages and
Therapeutic frequencies for cancer drugs, demonstrating enhanced operational flexibility through computer
conditions, simulations. The proposed elastic modeling mechanism is validated through existing mathematical
Nonlinear simulation  growth models, revealing its practical value within ethical constraints. This research offers a
models promising path for developing effective therapeutic strategies in cancer tumor growth.

1. Introduction

In the realm of biomedical research, classical cell lines and animal models have played a pivotal role,
significantly advancing our understanding of cellular signaling pathways, drug target identification, and the
design of therapeutics for diseases like cancer and infectious diseases during the late 20th and early 21st
centuries (Bahr and Wolf, 2012; Brodaczewska et al., 2016; Gurumurthy and Kent Lloyd, 2019; Lee et al., 2018).
However, challenges arise in translating findings from model systems to humans, with recent studies
emphasizing the importance of human-specific biological processes (Fischer, 2008). In response to these
challenges, human in vitro 3D cell culture approaches, particularly organoids, have attracted attention as
promising tools to overcome limitations associated with traditional models (Bernard et al., 2012; LaBarbera et al.,
2012).

While prior attempts, such as 2D cell cultures, bio-printing, and microfluidic devices, have shown potential in
drug screening and disease research, organoids stand out due to their self-organizing 3D structure that closely
resembles human organs (Hrynevich et al., 2023; Ma et al., 2018; Mi et al., 2018). Generated from pluripotent or
adult stem cells, organoids replicate human development or regeneration, providing valuable insights into these
processes, as well as serving as effective models for studying diseases (Hrynevich et al., 2023; Verfaillie, 2002;
Young and Black, 2004).

Concurrently, understanding and predicting the growth patterns of solid tumors remain paramount in cancer
research (Gerlee, 2013). Despite numerous theories, achieving consensus on these growth patterns has proven
elusive. Accurate tumor growth models are essential for evaluating screening methods, optimizing radiation
treatment protocols, and making informed decisions about patient treatment (Friberg and Mattson, 1997;
Michaelson et al., 1999; Sachs et al., 2001).
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Observing the growth of solid tumors effectively, especially prior to therapeutic interventions, requires volumes
exceeding 1mm®, representing a critical step in carcinogenesis (Sachs et al., 2001). The expansion to neoplasm
size, driven by the upregulation of cell division in malignant cells, is a fundamental observation in cancer studies
(Hanahan and Weinberg, 2011).

The multicellular tumor spheroids (MTS) culture technique emerges as a valuable experimental paradigm,
providing insights into the prevascular phase of tumor growth without the confounding effects of tumor-host
interactions (Sutherland, 1988). This technique facilitates the exploration of three-dimensional cell-cell
interactions that regulate tumor growth. Spheroids, by providing oxygen and nutrients through their surface,
result in the formation of necrotic cells at the tumor's core (Sutherland, 1988).

The Machine Conception of the Cell (MCC), adopting an analogical approach for cell discussions based on
various analogies between machines and organisms, has been instrumental in understanding cellular dynamics
(Nicholson, 2019). Mathematical cancer modeling, spanning over five decades, has explored continuous, discrete,
or hybrid combinations based on a physical representation of key biological components (Al-Tuwairgi et al.,
2020; Altrock et al., 2015; Cunningham et al., 2018; Dhoruri et al., 2020; Hartung et al., 2014; He et al., 2020;
Jarrett et al., 2018; Lo et al., 2013; Marusié, 1996; Piantadosi et al., 1983; Rivaz et al., 2019; Vallverdu et al.,
2018; West and Newton, 2019).

The highly nonlinear and multimodal nature of cancer tumor growth and treatment poses significant challenges,
particularly in therapeutic conditions (Friberg and Mattson, 1997). Identifying optimal or sub-optimal solutions
in the same system becomes complex due to multiple constraints and competing objectives (Guocheng et al.,
2011; Yang et al., 2021)

Despite extensive efforts, accurately simulating tumor progression remains a formidable challenge (Buosi et al.,
2024; Das et al., 2024; Hussein et al., 2024; Zhang et al., 2024). Various growth functions have been proposed in
ecological and epidemiological research (Sethanan et al., 2023), yet a comprehensive model for cancer cell
growth through computer simulations is still elusive (Hanahan and Weinberg, 2011).

