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SYNTHESIS AND EVALUATION OF PH AND TEMPERATURE
STIMULI-RESPONSIVE MAGNETIC NANOHYDROGELS FOR
GENE DELIVERY

Ferzane VALIOGLU3*, Fereshteh VALIPOUR?, Sibel SUMER3, Mustafa TURK4, Soodabeh DAVARAN?

1Sakarya University, Technology Development Zones Management CO, 54050 Sakarya, Tiirkiye

2Tabriz University of Medical Sciences, Faculty of Pharmacy, Department of Medicinal Chemistry, Tabriz, Iran
3Hacettepe University, Faculty of Sciences, Department of Molecular Biology, 06800, Ankara, Tiirkiye
“Kirtkkale University, Faculty of Bioengineering, Department of Bioengineering, 71451, Kirikkale, Tiirkiye

Abstract: The offer of gene delivery technologies as a promising approach to treating a variety of diseases has revolutionized human
medicine over the last two decades. So, the application of suitable vectors, particularly polymers with substrates with unique
physicochemical properties for the transfer of targeted genes to logical sites for effective treatment, plays an indispensable role for
more personalized medicine and improves the safety profile in response to continuing to use new medical technologies. For this
purpose, we synthesized nanocarriers with a two-block cationic hydrogel, magnetic and non-magnetic, based on N-isopropyl
acrylamide (NIPAM) and quaternary alkyl ammonium halide salts of DMAEMA (DMAEMAQ) with pH and temperature responsiveness
via the free radical polymerization technique. The bulk properties of these co-polymers were characterized by using Fourier transform
infrared spectroscopy, 'H NMR spectroscopy, zeta potential, lower critical solution temperature (LCST), and gel electrophoresis to
show the loading of nanoparticles with the gene. In the results, magnetic P[NIPAM-DMAEMAQ] hydrogel showed controllable
responsive properties determined by the nature of the cationic charge +24.7 mV incorporated, nanosize around 86.95 and 91.22 nm,
and efficiency loaded with the gene more than 95%. As well, the synthesized nanohydrogel exhibited a sharp volume-phase transition
in water at a LCST of ~40 °C. So, the combination of both monomers yielded an interesting system with high transfection efficiency and
compliant biocompatibility characteristics, which could effectively achieve gene loading. Also, the magnetic potential of nanohydrogel
was determined as a vector to deliver genes to localized sites. Notably, the synthesized combination P[NIPAM-DMAEMAQ]
nanohydrogel has been considered a transfection of the biodegradable and biocompatible magnetic nanoparticle sensitive to tunable
pH and temperature responsiveness, demonstrating that it will hold a promising approach as a potential carrier to improve gene
delivery therapeutic efficacy in cancer and different disease treatments.
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origin site through different vectors have drawn
attention, and numerous carriers have been introduced.
In stimuli-responsive gene delivery systems, targeted

1. Introduction
The delivery issue of genes (nucleic acids) and gene
therapy in the biomedical field is a hopeful strategy with

futuristic applications in the treatment of illnesses
ranging from tumors to infectious diseases to genetic
syndromes and a crucial role in the treatment of
numerous ailments, including cancer, malignant tumors,
hereditary diseases, and neurodegenerative diseases
(Sung and Kim, 2019). Nevertheless, there are several
disadvantages, such as no targeted delivery (Sayed et al.,
2022), fast degradation (Shahryari et al, 2021),
inadequate effectiveness, and many adverse effects
following nucleic acid entry into the bloodstream. In the
last few years, significant advancements in knowledge of
the importance of effective specific gene transfer at its

delivery and application of biodegrading nanoparticle-
based carriers are one of the most important treatment
strategies in delivery applications is to ferry genes into
the target site with minimizing the side effects and
maximizing their therapeutic effects while protecting the
gene from nucleases during transit, providing an option
for a substantial increase in treatment efficiency
compared to conventional methods (Hamimed et al,
2022; Zhang et al,, 2023). Because improving transcript
splicing, inhibiting or regulating gene expression, and
restoring the expression of a damaged protein are all
effective methods that might have a significant impact on
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biological research and therapy (Shillitoe, 2009; Yang et
al, 2020).

Nanocarrier systems could be developed to generate
coating NPs using a variety of materials, including
polymeric nanoparticles (Rai et al, 2019), inorganic
nanoparticles (Lin et al, 2021), metals (He et al., 2023),
semiconductors, and other substances, so that these
features can be used for specific purposes and are
possible to attach to a targeted therapeutic gene to
correct a genetic defect (Jacob et al, 2024). A type of
nanocarrier system such as hydrogels, by crosslinking
water-soluble polymers into a network, can create
hydrogels’ porous and hydratable structure in order to
deliver genes to specific sites in response to external
stimuli such as temperature, magnetic field, pH, ionic
strength, or electric field (Thang et al, 2023). Also
recently in nanomedicine, nanoparticulate systems have
seen considerable improvement in the development of an
assortment of nanoparticles magnetic
nanoparticles (MNPs) that are produced with a blend of

known as

metal ions and polymer coatings. Magnetic cores could be
functionalized or made of porous polymers loaded with
magnetic nanoparticles (Bi et al, 2020; Materon et al,,
2021). One of the most significant components of
magnetic nanoparticles as superparamagnetic iron oxide
nanoparticles (SPIONs) is oxidized iron, which has a
primarily crystalline core made of Fe304 or Fez03 with a
dimension of 10-100 nm. These particles can be guided
by an outside magnetic field, and nanoparticle-based
gene delivery can deliver them to the target origins,
which creates promising therapeutic effects for a wide
range of diseases (Roy, 2022). Therefore, magnetic
nanoparticles have been created to improve the essential
features and attributes of capability applications for
carrying active biomolecules and gene delivery systems
and play a critical role in advance stability, controlling
their release, and giving higher curative effects in
biomedical applications. Moreover, the
dimension includes a high surface area-to-volume ratio,

nanoscale

which is an important characteristic of nanoparticles
(NPs), and in order to qualify as nanoparticles, they have
to possess at least one dimension in the nanometer
range, up to around 100 nm, that improves their
therapeutic and diagnostic forms (Satalkar et al.,, 2016).
Hence, the significance and nano-biotechnology's
demand for magnetic nanoparticles due to their potential
to improve treatment techniques and bring up new
avenues for biomedicine have enabled us to produce and
create the magnetic pH and
nanohydrogel in this study. So, we initially created a
copolymer of 2-(dimethylamino)ethyl methacrylate
(DMAEMA) with poly (N-isopropylacrylamide) and its
quaternary ammonium quart salt (DMAEMAQ). Next, we
synthesized a magnetic P(NIPAM-co-DMAEMAQ)
nanohydrogel that could react to temperature and pH
simultaneously. The effect of PNIPAM-co-
DMAEMA content was assessed in terms of surface

thermosensitive

stimuli

charge features, particle size, construction, and loading of

copolymers with the gene. NIPAM, as a temperature-
responsive hydrogel, is a nonionic polymer, but loading a
gene into nanomateriyal needs a positive charge because
acidic nuclease groups have negative charges (Fussell et
al,, 2019). So, cationic copolymers of PIDMAEMAQ] with
strong positively charged groups that could condense
genes through electrostatic adsorption have been used as
transfectants in which protonated amines of their
capability to bind the desired gene into submicron
complexes, which safeguard and preserve the gene from
nucleases during transfer (Manouras et al, 2021). In
addition, in order to use PNIPAM in gene delivery
processes, it is necessary to improve its swelling value by
copolymerizing it with hydrophilic and/or
comonomers such as poly (PDMAEMAQ). Also, when
NIPAM is copolymerized with an ionic monomer, the
resultant copolymer reacts to pH and temperature
(Fussell et al, 2019; Kim et al, 2019). Thus, cationic
polymer-poly (PDMAEMAQ) is utilized as a regulator of
the binding or release of genes due to its satisfactory

ionic

loading capacity. These unique characteristics contribute
to targeted and controlled gene release in tumor cells
(Yang et al, 2015). Overall, the aim herein was to
synthesize and describe the biomedical potential of
cationic stimuli-responsive thermo-responsive hydrogels
with potential positive charge and magnetic properties
for gene delivery to provide for the development of
nanoplatforms that will be clinically applicable in
medicine. Besides, synergistic therapy could be achieved
when combined with other therapeutic regimens. The
uniqueness of this study offers the possibility of creating
magnetic hydrogels through the
copolymerization of a quart salt of dimethylaminoethyl
methacrylate (DMAEMAQ) with a
thermoresponsive

intrinsic

well-known
N-isopropylacrylamide
(NIPAM), to hydrogels via precipitation
polymerization (radical polymerization) for gene
delivery. As a result of this study, we determined that
magnetic proportion with dual thermo-pH-sensitive

monomer,
create

potential copolymer hydrogels could load gene activity
and have good physical properties besides maintaining
thermos-responsiveness. Also, nano-vectors for gene
therapy can be extensively researched and used owing to
their facile application, targeting ability, high
bioavailability, and good biocompatibility in biomedicine.
Finally, by mentioning this case, the in-vitro investigation
of these studies in breast cancer cells has been done and
will be published soon.

2. Materials and Methods

2.1. Materials

N-isopropyl acrylamide (NIPAM) was obtained at Acros
Organics and purified by recrystallization from n-hexane-
toluene (90:10 v/v) under vacuum at 25 °C. 2-
(Dimethylamino)ethyl methacrylate (DMAEMA)
monomers (Sigma-Aldrich Co., Steinem, Germany) were
distilled under reduced pressure in nitrogen atmosphere.
Tin (II) 2-ethyl hexanoate (stannous octoate, Sn(Oct)z),
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benzoyl peroxide (BPO), ferrous chloride tetrahydrate
(FeCl2.4Hz20), ferric chloride hexahydrate (FeCl3.6H:0),
ammonium hydroxide (32 wt %), N,N'-
methylenebisacrylamide (MBA), tetrahydrofuran (THF),
dimethyl sulfoxide (DMSO),
phosphate, dihydrogen phosphate, methyl iodide (CHsI),
and ethidium bromide (EtBr) were from Sigma-Aldrich,

sodium monohydrogen

n-hexane, 1, 4 dioxan, and diethyl ether were obtained at
Merck Chemical Co. Distilled deionized (DDI) water was
prepared with a Millipore system and used for dilution
purposes throughout. Other chemicals were reagent-
grade commercial materials and used without further
purification.

2.2. Synthesis of Magnetic P(NIPAM-CO-DMAEMAQ)
Hydrogel Copolymers

2.2.1. Synthesis of superparamagnetic magnetite
nanoparticles

Superparamagnetic magnetite nanoparticles
prepared via the improved chemical co-precipitation
method. According to this method, 3.1736 g of
FeCl2:4H20 (0.016 mol) and 7.5684 g of FeCl3-6H20
(0.028 mol) were dissolved in 320 mL of deionized
water. The mixed solution was stirred under N2 at 80 °C
for 1 h. Then, 40 ml of NH3-H20 was injected into the
mixture, rapidly stirred under Nz, then cooled to room

were

temperature as shown in Figurel. The precipitated
particles were washed five times with hot water and
separated by magnetic decantation. Finally, magnetic
nanoparticles were dried under vacuum at 70 °C
(Wulandari et al., 2022).

2 FeCl3 + FeCl2 + 4 H20 + 8 NH3 — Fe304 + 8 NH4Cl

=== Solution of
FeXrand Fe¥*

Figure 1. Schematic synthesis of superparamagnetic
magnetite nanoparticles.

2.2.2. Synthesis of cationic quaternary ammonum
alkyl halide monomers (Q)

Quaternary ammonium alkyl halide monomer
(DMAEMAQ) was prepared by dissolving 19.1 mmol of
DMAEMA in 5 mL of dry THF under stirring. The next
step is the quaternization of the tertiary amine of
DMAEMA by addition of 22 mmol of CHzsl, dissolved in 5
mL of THF, via the N-alkylation reaction using methyl
iodide, as shown in Figure 2. The reaction was carried
out at room temperature with magnetic stirring (Moselhy
et al,, 2009). The crude products were filtered, washed
twice with 10 mL aliquots of cold hexane, and dried in
vacuum to yield the DMAEMAQ products (white
crystalline solid, yield: 90%).

DMAEMA DMAEMAQ

Mo O K
CHs I ‘
“'c)"\/\o)Y 2L, —pA oj\rn
CH2

Figure 2. Synthesis scheme of quaternary ammonium
alkyl halide monomers (DMAEMAQ).

2.2.3. Synthesis of magnetic P(NIPAM-DMAEMAQ)
nanohydrogel

Magnetic thermoresponsive cationic nanogel networks
P(NIPAM-DMAEMAQ) based on N-isopropylacrylamide
(NIPAM) and quaternary alkyl ammo-nium halide salts of
2-dimethylaminoethyl methacrylate (DMAEMAQ) by
molar ratio of 80:20, respectively, Fe304 nanoparticles,
N,N’-methylene-bis-acrylamide (MBA) as a crosslinking
agent, and benzoyl peroxide (BPO) as a copolymerization
initiator (0.5% w/w) were synthesized by free radical
copolymerization of monomers in 1,4-dioxane (50 ml)
under nitrogen atmosphere. The specified quantity of
reagents and Fe304 nanoparticles (1% of the total weight
monomers) were sonicated with 1,4-dioxane for about
30 min to prepare magnetic nanocomposites. The
mixture added to the flask was magnetically stirred and
degassed under a nitrogen atmosphere for 30 minutes
before polymerization. The reaction was carried out at 70
°C for 18 h under a nitrogen atmosphere. After
polymerization, the synthesized polymer was cooled, and
the  resultant  polymers purified by
dissolution/precipitation =~ with a  tetrahydrofuran
(THF)/diethyl ether solution and dried in a vacuum.
Then the purified solution was frozen in liquid nitrogen

were

and then lyophilized to obtain dry powder with a yield of
87%.

2.2.4. Characterization of P(NIPAM-
nanohydrogel

Fourier transforms infrared (FT-IR) spectroscopy

DMAEMAQ)

The chemical structures of the synthesized polymers
were investigated by FT-IR spectroscopy. Upon having
the synthesized product, all samples were mixed with the
dry potassium bromide (KBr) powders and pressed to
the disk. Infrared (IR) spectra of the samples were
scanned in the range of 400 to 4000 cm-! at a resolution
of 4 cm-1, with a minimum of 256 scans per spectrum at
room temperature (Nicolet-Fisher Scientific, Inc., USA).
The spectra of water, COz, and KBr were subtracted from
the sample spectrum, and the procedure was done under
nitrogen gas to prevent humidity interference.

Hydrogen nuclear magnetic resonance (1HNMR)
spectroscopy

The chemical composition of the synthesized polymers
was determined by 'H NMR in DMSO at 300 MHz by
using Gemini 300 NMR Spectrometer (Varian, Palo Alto,
CA, USA).