This study endeavors to address this complexity by considering personal and therapeutic variables, employing an
electrical simulation across a broad spectrum. The proposed three-layered electrical model, analogous to cancer
cell growth in the MTS culture technique, symbolizes cancer cell growth as an electrical circuit comprising
resistors, capacitors, and inductors. Inspired by the soil-plant model, the electrical analogy provides an effective
means to convert non-electrical systems into electrical systems for accurate and efficient solutions
(Anayochukwu, 2013; Hunt et al., 1991; Jakubaszek and Stadnik, 2019; Molz and Remson, 1970; Ruggiero et al.,
1999; Stirzaker and Passioura, 1996; van Bavel, 1996)

This article is structured as follows: Section 2 presents the problem formulation, materials and methods,
including discussions on mathematical derivations of cancer cell growth models based on electrical analogies,
electrical model structure, and similarities with the plant-soil method, and advancements in cancer cell growth.
Section 3 graphically represents simulation results and discusses simulator performance. Section 4 delves into
the model's results and potential advantages in depth, and Section 5 provides concluding observations and
recommendations for future research.

This comprehensive exploration integrates diverse aspects of biomedical research, ranging from advanced cell
culture techniques and tumor growth dynamics to mathematical modeling and electrical analogies, aiming to
contribute to our understanding of cancer and pave the way for improved treatment strategies.

2. Problem Formulation and Methodology

The understanding of mathematical concepts governing complex systems, despite their pivotal role in
comprehending natural phenomena, remains incompletely deciphered. Drawing inspiration from Newton's
principles, the application of mathematical models encompassing physical, chemical, and biological aspects is
deemed essential for a comprehensive understanding of any system (Ducheyne, 2005). Real-world challenges,
particularly in biological processes, exhibit intricate complexity. Diverse mathematical models, varying in
complexity from basic to highly elaborate, have been formulated to accurately represent these processes, guided
by the dynamics of the system and specific modeling requirements (Rivaz et al., 2019).

58



Bayram Arda Kus and Mustafa Giirbiiz
A Hybrid Plant-Soil Electrical Analogy and Control Engineering Framework for Dynamically Modeling Cancer Cell Growth in an Elastic Environment

Initiating the mathematical modeling process involves defining functional specifications, including the purpose,
accuracy, boundaries, and time scaling, essential for constructing an effective model. While achieving an exact
replication of "actual" behavior through mathematical models is often unfeasible, establishing modeling
objectives aids in understanding the requirements and determining the necessary degree of precision (Piantadosi
et al., 1983; Stare et al., 2006; West and Newton, 2019) Subsequently, computer simulations are employed to
observe the behavior of these models.

2.1. Classical mathematical models

In the realm of tumor growth analysis, classical mathematical models focus on changes in tumor volume over
time, employing first-order ordinary differential equations based on initial assumptions. This section presents
commonly referenced tumor growth models found in the literature.

2.1.1. Exponential and Malthusian model

One such model is the exponential growth model shown in Figure 1, which approximates tumor growth for small
time values. Equations incorporating intrinsic growth rates, such as the widely used Malthusian model, represent
the simplest form of a differential equation describing tumor growth.

d
=1 1)
V(t) = Vye™ @)

The solution for V(t) = Vye™ , where Vj is the volume at time 0.

The Malthusian model, initially introduced by Collins (Collins et al., 1956) and extensively applied in various
systems, was subsequently employed in the context of cancer cell growth. The utilization of tumor doubling time
(DT = (In 2)/r) served as a quantification of growth rates in their study.

Exponential Growth
Mrametery
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Figure 1. Exponential growth model

The exponential growth law has been found applicable in modeling leukemia, and an investigation involving
over 300 untreated lung cancers similarly demonstrated the suitability of exponential growth modeling (Friberg
and Mattson, 1997). Particularly advantageous for simulating early tumor growth, this model, however, lacks
consideration for spatial limitations and constraints arising from dependencies on nutrients and oxygen
(Talkington and Durrett, 2015).

2.1.2. The power law model
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Proposed approximately five decades ago (Dethlefsen et al., 1968), the power law differential equation asserts
that the rate of increase is proportionate to the volume raised to the power of a, shown in Figure 2.

d (24
=) 3)

When a is equal to 1, this model transforms into an equivalent of the exponential growth model. However, for
cases where a is less than 1, the equation takes on a different form.