Particle size and zeta potential measurements

The analysis of the Zeta potential for size-distribution
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and surface charge of PNIPAM-DMAEMAQ
nanoparticules were performed using a Zetasizer Nano
series ZS Dynamic Light Scattering (DLS) (Malvern.
Instruments Ltd.,, UK). The sample of nanoparticules
were dissolved in deionized water and ultrasonicated for
5 minutes. It was measured using a Zetasizer Nano Z at
37 °C and at a neutral pH. (Malvern Instruments, UK).
The measurement was repeated in triplicate per sample,
and measurements were reported as mean * S.D.
Scanning electron microscopy studies

The size, surface morphology and appearance of the
cationic NIPAM-DMAEMAQ hydrogels were assessed by
using a scanning electron microscope (JEOL, JSM 5600).
Before investigation, the hydrogels were dried at -45 °C
and 38.103 mmHg using a vacuum freeze-dryer
(Armfield SB4), and then powder sample was spread on a
SEM stub and sputter-coated with gold. Particle size was
obtained by measuring the diameters of at least 300
particles shown in SEM using image analysis software
(Image-Pro plus 4.5; Media Cybernetics, Silver Spring,
USA).

Measurement of LCST of P[NIPAM-DMAEMAQ]
nanohydrogel

The phase transition temperature of aqueous P[NIPAM-
DMAEMAQ] nanohydrogel was determined using a UV-
visible spectrophotometer (UV-160 Shimadzu) at the
wavelength of 500 nm over the temperature range (18-
50 °C) by using cloud point measurement (turbidimetry)
method. The heating rate was 1 °C/min. At each step, the
samples were stabilized for 10 min before the next
measurements (Valipour et al, 2011). Values for the
LCST of polymeric solution were determined as the
temperature at the inflection point in the normalized
absorbance versus the temperature curve.

Evaluation of the binding P(NIPAM-DMAEMAQ)
nanoparticles with the gene

The binding and interaction abilities of the gene with the
magnetic P(NIPAM-DMAEMAQ) nanohydrogels of the
complex formed by using the negative charge of the gene
and the positive charge of the nanoparticle were
determined using agarose gel electrophoresis. For this,
firstly, nanoparticles (magnetic and non-magnetic) in
non-toxicity concentration proportions were prepared.
The prepared NP and MNP nanoparticles were loaded
with 1 pg of the desired gene (Bcl-2 siRNA) mix in the
RPMI 1640 medium without FBS by stirring for 30 min at
37 °C. It was left at room temperature for half an hour for
the gene to interact with the nanoparticle. Then, 15 pL of
the NP-gene and MNP-gene samples were mixed with 5
uL of 6x loading dye, and the final volume was made up
to 20 pL, respectively. The naked gene was used as the
control. The complexes were loaded onto a 4% agarose
gel of EtBr and run using Tris-Agarose EDTA (TAE)
buffer at 100 V for 45 min. The experiments were
performed in triplicate. The gene bands were visualized
by irradiation with UV light using the ChemDoc™ XRS Gel
Documentation System (BioRad, California, USA).

3. Results and Discussion

3.1. Magnetic P(NIPAM-DMAEMAQ) Nanohydrogel
The synthesized bases of magnetic P (NIPAM-
DMAEMAQ) and non-magnetic P (NIPAM-DMAEMA) are
demonstrated schematically in Figure 3. Co-polymer
magnetic P(NIPAM-co-DMAEM) nanohydrogels were
synthesized using a radical polymerization process in
order to create magnetic and thermoresponsive PNIPAM-
based nanocomposites with quaternary alkyl ammonium
halide salts of DMAEMA (Kim et al, 2019).
Superparamagnetic magnetite nanoparticles were
created in the first stage, and then, via the amend
chemical co-precipitation technique, cationic quaternary
ammonium alkyl halide monomers were synthesized by
reacting methyl iodide (CHsl) and the amine moiety of
DMAEMA. Next, in the presence of NIPAM monomers,
graft-free radical polymerization was initiated by using
the vinyl bond of the DMAEMAQ moiety of a cationic

monomer. Subsequently, copolymer P(NIPAM-
DMAEMAQ) was mixed with superparamagnetic
magnetite  nanoparticle  polymers. Poly (NN

dimethylaminoethyl methacrylate) (PDMAEMA) carries
secondary amine groups that are both thermos-sensitive
and pH-sensitive. Then in this way, the cationic magnetic
nanoparticulated hydrogels that are pH- and thermos-
sensitive were made ready for gene delivery. As known,
magnetic nanoparticles, also known as iron oxide
nanoparticles, have been shown to be more effective as
gene delivery vehicles due to their stronger proton
relaxation properties, reduced toxicity, lower detection
limit, and active biomolecules tailored to their particular
uses (Patra et al, 2018). As shown in Figure 3, the
synthesis of P(NIPAM-DMAEMAQ) was
confirmed by FT-IR spectroscopy. PNIPAM chain was
grafted onto the nanogels to serve as pH sensitive and
2009).
condense

successful

thermos-sensitive nanovalves (Liu et al,
DMAEMAQ as a cationic polymer can
negatively charged gene into nano sized particles
through electrostatic interactions. In the result of
nanocomplex formation, the polymers can protect gene
from nuclease degradation and facilitate cellular uptake
to induce high gene transfection.

3.2. Characterization

3.2.1. Fourier-transform infrared spectroscopy (FT-
IR) analysis

FT-IR was first performed to confirm that the
copolymerization of NIPAM and DMAEMAQ was
successfully achieved. The FT-IR spectrum of the
P(NIPAM-DMAEMAQ) polymer network are presented in
Figure 4 the range of 4000 to 400 cm- 1. The spectrum
exhibited two characteristic absorption signals of amide
functional groups of poly(NIPAM) at 1650 cm- 1 (NH-CO
stretching) and 1550 cm- ! (N-H bending). Additionally,
the broad absorption band at 3284 cm- lreferred to (-NH
secondary amid stretching), and an absorption band at
2960 cm- ! (-CH3 asymmetric stretching) of NIPAM was
observed.
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Figure 3. Synthesis scheme of P(NIPAM-DMAEMAQ) copolymer.
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Figure 4. FT-IR spectrum of P(NIPAM-DMAEMAQ) nanohydrogel.

Finally, a characteristic stretching vibration peak for the
ester carbonyl (C=0) at 1735 cm- !, which confirms the
successful copolymerization of PNIPAM with DMAEMA.
3.2.2. Hydrogen magnetic
(HNMR) spectrum

The IHNMR spectrum (in DMSO) of the P(NIPAM-
DMAEMAQ) copolymer was used to determine the
structure and composition of the copolymer (Figure 5).
The chemical shifts at 1.16 ppm (6H, -CH-(CHz)z), 3.89
ppm (1H, -CH-(CHs)2), and 7.42 ppm (1H, NH-C=0)
correspond to protons in the PNIPAAm segment. The
signals appearing in 2.58 ppm (9H, -N*-(CHz)3), 3.89 ppm
(2H, -0-CH2-CH2-N(CH3)2), 2.82 ppm (2H, CH2-N(CH3)2)
related to protons of DMAEMA moiety of polymer,
respectively (De Jesus-Tellez et al.,, 2020). The removal of
the vinyl protons peaks at 5.58 ppm and 6.11 ppm
demonstrates that end double bonds were converted into

nuclear

carbon-carbon signal bonds to form the main chain
during polymerization (Valipour et al, 2021). All the
evidence proved a graft copolymer was successfully

resonance synthesized.
3.2.3. Zeta potential ({) measurements
After  magnetic copolymer P(NIPAM-DMAEMAQ)

nanohydrogels were created, measurements of the
surface charge distribution of the nanoparticles were
taken with the Zeta-Sizer device (3000 HSA model
MALVERN). Figures 6 and 7 show the surface charge
graph of nanoparticles measured with the Zeta-Sizer.
Initially, we analyzed the produced microgels and
ascertained how the NIPAM affected their surface charge
density (zeta potential). The PNIPAM hydrogel zeta
potential has been shown to be near the isoelectric point
(ISP = 0 mV). Then we determined the effect of
DMAEMAQ content on the surface charge density of the
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prepared microgels and analyzed how the queerization
of the tertiary amine of the DMAEMA with different alkyl
agents affects the hydrogel’s surface charge. When
DMAEMAQ was incorporated into the system, as
observed in Figure 6, surface charge became positive and
increased in value as the content of DMAEMAQ increased,
and quaternized hydrogels with methyl showed even
higher values of zeta potential: 12 mV. So, it was seen
that the zeta potential of non-magnetic P(NIPAM-
DMAEMAQ) nanoparticles had a positive surface charge
in the surface charge analysis results. This could be
caused by the increased carboxyl groups of DMAEMAQ in
P (NIPAM-DMAEMAQ). Also, it was seen that the
nanoparticles combined with magnetite had a more