VO = Vo' + (1 — )rp) /- (4)

The power law with linear death formed as follows;

av vV© v\1—¢
T Vv (t)* — raa = v <1 — (E) ) (5)

Comprehending the assumptions and ramifications of these models is essential, as they frequently serve as the
underpinning for more intricate tumor growth models (Forys and Marciniak-Czochra, 2003).

Power Law Growth
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Figure 2. Power law growth model
2.1.3. The Gompertz model

Benjamin Gompertz's research primarily centered on mortality curves in humans, while Wright recognized the
suitability of the Gompertz model for biological growth (Gompertz B., 1825) demonstrated in Figure 3. The
Gompertz model, as proposed by Gompertz, gained prominence in cancer research, with Laird demonstrating its
effectiveness. Wright expressed the alteration in tumor volume through the formulation of a differential equation.

[(11_‘: = a(t)V(t) where i—‘: = —ra(t) ©)

This equation is solved as follows:

V(t) = Vyexp (% (1- e”)) @)

To derive the logistic growth, the first differential equation is

dv

7 = "V(®log(K/V (1) ®)

where K=V =lim,_,,, (V(t))

The solution of this equation is:
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V(t) = Voexp(A(1 — e™™)) 9)
where A=log (Ve /Vy)
A =1n(10'?) = 27.631 (10)
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Figure 3. Gompertz growth model

2.1.4. The generalized logistic

The generalization of the logistic model is achieved through interpolating between the Gompertz and logistic
models.

av _

+ =V A -VO/K)F (11)

The solution to this equation is:
V(t) = K(1+ Qexp(—prt))~"/F (12)
where Q = [(K/Vo)ﬁ — 1] and K is the carrying capacity, r is the growth rate and V; is the initial volume.
When g = 1, the generalized logistic model simplifies to the standard logistic model. The equation becomes:
V(t) = K(1+ Qexp(—rt))! (13)
with Q reducing to:
Q = [(K/Vp) — 1] (14)

This paper illustrates diverse graphical representations of models sourced from the literature depicting the
progression of tumor mass or volume over time. A spectrum of growth prediction models is accessible, spanning
from the elementary single-parameter Exponential model to sophisticated ones such as the Gompertz and
Generalized Logistics models (Forys and Marciniak-Czochra, 2003). Additionally, the Fractional Logistic
Equation presents another model alternative (Varalta et al., 2014).
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Generalized Logistic Growth
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Figure 4. Logistic growth model

Researchers and practitioners often find the generalized logistic differential equation valuable due to its ability to
capture more complex growth patterns compared to simpler models. Its application extends to fields such as
ecology, where it is used to model population dynamics, and epidemiology, where it may describe the spread of
diseases within a population. The generalized logistic differential equation serves as a powerful tool for
modeling diverse growth processes, providing a balance between simplicity and flexibility as shown in Figure 4.
Its parameters allow for fine-tuning the model to match specific scenarios, making it a valuable asset in the study
of dynamic systems across various disciplines.

2.1.5. Bertalanffy growth model

The Bertalanffy Growth Model, proposed by Ludwig von Bertalanffy, is a mathematical representation designed
to capture the growth patterns of organisms over time. Introduced as an alternative to simplistic linear or
exponential growth models, Bertalanffy's model accounts for the biological principle that growth rates tend to
decrease as an organism approaches maturity. This model has found applications in fields such as biology,
ecology, fisheries science, and even in understanding the growth trajectories of individual organisms illustrated
in Figure 5.

The Bertalanffy Growth Model is typically expressed as:
W(t) = W, (1 — e kt-t)) (15)

This model is particularly useful when studying the growth of fish, where it has been extensively applied to
estimate growth parameters and predict the size distribution of populations. The asymptotic maximum length Lo
provides insight into the potential size an organism could reach under optimal conditions, while the growth rate
constant k determines how quickly an organism approaches this maximum length.

One notable feature of the Bertalanffy Growth Model is its ability to accommodate non-linear growth patterns,
which is often observed in organisms that experience changing environmental conditions or resource availability.
This makes it a valuable tool for researchers seeking a more realistic representation of growth dynamics in
natural populations.

The Bertalanffy Growth Model has proven to be a versatile and widely applicable tool in the study of biological
growth. Its consideration of the asymptotic limit and the decelerating growth rate aligns more closely with the
biological realities of many organisms, making it a valuable asset in various scientific disciplines. Researchers
continue to refine and adapt this model to address specific challenges and gain deeper insights into the complex
dynamics of growth in living organisms.
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The von Bertalanffy Growth Model, adapted for fisheries, stands as a cornerstone in fisheries biology, offering a
robust framework to comprehend the growth dynamics of fish populations. This model has been tailored to the
specific characteristics of fish growth, rendering it a vital tool in fisheries science. Its application extends to the
estimation of critical parameters such as asymptotic weight, growth rate, and age at which growth commences

Bertalanffy Growth
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Figure 5. The von Bertalanffy Growth Model

This model plays a pivotal role in elucidating the growth patterns of fish populations over time. Through the
estimation of its parameters from observed weight-at-age data, scientists gain valuable insights for fisheries
management. The von Bertalanffy Growth Model enables the determination of sustainable harvest levels,
evaluation of population structure, and prediction of future size distributions.

2.2. Reaction-diffusion models

Reaction-diffusion models represent a powerful class of mathematical frameworks widely employed to elucidate
the spatiotemporal dynamics of various biological phenomena, including cancer tumor growth. These models
integrate the effects of local interactions (reaction) and movement across space (diffusion) to capture the
complex patterns emerging in biological systems. In this academic text, we delve into the fundamentals and
applications of reaction-diffusion models, with a specific focus on their relevance to the understanding of cancer
biology.

Reaction-diffusion models are partial differential equations (PDEs) that describe how the concentrations of
interacting substances change over both time and space. In the context of cancer biology, these models prove
invaluable in simulating the spread of tumor cells and capturing the emergent patterns arising from interactions
with the microenvironment.

The general form of a one-dimensional reaction-diffusion equation is given by

ou 9%u
M_plt
at dx2

+fw (16)

Here, u(x,t) represents the concentration of a substance (e.g., tumor cells), D is the diffusion coefficient,
and f(u) describes the local reaction, often representing processes such as cell proliferation, death, or migration.

2.2.1. Fisher-KPP equation

The Fisher-KPP equation is a classic reaction-diffusion model frequently applied to describe the invasion of a
new population into a spatial domain. In the context of tumor biology, this equation is particularly relevant for
capturing the spread of cancer cells within tissues. The Fisher-KPP equation is given by:

ou 9%u u
E=D7+ru(1—;) (7)

Here, r represents the net growth rate of the tumor cells, and K is the carrying capacity.
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Reaction-diffusion models in cancer research offer a valuable tool for investigating the interplay between local
cell behaviors and spatial constraints. These models aid in predicting tumor invasion patterns, understanding the
impact of different microenvironmental factors, and evaluating potential therapeutic strategies.

Reaction-diffusion models stand as a valuable and versatile tool in the realm of cancer biology. Their ability to
bridge the gap between molecular-level interactions and macroscopic patterns provides a nuanced understanding
of tumor growth dynamics, paving the way for more informed strategies in cancer treatment and intervention. As
research continues to advance, the refinement and application of reaction-diffusion models will undoubtedly
contribute to unraveling the intricacies of cancer biology.

3. Soil-Plant model analogy for cancer cell growth electrical circuit model

The application of mathematical modeling, drawing inspiration from the electrical analogy of water flow through
the soil-plant system, can help to gain profound insights into the complex dynamics of cancer tumor growth. By
adapting the principles of fluid dynamics and electrical conductivity to the tumor microenvironment, we aim to
provide a quantitative framework for understanding nutrient transport, resistance factors, and their impact on
cancer cell proliferation.

The concept of plant water uptake was devised to enrich our comprehension of the water transport process from
the soil to the leaf. This concept delineates a physiological cycle that unfolds under typical conditions. Various
factors, including plant configuration, soil water potential, root circulation, and climatic variables, collectively
contribute to the non-steady transient flow within this framework (Zhuang et al., 2014).