CH

; |
_T.ul_c — (,;N HCN?N (‘ _+«:

positive surface charge of +24.7 mV as shown in Figure 7.
This difference could be caused by the Fe*3-containing
groups interacting between the polymer layers, which
have the most positive charge in magnetic P(NIPAM-
DMAEMAQ) hydrogel. It was remarkable that the high
zeta potential value was indicative of the colloidal
stability of NPs. Thus, magnetic and non-magnetic
nanoparticles, which are determined to have a positive
surface charge by zeta-potential analysis, will be able to
bind and interact with negatively charged genes. Thus,
magnetic and non-magnetic nanoparticles, which are
determined to have a positive surface charge by zeta-
potential analysis, will be able to bind and interact with
negatively charged genes.
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Figure 5. tHNMR spectrum of P(NIPAM-DMAEMAQ) nanohydrogel.
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Figure 6. Surface charge distribution of P(NIPAM-DMAEMA) nanoparticles by zeta potential analysis.
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Figure 7. Surface charge distribution of magnetic P(NIPAM-DMAEMAQ) nanoparticles by zeta potential analysis.

3.2.4. Morphology with SEM

The structural morphology of non-magnetic P(NIPAM-co-
DMAEMAQ) and magnetic P(NIPAM-co-DMAEMAQ)
hydrogels was investigated by scanning
microscopy (SEM) after the hydrogels in the swelling
state were freeze-dried. Figure 8 shows that the interior
morphology of the hydrogels clearly exhibits a macro-
nano structure. And the particle size and distribution of
both copolymer nanohydrogels were porous, with a
relatively uniform pore size distribution and a similar

electron

trend. Additionally, although there is no apparent
difference between the SEM micrographs of both of the
magnetic and non-magnetic copolymers, in Figure 9, the
SEM results of the nanoparticles’ dimensions in non-
magnetic nanoparticles were approximately around
77.06 and 77.16 nm, and magnetic nanoparticles were
around 86.95 and 91.22 nm. So, the size of magnetic-
loaded P(NIPAM-DMAEMAQ) slightly,
indicating that the magnetic particles were loaded in
P(NIPAM-DMAEMAQ) nanocomposites. As a result, it was
confirmed that the synthesized P(NIPAM-DMAEMAQ)
particles are nanosized.

3.2.5. Phase transition behavior and LCST of the
P(NIPAM-DMAEMAQ) nanohydrogel

Cloud point
determination  of

increased

measurements were utilized for
LCST of P(NIPAM-DMAEMAQ)
nanohydrogel by the turbidity method via monitoring the
change in the optical absorbance as a function of
temperature. Figure 10 exhibits the typical cloud point
measurement of hydrogel with sharp phase transition for
hydrogel with a small temperature change. The sharp

reduction in UV transmittance indicates that the
hydrogels become increasingly turbid with shrinking on
increasing at higher temperatures, and the LCST is the
point at which the network structure of polymer collapse
and water expelled of the hydrogel. As depicted in Figure
10, P(NIPAM-DMAEMAQ) exhibited sharp volume phase
transition at 40 °C, so the LCST of the hydrogel solution
was about 40 °C, which was between the LCST of
poly(NIPAM) (32 °C) (Lanzalaco and Armelin, 2017) and
poly(DMAEMA) (50 °C) (Gutarowska et al, 2015). In
general, incorporation of hydrophilic monomers shift the
hydrogel toward a more hydrophilic nature and the LCST
should shift to a higher temperature. An admitted
mechanism of the phase separation of PNIPAM as a
thermo-sensitive moiety in the polymer backbone, is
described as resulting from the breakdown of hydrogen
bonds and the enhancement of hydrophobic interactions.
Generally, a hydrophilic/hydrophobic balance exists in
PNIPAM side chains. At room temperature, favorable
hydrogen bonding interactions between hydrophilic
amide groups in the polymers and water molecules result
in the good solubility of PNIPAM. With further increasing
temperature, the hydrophilic/hydrophobic balance shifts
to a more hydrophobic nature, the hydrogen bonds are
broken and the aggregation process takes place at
around LCST. In addition, copolymerization of
hydrophilic DMAEMAQ moiety with NIPAM may increase
the LCST value, which caused by the changes of the
hydrophilic/hydrophobic ratio and formed more
hydrogen bonds between the polymer chains and water
molecules (Huang et al,, 2017).
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Figure 9. Demonstration of the dimensions of the synthesized P(NIPAM-DMAEMAQ) nanohydrogel using SEM. (A): Size
of non-magnetic nanoparticle, (B): Size of magnetic nanoparticle.
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Figure 10. Transmittance-temperature curve of the P(NIPAM-DMAEMAQ) nanohydrogel determination by UV-Vis
spectrum.
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a MNP+Gene l

Figure 11. Demonstration of loading MNP and NP with the gene through an agarose gel electrophoresis assay.

3.3. Investigation of the P(NIPAM-DMAEMAQ)
Nanohygrogel Loading with the Gene through
Agarose Gel Electrophoresis Assay

In this stage of the research to confirm the application of
NIPAM-DMAEMAQ-based nanocomposites with loading
by gene, the interaction properties between magnetic
and non-magnetic NIPAM-DMAEMAQ nanocomposites
and the gene were examined by gel electrophoresis
assay. As observed in Figure 11, wells 1-7 represent the
presents of the gene and NIPAM-DMAEMAQ complex
inside the well itself. The wells of 1-4 represent the
presents of the gene with MNP, the wells of 5-7 represent
the presents of the gene with NP, and well 8 presents the
naked gene. The naked gene was used as the control
group. As the results showed in well 8, the band didn't
exist in the wall, indicating no banding of the naked gene
in the well. So the naked gene has not shown any
absorbance in the 8-well region. In the case of NP via
gene for the wells (5, 6, and 7), a light band is observed.
This clearly showed a weak interaction between
nonmagnetic NP and the gene, but in the case of MNP
with the gene for the wells (1, 2, 3, and 4), a potent band
is observed. So, the complete binding of the gene to
magnetic P[NIPAM-DMAEMAQ] nanoparticles clearly
demonstrates a strong interaction between magnetic NP
and the gene in wells 1-4, which has prevented the
release of genes in the presence of the electrophoresis
buffer. Also, due to the presence of Fe30y, it causes a very
positive charge and demonstrates a potent interaction
between magnetic NP and gene. So that, the positive
charges of magnetic P[NIPAM-DMAEMAQ)]
neutralize the negative charges of the phosphate groups
in the gene backbone, thus retarding gene mobility. This
clearly suggests that the charge of nanoparticles plays a
significant role in the loading and delivery of gene

could

products (negative charge due to the presence of a
phosphate group).Therefore, PINIPAM-DMAEMAQ] NPs
are more effective in the intracellular delivery of genes
(nucleic acids) (Yang et al, 2015). On the other hand,
non-magnetic versus magnetic samples were also tested
to check the bonding pattern of nanoparticles with genes.
Electrophoresis with gene-loaded NPs demonstrated a
weak interaction between the NPs and genes. As a result,
the high gene loading in nanoparticles can be attributed
to the interaction between the positively charged group
of the magnetic P(NIPAM-DMAEMAQ) and the negative
charge part of the gene through electrostatic adsorption.
Hence, according to the results, we chose the magnetic
P(NIPAM-DMAEMAQ) due to its strong adsorption
capabilities as a gene carrier, their magnetic properties to
achieve control over the delivery of the gene, and their
capacity for satisfactory loading to continue our research.

4. Conclusion

In gene delivery systems, the precise control of gene
delivery and the right capability
accompanying it are still a big challenge. Currently, the
development of functional biosynthesis nanocarriers
with safety, good biocompatibility, low cost of
production, and effectiveness is of intense focus and
importance for the delivery of the gene (nucleic acid) for

site-selective

gene therapy. According to the importance of the issue,
our main goal herein was to build up a cationic carrier for
targeted, specific gene delivery to maximize efficiency
and minimize nano-related toxicity. For these purposes,
we copolymerized NIPAM with a basic monomer
quaternary ammonium quart salt of DMAEMA. Then, two
kinds of dual temperature and pH-responsive polymer-
coated magnetic nanohydrogels composed of magnetic
P(NIPAM-DMAEMAQ) and non-magnetic P(NIPAM-
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DMAEMAQ) polymers were successfully synthesized at
an approximate size of nano. The nanoparticles’
dimensions in non-magnetic nanoparticles
approximately around 77.06 and 77.16 nm, and magnetic
nanoparticles were around 86.95 and 91.22 nm. As a

were

result, MNPs with hyperthermia properties were loaded
with specific genes as nanocarriers and used for targeted
delivery. The resultant nanocarriers with positive charge
were able to be efficiently loaded with the specific gene
(more than 95%). Thanks to these unique properties,
magnetic nanoparticles with metal-based configurations
could be controlled by a varying external magnetic field
current for various purposes, such as targeting nano-
based genes or medications, promoting specific site
targeting, and slowing tumor development. Therefore,
combined with the specific gene release behavior and
high loading capacity of genes, the present magnetic P
(NIPAM-DMAEMAQ) could resolve the difficulties in
loading and uncontrolled release of genes in cancer cells
and different diseases. As a result, the targeted delivery
of genes and drugs with smart nanocarriers could be
used to treat different diseases and tumors and will be a
promising alternative to cancer and other diseases.
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icin her toplumda isaret dili gelistirilmistir ve isitsel
ipuclarindan olmaksizin el, parmak ve kol hareketlerini
kullamlir (Vijayalakshmi ve Aarthi, 2016). Isaret dili,
isitme engelli bireylerin sayilarin, harflerin ve 6zel
karakterlerin jestleriyle vasitasiyla kendilerini ifade

1. Giris

Isitme engelli bireyler, isaret dili aracihgiyla sadece
birbirleriyle zamanda bu  engeli
paylasmayanlarla da iletisim kurabilirler. Her toplumun

degil, aym

kendi belirgin ulusal isaret dili vardir ve iilkeden tilkeye
farkliik goésterir (Karaca ve Bayir, 2018). iletisimin
6nemli bir

etmelerine ve bagkalariyla iletisim kurmalarina yardimci
olur (Oktekin, 2018).

2015 y1h istatistiklerine gore Tiirkiye'de yaklasik 836 bin
isitme engelli vatandas bulunmaktadir (Yildiz ve ark,
2018). isitme engelliler icin kullanish olmasina ragmen,

yonii, bireylerin birbirleri arasindaki
etkilesimi kolaylagtirmak i¢in sikca kullandig1 dilde yatar
(Thomas ve Mcdonagh, 2013). Her toplumun kendine

6zgii konusulan dili vardir ve bireylerin kendilerini ifade

etmeleri i¢in dogrudan veya dolayh bir ara¢ olarak
hizmet eder (Alshehri, 2023). Ancak, bazi1 bireyler cesitli
faktorlerden dolayi isitme kaybi yasayabilir ve bu durum
onlar1 sosyal ortamlarda etkili bir sekilde iletisim
kuramaz hale getirebilir. Sonug¢ olarak, isitme engelliler

toplumun bazi kesimleri i¢in isaret dili hala yabancidir.
Bu nedenle, gerektiginde isaret dilinin kullanimini
saglayan akilli araclarin teknolojik araglarla sunulmasi
miimkiin bir ¢6ziim olarak goriilmektedir (Jantunen ve
ark,, 2021). Yapay zeka, tanima ve siniflandirma alaninda
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onemli ilerlemeler kaydetmistir (Anand ve ark., 2021;
Machiraju ve ark, 2021; Singh ve ark., 2021). Bu nedenle,
isaret dili tanima sistemleri, isitme engelli bireylere
yardimci olmak icin bu ilerlemeyi kullanir. isaret dili
tamima icin iki ana yéntem bulunmaktadir. ilk yéntem,
veri eldivenleri (Lu ve ark. 2016) ve elektromiyografi (Qi
ve ark., 2020) gibi giyilebilir cihazlar igerir, ancak bu
cihazlar genellikle kullanissiz ve maliyetlidir. Ikinci
yontem ise, yalnizca el hareketi goriintiilerini yakalamak
icin bir kamera gerektirdiginden ek ekipman ihtiyacini
ortadan kaldiran bilgisayarla gérme tabanli yontemdir.

Arastirmamizin temel amaci, isitme engelli bireylerin
hareketlerini algilayan ve
dontistiiren bir teknoloji gelistirmektir. Bu, isaret dilini
bilmeyen Kkisilerin bu hareketleri anlamasina yardimci
olacaktir. Bu yaklasim, isitme engelli bireyler ile toplum
arasinda iletisimi kolaylastirmay1
hedeflemektedir. Bu kapsaminda, bu arastirma, Tirk
isaret dili karakterlerini siniflandirmak icin gelismis bir
veri kiimesi ve model 6nermektedir. Bu model, cesitli

bu hareketleri metne

kesintisiz

isaretleri karsilik gelen Tiirkce metne siniflandirir. Bu
sistem, isaretleri Tiirk alfabesine cevirerek isitme engelli
bireylerin etkili bir sekilde iletisim kurmasini saglar.
Dahasi, bu calismada énerilen modeller, gelistirilen veri
kiimesini yaklasik %98'lik bir dogruluk oraniyla
isleyebilmektedir.

Bu  ¢alismanin  geri  kalam1  asagidaki  gibi
yapilandirilmistir:  kinci béliimde konuyla ilgili bir
literatir taramasi sunulurken, tiglincii boliim sistem
mimarisi ve veri kiimesini iceren metodolojiyi aciklar.
Son olarak, dérdiincii boélim c¢alismay1 sonuglandirir ve
lclincl bolimde sunulan sonuglarin tartismasini igerir.
1.1. ilgili Calismalar

Addepalli ve ark. (2023), Amerikan Isaret Dili (AID)
alfabelerini ve rakamlarim taniyan ve bunlari metne
ceviren bir sistem onermislerdir. Bir AID veri seti
olusturmuslar ve kapsamli bir analizden sonra, 6zellik
¢ikarimi icin AlexNet'i kullanan transfer &grenimi ile
AiD'yi metne déniistirmenin optimal  teknigini
belirlemislerdir. AlexNet'i Naive Bayes, SVM ve KNN gibi
siniflandirma algoritmalariyla birlestirmisler ve Naive
Bayes %97.92'lik en yiiksek dogruluga ulasirken, SVM ve
KNN sirasiyla %96.98 ve %96.97 dogruluk oranlarina
erismislerdir.