In the soil-plant system, the electrical analogy represents water flow through the soil as an electrical concept.
Adapting this analogy to cancer biology, we equate nutrient transport within the tumor microenvironment to
fluid dynamics, where the movement of nutrients is analogous to the flow of water. A comprehensive
mechanistic delineation of transient water uptake is yet to be established. Consequently, a non-steady state
biophysical model, rooted in the Electrical Circuit Analogous to Water Flow RLC circuit, has been formulated,
as illustrated in Figure 6.

transpiration LPI (t) l’P] (t)

/ v‘vll M R \‘
L

| Y, (t) W (t)
(@) (b) ©

Figure 6. An electrical analogy of water flow through the soil-plant system: (a) soil-plant system, (b) traditional
steady state model, and (c) non-steady state model.
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Measuring the physiological properties of plants or trees, such as cell wall extensibility, hydraulic resistance, and
hydraulic capacitance, poses considerable challenges. Models derived from the electrical analogy of the soil-
plant hydraulic method incorporate variable capacitors, inductors, and resistors (Chapman et al., 2012; De Pauw
et al., 2008; Hunt et al., 1991). Figure 6 illustrates the water potential difference (¥), depicting a positive
correlation between soil and leaf water uptake. The observed hysteresis in plant water uptake indicates
retardation. A mechanistic approach allows the analysis of changes in uptake rates in response to water stress. In
the electrical analogy, resistances influence the flow of current. Similarly, in cancer biology, resistances to
nutrient diffusion play a crucial role. These resistances can be mathematically represented as barriers impacting
the movement of nutrients within the tumor microenvironment.

Similar to the soil-plant model, the Multicellular Tumor Spheroid (MTS) system, depicted in Figure 7, comprises
three layers: the necrotic core (1), quiescent (non-proliferating) cells (11), and proliferating cells (111). The growth
curves of tumor spheroids can be accurately determined through dense measurements and high precision (Freyei
and Sutherland, 1986). In this study, these three layers are regarded as a combination of three distinct sets of
electrical components, namely, A variable AC source, an RLC circuit transitioning to a purely resistive load, and
another RLC circuit composed of resistance, capacitance, and inductance.

Employing mathematical models that incorporate nutrient transport, resistance factors, and the cellular response
to nutrient availability allows us to simulate cancer cell proliferation dynamics. The simulation provides a
quantitative representation of how nutrient availability influences tumor growth and potentially guides
therapeutic interventions.

Analyzing the cases in these layers provides insights into the growth rate of cancer cells and assists in optimizing
chemotherapy doses.

Figure 7. MTS system presentation as a simple electrical circuit (Growth Control in Tumor Dynamics: Bridging
Electrical Control Systems and Cancer Intervention Strategies)

This study delves into the utilization of mathematical models to comprehend the mechanisms of infinite growth
in tumor development and assess intervention strategies. By incorporating mathematical models that account for
nutrient transport, resistance factors, and cellular responses to nutrient availability, we can simulate the dynamics
of cancer cell proliferation. This simulation provides a quantitative representation of how nutrient availability
influences tumor growth, offering valuable insights into optimizing chemotherapy doses and guiding therapeutic
interventions.

In the context of electrical definitions, the treatment of tumor growth aligns with the concept of a closed-loop
control system. After delineating the natural conditions of tumor growth within an electrical circuit, configuring
it with a control mechanism becomes imperative. This approach allows us to draw analogies between the control
of tumor growth and the principles of closed-loop control systems, shedding light on potential strategies for
effective intervention and treatment modalities in the pathological condition of uncontrolled proliferation.

The incorporation of this concept not only enhances our understanding of tumor dynamics but also underscores
the importance of adopting control strategies to manage and mitigate unregulated proliferation effectively. The
analogy drawn between tumor growth and closed-loop control systems provides a conceptual framework that
may inform innovative approaches to cancer intervention.
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3.1. Model formulation

The following is a typical description of a mass flow of water in the soil-plant concept:

(0 = (5) 20 (18)
Jo() = T (19)

In our examination of the steady-state van den Hornert model, we incorporated the impact of hysteresis by
introducing hydraulic capacitance, a concept consistent with prior research. Analogously, in the context of
patients undergoing chemotherapy, capacitance is conceptualized as the body's tolerance to the treatment.

YO-W©) . d¥i©
Rs-1(t) h ™ g

]v(t) =

(20)

In the tree-soil concept, the fluctuations in instantaneous water flow rates across various segments of the tree
induce an "inductance" effect. This effect has the potential to alter the average driving force of water flow within
the plant, a phenomenon analogous to proliferation in the dynamics of cancer cells. As the root water potential
declines more rapidly than the soil water potential, the presence of a biological contact potential, functioning
akin to a "fuse" in an electrical circuit (Figure 8), is considered susceptible to environmental stress within the
tree-soil concept (16) and (17) ( Edwards et al., 1986; Ghimire et al., 2016; Jackson et al., 2000; Tuzet et al.,
2003; Zweifel et al., 2007).