Shanmuga Priya ve ark. (2023), isaret dilini sese
doniistiirmek  icin  6zel bir CNN algoritmasi
onermektedir; bu algoritma, kullanicilarin isaret dilini
"duymasini” saglamaktadir. Bu amagla on hareketten
olusan bir veri seti toplamislar ve veri seti olusturma,
goriintii 6n isleme ve etiketleme, veri artirma, sinir agi
egitimi ve dogrulama verileri ile test etme gibi adimlari
takip etmislerdir. Hareket tanima sistemleri %90'in
tizerinde bir dogruluk oranina ulagmistir.

Shokoori ve ark. (2022), Pashto Isaret Dili'nin on alfabesi
izerine odaklanarak, engelli bireylerin toplumla iletisim
kurmalarini saglayan bir sistem énermislerdir. Onerilen
sistem, isaretleri ve hareketleri yakalar ve bunlar1 Pashto
alfabesine donitistiiriir. El hareketlerini tanimak i¢in bir

CNN  modeli
erismislerdir.
Oztiirk ve ark. (2021) ¢alismalarinda isaret dili parmak
alfabesi hareketlerini tanimak icin derin 6grenme ve
gorintii isleme tekniklerini kullanmis, bunlar1 metne

tasarlamislar  ve %98 dogruluga

déntistiirmistiir. Sistemi, el goriintiilerini derin 6grenme
yontemleri alfabedeki
harflerle eslestirir ve tahmin edilen harfi metin olarak
goriintiiler; boylece 1300 fotograftan olusan bir veri
kiimesiyle %88 dogruluk orani elde etmislerdir. Togacar
ve ark. (2021), Tiirk Isaret Dili (TID) icin rakam
isaretlerini belirlemek icin Siamese sinir agi kullanarak,
%98.16’lik eslestirme bagarisina'ya ulagmistir.

Katilmis ve Karakuzu (2020), Leap Motion ile ¢ift eli
kullanarak TiD alfabesini tanmiyan bir sistem aracihgiyla
tanima performansini geleneksel simiflandiricilar ve
ozellik se¢me algoritmalarini
etmislerdir. Bantupalli ve Xie, 2019, isaret dili isaretlerini
metne ¢evirmek igin goriinti tabanli bir sistem
Onermisler, videolardan ¢ikarilan mekansal ve zamansal

kullanarak yorumlar, onlar1

kullanarak analiz

ozellikleri ile Inception ve CNN yapilarini kullanarak AiD
veri kiimesiyle basarili bir sekilde jest tanimlamislardir.
Hurroo ve Walizad (2020), bir AID alfabesi tanima
sistemi tasarlamistir. Kendi AID veri setlerini on statik
alfabe isareti ile olusturmuslardir. Yaklasimlari, ozellik
cikarimi (ikili pikseller) igin goriintileri 64 piksele
normallestirme  ve olceklendirme, el
hareketlerini algilamak i¢in HSV renk algoritmasini
kullanma ve siyah bir arka plan kullanma gibi adimlar1
icermektedir. Ilgi bélgesi olan el hareketi, cesitli
bilgisayar gorme teknikleri (gri tonlama, genisletme ve
maskeleme) kullanilarak segmentlenir ve 6zellikler
cikarilir. Egitme ve siniflandirma igin bir CNN kullanarak
%90'1n lizerinde dogruluga ulasmislardir.

Sabeenian ve ark. (2020), AID alfabelerini metne
cevirmek icin 0zel bir CNN kullanarak bir sistem
gelistirmislerdir. MNIST AID veri seti lizerinde egitilen
modelleri, %93'lin lizerinde dogruluga ulagmistir.

Sevli ve Kemaloglu (2020), Tiirk isaret dili rakamlarini

yeniden

siiflandirmak icin bir CNN modeli 6nermis, Adam
optimizatori kullanarak egitim icin %98.42, test
dogrulugu icin %98.55 dogruluk orani elde etmislerdir.
Yalcin ve ark., 2018, esnek sensdrler ve bir jiroskop
kullanarak Tiirk isaret Dili (TiD) harflerini tespit edip
ceviren bir veri eldiveni tasarlamislar, 18 TID alfabesi
harfini tanimay1 basarmislardir.

Arora ve Roy (2018), Bhattacharyya Mesafe Metrigi ve
OpenCV kullanarak AID jestlerini tamimayi ve metne
cevirmeyi saglayan bir teknik sunmuslar. Bu teknik,
jestlerin  histogram benzerliklerine dayanmaktadir.
Unutmaz ve ark. (2019), Kinect cihazindan iskelet
bilgilerini kullanarak Tiirk isaretlerini
doniistiirmek icin CNN tabanl bir sistem Onerisiyle, veri

kelimelere

kiimesi ve CNN yapisina bagh olarak %80 ila %93
arasinda degisen dogruluk degerlerine erismislerdir.

Nguyen ve Do, 2019, yapay zeka kullanarak gelistirdikleri
bir isaret dili parmak alfabesi tanima sistemini
kullanarak Cok Siifli Destek Vektér Makineleri (SVM'ler)
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ve CNN yapilar ile tatmin edici sonuclar elde etmislerdir.
Kaya ve ark, 2018, Tiirk Isaret Dili (TID) kullanarak
sayilar1 ve harfleri tespit etmeyi amaclar, sensorlerle
donatilmis bir veri eldiveni kullanarak basarili bir sekilde
1 ile 5 arasindaki sayilar tespit etmislerdir.

2. Materyal ve Yontem

2.1. Veri Kiimesi

Bu ¢alisma, Tiirk isaret Dili (TID) de dahil olmak iizere
cesitli isaret dilleri icin kisith sayidaki veri setlerine
ilaveten TID alfabesinin yirmi ii¢ harfine odaklanan yeni
bir veri seti sunmaktadir. Bu arastirmanin temel amaci,
TID alfabesinin jestlerini metne déniistiirmektir. Bunun
icin TID harflerinin gériintiilerinden olusan bir veri seti
onerilmektedir. Sekil 1, TIiD alfabesinin yirmi ii¢ harfini
gostermektedir.

Veri setini derlemek igin,
kullanarak esik teknikleri
boyutlar1 224x224 piksel olarak ayarlanmistir. Ortaya
cikan veri seti, kamera mesafelerindeki degisimler,

aydinlatma kosullar1 ve arka planlar gibi ¢esitli faktorleri

OpenCV kiitliphanesini
kullanilmis ve goriinti

de iceren cesitli kosullar altinda yaklasik 10,000 goriintii
iceren zorlu bir veri setidir. Kullanima hazir hale
getirilmeden Once, goriintiller 6nerilen modele uygun
sekilde 64x64 boyutuna yeniden boyutlandirilir. Daha
sonra, veri seti esit olarak boliiniir ve %80'i egitim igin
ayrilirken geri kalan %20'si dogrulama ve test amaglari
icin kullanmilir. Dahasi, veri artirma teknikleri, veri setinin
cesitliligini artirmak ve model performansini iyilestirmek
icin uygulanir. Olusturulan yeni veri seti, 6zellikle isaret
dili tanima arastirmalari alaninda, yeni derin 6grenme
uygulamalarina ilham verebilir.

Sekil 1. Yeni Veri Setinde TiD Alfabesinin Jestleri.

2.2.Model Yapisi

Yapay zeka ile donatilmis akilli bilgisayarlar, dogal dil
isleme, karar verme ve konusma tanima gibi tipik olarak
insan zekasi gerektiren gorevleri yerine getirmek {lizere
gelistirilmektedir (Shanmuga Priya ve ark, 2023).
Gelismis bir sinir ag1 mimarisi olan Konvoliisyonel Sinir
Aglar1 (CNN'ler), canli organizmalarda go6zlemlenen
karmasik  gorsel algt slirecinden  esinlenmistir.
Dolayisiyla, gliniimiiz arastirmalarinin ¢ogu, tanima
sistemlerinde CNN tabanli model yapilar1 kullanmaktadir
(Sadeddine ve ark, 2021; Tan ve ark, 2021).
Konvoliisyonel Sinir Aglari (CNN'ler), canl
organizmalarda gozlemlenen karmasik gorsel algi
siireglerinden ilham alan gelismis bir sinir ag1 mimarisini
temsil eder. Canlilarin gorsel bilgiyi nasil tanidigi ve
yorumladigini taklit etmek iizere tasarlanan CNN'ler,
verileri ¢ok katmanli olarak isleyerek ve modelleyerek
goriintiilerdeki karmasik desenleri ve
taniyabilir ve 6grenebilir. Bu nedenle, bu yapilar, nesne
tespiti ve goriintli siniflandirma gibi bilgisayarla gérme
gorevleri icin olduk¢a uygundur.

ozellikleri

Son yillarda, CNN'ler, el yazis1 rakamlar: siniflandirmak
icin kullanilan ilk yaygin olarak taninan derin 6grenme
LeNet'in icadiyla baslayan cesitli
hesaplama zorluklarini ¢6zmede son derece etkili
olduklarimi kanitlamistir. Bu zorluklar, nesne yeniden
tanimlama (Khan ve ark.,, 2022) ve gii¢ tahmini (Khan ve
ark., 2023) gibi cesitli bilgisayarla gérme gorevlerini
icerir. CNN'ler, biiytik olgekli veri kiimeleriyle calisirken,
geleneksel ozellik tabanli yaklasimlara gore {istiin
performanslar1 sayesinde goriinti
o6nemli bir ivme kazanmistir. Basarilari, ham verilerden
dogrudan karmasik ve c¢ok olgekli ozellikler 6grenme

CNN'ler,
ozellikleri

mimarisi olan

siiflandirmada

yeteneklerine de baglanabilir. Dolayisiyla,
gorintiilerdeki karmasik desenleri ve

tanimlamalarini saglayan yerlesik yeteneklere sahip olup,
bilgisayarla géorme ve diger alanlarda kullanilmaktadir.

CNN'ler, bir goriintiide gesitli islemler gerceklestiren ve
aga giris saglayan birden c¢ok katmandan olusur. Bu
katmanlar arasinda, evrisimli katmanlar, kiictik filtreler
kullanarak giris goriintiisiinden 6zellikler ¢ikaran ve
gorlintii icinde farkli desenleri vurgulayan ozellik
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haritalar1 olusturarak o6nemli bir rol oynar. Ayrica,
CNN'deki iki 6nemli katman arasinda, ozellik haritasi
boyutunu belirlenen bir alandaki maksimum degeri
secerek azaltan Havuzlama katmanlar1 ve dnceki katman
cikislarina dogrusal olmayan fonksiyonlar uygulayan
aktivasyon katmanlar1 bulunur (Kaiming ve ark. 2016;
Alzubaidi ve ark., 2021).

CNN'lerin  sonunda, baglantih katmanlar,
katmanlarda ¢ikarilan 6zellikleri bir boyuta indirilmis bir
vektore indirgeyerek, giris goriintiisiini smiflandirmak
icin kullanir. Son tam bagh (FC) katmanin g¢iktisi, sinif
olasiliklarini  belirlemek icin aktivasyon
fonksiyonuyla islenir. Evrisimli Sinir Aglari'nin (CNN'ler)
egitimi genellikle gradyan inisi veya tilirevlerini
kullanarak ongoriilen sinif olasiliklari ile gercek etiketler
arasindaki farki odlgen bir kayip
ozyinelemeli olarak gelistirmek icin kullanilir. CNN'ler,
goriintlii siniflandirma faaliyetlerinde dikkate deger bir
performans sergiler ve ¢esitli uygulama alanlarinda
yaygin olarak kullanilir (Alzubaidi ve ark., 2021).

2.2.1. Onerilen CNN yapis1

Bu ¢alismanin
gereksinimlerini karsilamak i¢in 6zellestirilmis bir CNN
yapis! gelistirmektir. Bu dogrultuda, Modell, Model2 ve
Model3 olmak iizere tic CNN modeli 6nerilmektedir.

onceki

"softmax"

fonksiyonunu

amaci, yeni bir veri kiimesinin

Arastirmacilar, model performansini optimize etmek i¢gin
hiperparametreler de dahil olmak farkl
parametrelerde ayarlamalar yaparlar. CNN sonuclarinin
karsilastirmali analizi, bu 0Onerilen modelleri, veri
kiimeleriyle basa ¢ikmak icin umut verici baslangig
noktalari olarak ortaya koymaktadir.

2.2.1.1.ilk yap1 (Model1)

Bu mimaride, baslangi¢c katmani, boyutu (3,3) olan 32
filtre ile bir evrisimli katman (Conv2D) igerir. Giris sekli,

uzere

64x64 piksel boyutlarindaki gri tonlamali bir goriintiiyti
belirtir. Dogrusal Dogrultulu Birim (ReLU) aktivasyon
fonksiyonu kullanilmistir. Ardindan, bir max-havuzlama
katmani (MaxPool2D) boyutu (2,2) olan bir havuzlama
boyutu ile, birinci Conv2D katmam tarafindan
olusturulan o6zellik haritalarinin mekansal boyutlarini
azaltmak i¢in uygulanir; bu, veri boyutunu minimize
ederken temel ozellikleri ¢ikarir. ikinci Conv2D katmani,
boyutu (3,3) olan 32 filtre ile 'ayni’ olarak ayarlanmis
dolgu ile birlikte gelir, boylelikle ¢ikt1 6zellik haritalarinin
girisle ayn1 mekansal boyutlar1 korunur. ReLU aktivasyon
fonksiyonu kullanilarak, katman daha sonra daha fazla
mekansal boyut azaltimi icin (2,2) boyutunda bir baska
max-havuzlama katmani (MaxPool2D) ile devam eder.
Bunun ardindan, tiglincii Conv2D katmani 'ayni’ dolgu ile
birlikte boyutu (3,3) olan 64 filtre icerir ve ReLU
aktivasyon fonksiyonunu kullanir. Daha sonra, ii¢lincii
havuzlama katmani (MaxPool2D) boyutu (1,1) olan ¢ikti
ozellik haritalarina uygulanir, boylelikle soyut 6zellikler
¢ikarirken mekansal boyutlar korunur.

Bir Diizlestirme katmani, iiglincii havuzlama katmaninin
ciktisini 1-D vektore doniistiiriir. Ardindan, iki Tam Bagh
(FC) Yogun katman tamitilir. {lk katmanda, CNN icinde
dogrusallig: tanitan "ReLU" ile 256 birim bulunmaktadir.

ikinci Yogun katman veya son katman, siniflandirma
problemi icindeki 23 birime sahiptir. softmax aktivasyon
fonksiyonu, ag c¢ikisim1 siniflandirma gorevlerine gore
olasilik dagilimina déniistiiriir.

Bu mimari, 6zellik haritalarinin mekansal boyutlarini
azaltmak icin takiben "ReLU" aktivasyon fonksiyonlari
kullanan ti¢ evrisimli katman (Conv2D) igerir. Son olarak,
fonksiyonu aracilifiyla final
siniflandirma ¢ikisina ulasmak icin iki FC Yogun
katmaniyla Modell'in yapisimin grafik
temsilini gérmek icin Sekil 2a'ye bakiniz.