Electrical Circuit Simulation with *Fuse* Effect

— Voltage across inductor

ai Vana

Current through resistor
== Fuse bipwn

Time

Figure 8. Modeling and Simulation of an Electrical Circuit Analogous to Water Flow in Tree-Soil Systems:
Incorporating an Inductance Effect and Environmental Stress Response

_Ws®-wi() Ly . d¥i®) A
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__dv®
AP, = ——— (22)
The term RA serves a crucial role in the water flow dynamics between the soil and leaf. Here, A represents a
s—1

constant related to specific hydraulic properties of the system, reflecting an effective area for water movement.
Thee biological contact potential (A in kg/m/s?) acts similarly to a "fuse" in an electrical circuit. This potential is
particularly sensitive to environmental stresses, especially when root water potential decreases more rapidly than
soil water potential.
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To accurately represent these dynamics, we have integrated the principles of "inductance" and "fuse" into (19),
resulting in the formulation of a non-steady state model based on the RCL circuit framework. This model
facilitates a comprehensive understanding of the complex interactions between water potentials and flow rates,
thereby enhancing our insight into the processes governing water movement within the plant system.

The resistance term R,_; denotes the hydraulic resistance to water flow from the soil to the leaf, which can vary
based on factors such as soil moisture content and plant physiology. The expression is similar to a fuse,
regulating the flow dynamics by limiting the maximum flow rate that can occur under certain conditions.

Here, L represents the inductance arising from the diversity of leaf water potentials at various plant heights. The
term dJv(t) acts in opposition to the change in flow rate, signifying the resistance to alterations in flow rate.

4L

4L
T 2mVic (24)
PIIOLNO
Ws(t) === (25)

2. Ari®

Cancer cell growth models exhibit notable similarities with the tree-soil paradigm, as both can be elucidated
using fundamental principles related to electrically conductive materials and growth rates. The mathematical
similarity and electrical analogies prevalent in soil-plant modeling literature are applied in this study to
mechanistically represent cancer cell proliferation.

The tumor growth mechanism is depicted through the utilization of an RLC circuit. An elevation in the value of
dh, attributed to cancer cell activity, indicates a rise in potential energy within the necrotic core. The duration
required for treating cancer over a specified period is perceived as an inductive load on the system, depicted in a
sample in Figure 9.

A pivotal aspect of the modeling process involves defining an appropriate model structure. This structure
captures tumor dynamics by incorporating considerations of initial tumor volume, chemotherapy doses and
frequencies, and tumor proliferation.

R
Yin(t) *—b——’\v/“\'ﬂv—-[—b—*- Wout(t)
L %lv' t

| 2

y.

Figure 9. A simple electrical circuit for tumor proliferation modeling

The electrical analogy derived from the soil-tree concept is seamlessly applied to represent tumor growth in (21),
and the simulator is depicted in Figure 10. (Zhuang et al., 2014)

Win()=¥out(t) Ld]y(t) d¥in (6) A
= - - - 2
]v (t) Rout—in() Rout-indt dt Rout-in ( 6)
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Figure 10. A tumor growth model computer simulator based on electrical analogy

A living cell can be analogized to a piece of machinery, although its intricacy sets it apart from artificially
manufactured machines. Despite recent studies utilizing advanced experimental techniques capable of real-time
tracking of individual molecules within cells, challenging the conventional engineering perspective of the cell,
the machine conception of the cell continues to derive much of its success from the traditional methods
employed in molecular biology (Nicholson, 2019).

The dynamics of the tumor system are inherently nonlinear, playing a pivotal role in determining the optimal
chemotherapy dose and frequency crucial for effective treatment. Advanced optimal control algorithms have
been introduced to investigate tumor treatment under random perturbation conditions. This involves formulating
a model-based optimal control problem and integrating it with updated parameters to devise an optimal treatment
strategy.

Frequent comparisons of simulation results with actual values allow for the assessment of accuracy, facilitating
adjustments to the model to approach the optimal solution. Both system optimization and parameter estimation
rely on this iterative approach. Despite variations in the model's reality, the iterative method effectively
approximates the optimal solution to the initial optimal control problem.

4. Simulations and Test Results

An indispensable tool for initial design studies, a graphical simulator facilitates the enhancement of treatment
strategies by illustrating treatment methodologies in relation to physical performance. At each stage, the
evaluation of process block performance is contingent upon patient-specific characteristics. The capability to
observe tumor growth simulations across diverse pathologies contributes to the formulation of innovative
treatment approaches. The graphical simulator proves instrumental in crafting the most effective and optimized
scenarios, guiding preliminary design research.

Moreover, the simulator serves the purposes of forecasting and long-term planning. During the Research and
Development stages, therapeutic interventions are simulated through a user-friendly interface. The outcomes of a
series of simulations can be extrapolated to similar patients, providing insights into tumor and patient
characteristics. Graphs derived from these simulations play a pivotal role in assessing patient performance under
therapeutic conditions.

4.1. Benchmark of existing mathematical models with an electrical analogy

The simulator undergoes monthly and annual operations for short-term and long-term tests, respectively.
Monthly simulations facilitate the observation of various tumor growth scenarios and the assessment of system
dynamics accuracy, while annual simulations offer insights into long-term conditions. The outcomes are then
juxtaposed with data obtained from one year of observations based on existing mathematical models.

Current research findings from actual measurements can be treated as system output data based on a nonlinear
model. These nonlinear measurements are compared to validate the process model employed in the simulation.
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Figure 7 illustrates the Electrical Analogy (EA) method alongside a comparison with the existing exponential
growth model, with the results scaled over an annual period. The EA method provides an accurate and
observable modeling approach for different tumor growth parameters. However, it is crucial to acknowledge that
this model is suitable for demonstrating tumor growth in an infinite space without considering treatment methods
and natural conditions.

The notion of unbridled tumor growth proves impractical; the assumption of exponential tumor growth is
encumbered by various constraints. Consequently, multiple models have been devised to incorporate saturation
limits. Notable examples include the Gompertz and generalized logistic models, which have demonstrated
satisfactory outcomes in the scientific literature. The nonlinear model based on the electrical analogy of tumor
growth is simulated to achieve an efficient and adaptable treatment approach. This simulator elucidates the
optimal configuration of a cancer cell growth model, taking into consideration treatment effects and natural
conditions within the human body. The equivalent circuits for tumor growth are dynamically specified.

Within the simulator, the dynamic behavior of the tumor in the analogous electrical model is observed, allowing
for the classification of tumor sizes and characteristics. The simulation results of the proposed alternative
electrical analogies model are scrutinized and interpreted within the context of existing studies.

Different tumor types may require the utilization of varied models in various studies focused on simulating
tumor growth. In Figure 11, the interface of the simulator developed within the scope of this study is presented,
enabling a comparative evaluation of the system's exponential growth with the electrical analogy model.
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Figure 11. Exponential growth and EA growth performance

Figures 12-17 illustrate power-law and Gompertz models for comparative analysis, respectively. This approach
allows for the examination of model effectiveness across different tumor types, contributing to a more
comprehensive understanding of tumor growth dynamics in simulation studies.
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Figure 13. Power Law growth and EA growth performance
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Figure 14. Gompertz growth and EA growth performance
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Figure 15. Bertalanffy growth and EA growth performance

71



NASE / Natural Sciences and Engineering Bulletin, 2024, 1(2)

Electrical Analogy Model of Tumor Growth

——

1.4 1 —— Tumor Growth (RLC Model) E——
- Reaction-diffusion Model /
1.2 A =P
P L
/"'

g

o
I}

N

Amplitude
(=]
=)

044 ¥

T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Time

Figure 16. Reaction-diffusion growth and EA growth performance
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Figure 17. Fisher-KPP growth and EA growth performance

Consequently, Electrical Analogy (EA) emerges as a versatile alternative to create personalized models by
incorporating pertinent control parameters into the control structure. Within this control framework, factors like
cancer cell types and cell growth rates can be effectively modeled, especially in the presence of therapeutic or
external disturbances. This approach is pivotal for formulating precise and dynamic treatment strategies within
the framework of control engineering.

MSE = =3, (y; — 1) (27)

where n is the total number of observations, y; is the observed value (actual data), y;is the predicted value

(model output).
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Table 1. Comparison of Tumor Growth Models: Mean Square Error Analysis

Existing Tumor Growth Models Mean Square Error
Exponential 0.0061
Power Law 0.0059
Gompertz 0.048
Bertalanffy 0.0093
Reaction-Diffusion Models 0.0057
Fisher-KPP Equation 0.0034

5. Conclusion and Future Works

The comprehensive integration of principles from the plant-soil analogy and control engineering into
mathematical modeling for cancer research presents a novel and dynamic framework for understanding tumor
growth. This interdisciplinary approach not only contributes to the theoretical foundation but also holds
significant promise in guiding the development of targeted therapeutic strategies in the ongoing battle against
cancer.

The research adopts an electrical analogy of water flow through the soil-plant system to construct a cancer cell
growth model, providing a quantitative and dynamic representation of tumor development under various
treatment methods. In contrast to traditional dynamic mathematical models, this model simulates tumor growth
specifically under therapeutic conditions. The simulations consider a range of treatments and patient scenarios,
offering insights into the advantages of different treatment strategies and optimal designs for the efficient
eradication of cancer cells. The simulator operates annually, incorporating diverse patient characteristics and
treatment approaches.

Utilizing nonlinear simulation models allows for a comparative analysis of results in terms of trajectory and
precision, providing a valuable alternative to conventional time-dependent dynamic mathematical models. The
introduction of a novel elastic cancer modeling mechanism further contributes to the identification of optimal
drug dosages and frequencies for cancer treatment. Through computer simulations, the model demonstrates
substantial improvements in operational flexibility, showcasing its effectiveness in cancer treatment.

The proposed elastic modeling mechanism is suggested as a case study, demonstrating the practical value of the
approach within ethical boundaries. The empirical results highlight that the optimally designed tumor growth
system outperforms existing models, emphasizing the pragmatic significance of the study. Consequently, the
proposed approach offers a promising avenue for modeling and formulating therapeutic strategies in cancer
tumor growth, with potential implications for advancing cancer treatment methodologies.

The current study presents a robust framework for comprehending tumor growth and optimizing therapeutic
strategies. However, several promising pathways for future research and exploration warrant attention:

Integration of Multi-Omics Data: The incorporation of multi-omics data, encompassing genomics,
transcriptomics, and proteomics, into the existing modeling framework can significantly enhance predictive
precision. Future investigations may delve into methodologies to effectively integrate these complex datasets,
providing a more nuanced portrayal of the molecular intricacies governing tumor behavior.

Personalized Treatment Approaches: Subsequent research efforts could focus on refining the model to facilitate
personalized treatment approaches. This entails tailoring therapeutic strategies based on individual patient
characteristics, including genetic profiles, with the objective of optimizing treatment efficacy while minimizing
adverse effects.

Incorporation of Immunotherapy: Given the rising prominence of immunotherapy in cancer treatment, future
models could benefit from incorporating immune system dynamics. Such an inclusion would allow for an
assessment of the synergistic effects between traditional treatments and immunotherapies.
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Validation and Clinical Trials: Rigorous validation of the proposed model through both retrospective analyses
and prospective clinical trials is imperative. Collaborative efforts with clinical researchers and oncologists will
be instrumental in translating theoretical insights into pragmatic applications, ensuring the model's relevance and
reliability in real-world clinical scenarios.

Exploration of Drug Resistance Mechanisms: A deeper understanding of drug resistance mechanisms is pivotal
for developing effective long-term treatment strategies. Future research could delve into the molecular intricacies
underlying resistance and integrate this knowledge into the model for predicting and counteracting emerging
resistance patterns.

Continuous Model Refinement: Embracing a dynamic approach, the model should undergo continual refinement
to align with advancements in cancer research. This may involve the incorporation of real-time patient data, fine-
tuning simulation parameters, and adapting the model to evolving therapeutic paradigms.

Ethical and Social Implications: The ethical dimensions of model development and implementation are
paramount. Subsequent research endeavors should address ethical concerns related to patient privacy, consent,
and the responsible utilization of predictive models in clinical decision-making.

Global Collaboration: Encouraging collaboration among researchers, clinicians, and institutions on a global scale
holds promise for the amalgamation of diverse datasets and perspectives. Such collaborative efforts can lead to
more comprehensive models that account for population-specific variations and global trends in cancer biology
and treatment.

In summation, prospective research endeavors should strive to augment the precision, applicability, and ethical
considerations of cancer growth models. By addressing these areas, researchers can make significant
contributions to the evolving landscape of cancer research and facilitate the development of more effective and
personalized cancer treatments.
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