2.2.1.2. ikinci yap1 (Model2)

Bu mimari, bir Evrisimli Sinir Ag1 (CNN), doért evrisimli
(Conv2D)  katman, {i¢  maksimum
(MaxPool2D) katmani ve ii¢ tamamen bagh (FC) katman
icerir. Baslangicta, birinci katman, boyutu (3,3) olan 32
filtreye sahip bir Conv2D katmanini icerir ve 'ayni' dolgu
ile birlikte Dogrusal Dogrultulu Birim (ReLU) aktivasyon
fonksiyonunu kullanir. Devaminda, ikinci katman, boyutu
(3,3) olan ve 64 filtre iceren bir Conv2D katmanini

softmax aktivasyon

sonuglanir.

havuzlama

tanitarak islemi siirdiirtir. Bu katman aynm dolguyu ve
ReLU aktivasyon fonksiyonunu kullanir. Daha sonra,
tglincli katman, (2,2) boyutunda bir havuzlama boyutu
ve (2,2) adimhli bir MaxPool2D katmani igerir. Doérdiinci
katman, %?25'ini rastgele diisiirmek icin uygulanan
0.25'lik bir diisme oranina sahip bir Diisme katmanidir,
bu da asir1 uyumlanmay1 azaltir. Devaminda, besinci
katman, boyutu (3,3) olan 64 filtreye sahip baska bir
Conv2D katmanini, 'ayni' dolgu ve ReLU fonksiyonunu
icerir. Bunu, (2,2) boyutunda bir havuzlama boyutu ve
(2,2) adimli bir MaxPool2D katmani olan altinci katman
takip eder. Daha sonra, yedinci katman, %25'ini rastgele
diisirmek icin uygulanan 0.25'lik bir diisme oranina
sahip bir Diisme katmanini igerir. Sekizinci katman, 128
filtre ve (3,3) boyutunda Conv2D katmanim igerir. Bu
katmanda ayni dolgu ve ReLU aktivasyon fonksiyonu
MaxPool2D (2,2) dokuzuncu katmandir.
Sonrasinda, onuncu katman, 2D 6zellik haritalarin1 1D
o6zellik vektoriine déniistiiren bir Diizlestirme katmanini

kullanilir.

icerir. Bunun ardindan, on birinci katman, 256 néron ve
bir ReLU fonksiyonu ile Tam Bagl yogun katmanlari
icerir. Asir1 uyumlanmay1 6nlemek i¢in 0,5'lik bir diisme
oraniyla bir Diisme katmani daha sonradan uygulanir
Son olarak, son katmanda, siniflandirma problemindeki
cikis siniflarinin sayisina esit olan 23 birimden olusan bir
tam bagl yogun katman bulunmaktadir. Siniflandirma
icin softmax aktivasyon fonksiyonu kullanilir ve siif
olasiliklar1 iretilir. Model2'nin detayll yapisim Sekil
2b'de gosterilmistir.
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Sekil. 2. Model yapisi. a) Model 1, b) Model 2, ¢) Model 3.

2.2.1.3. iigiincii yap1 (Model3)

Ugiincii model, her birinin boyutu (3,3) olan 32 filtre
kullanarak giris goriintiisii lizerinde evrisim islemleri
uygulayan bir evrisimli sinir agi (CNN) mimarisiyle
baslar. Bu katman, 'ayni’ olarak ayarlanmis bir dolgu
parametresi kullanir ve aktivasyon fonksiyonu olarak
Dogrusal Dogrultulu Birim (ReLU) kullanir. Ardindan,
ikinci katman olarak baska bir Conv2D katmani kullanilir,
her birinin boyutu (3,3) olan 32 filtre icerir ve 'ayn1'
dolgu ile birlikte ReLU fonksiyonunun ¢iktisina uygulanir.
Ugiincii Conv2D katmani, boyutu (3,3) olan 64 filtre ve

'ayn1’ dolgu islemi icin 'ayni’ degeri korur ve tekrar ReLU
aktivasyon fonksiyonunu kullanir. Conv2D katmanlarini
takiben, maksimum havuzlama islemini uygulamak icin
(2,2) boyutunda bir havuzlama boyutuna ve adimlara
sahip bir MaxPooling2D katmani tanitilir. Devaminda,
besinci katman olarak, boyutu (3,3) olan 64 filtre ve
'ayn1’ dolgu kullanilan bagka bir Conv2D katmani, ReLU
fonksiyonuyla birlikte kullanilir. Sonrasinda, altinc
katman, onceki ile ayn1 havuzlama boyutu ve adimlara
sahip bir MaxPooling2D katmanini icerir. Yedinci katman,
boyutu (3,3) olan ve 128 filtre ile donatilmis bir Conv2D
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katmanini barindirir. Bu katman, ayni dolgu islemini
korur ve ReLU aktivasyon fonksiyonunu benimser.
Ardindan gelen MaxPooling2D  katmany,
havuzlama katmanlarinin parametrelerine uyumlu
olarak tasarlanmistir. Onceki katmanlardan sonra bir

onceki

Diizlestirme katmani, ¢ok boyutlu 6zellik haritalarimi bir
1-D vektore doniistiirmek icin eklenir. Daha sonra, 256
birime sahip bir Yogun katman ve ReLU fonksiyonu
tanitilir. Asirt uyumlanmay: o6nlemek icin 0,5'lik bir
diisme oraniyla bir Diisme katmani uygulanir. Modelin
sonunda siniflandirma goérevi i¢in 23 néronlu bir Yogun
katman bulunmaktadir. Bu nedenle bu katman Softmax
aktivasyon fonksiyonunu kullanir. Model3'iin yapisina
iliskin kapsaml bir genel bakisi Sekil 2c’de verilmistir.

3. Bulgular ve Tartisma

Bu boliim, yeni veri kiimesinin oOnerilen modellerde
(Modell, Model2 ve Model3) egitilmesinin sonuglarini,
Veri Artirma, Diizenleme ve hiperparametre ayarlama
gibi cesitli tekniklerle sonuglar1 gelistirme stratejileriyle
birlikte sunar.
Veri Artirma teknikleri, yansitma, dondirme ve
olcekleme gibi, egitim veri kiimesini genisletmek i¢in
kullanilir ve modellerin yeni veri drneklerine daha iyi
genelleme yapmasini saglar. Ayrica, asirt uydurmay1
azaltmak ve modellerin genel genelleme yetenegini
gliclendirmek icin o6zellikle diisme gibi Diizenleme
teknikleri uygulanir.

Ayrica, On Ayarlama Teknikleri, 6grenme hizi ve epok
(epoch) sayisi gibi parametrelerdeki ayarlamalari igerir
ve modeller icin en uygun yapilandirmanin belirlenmesi
icin yapilir.

Onerilen modeller baslangicta 100 epok icin egitilir, daha
sonra performans iyilestirmeleri icin 500 epoka kadar
uzatilabilir. Ancak, etkili model egitimi icin yaklasik 150
epokun yeterli oldugu gézlemlenmistir.

Adam optimizer, en ¢ok tercih edilen optimizer yapisidir,
0.001 6grenme orani en umut verici sonuglari verir. 0.01
ve 0.0001 gibi alternatif 6grenme oranlari, segilen
yapilandirmanin saglamhigini gosterebilir fakat énemli
bir iyilesme saglamaz. Ayrica, Stokastik Gradyan Inisi
(SGD) gibi diger optimizasyonlarla yapilan denemeler
tatmin edici sonuglar vermez.

Ozetle, Veri Artirma, Diizenleme ve Hiperparametre
Ayarlama kombinasyonu, CNN modellerinin
performansini artirmaya onemli ol¢iide katki saglar.
Modeller arasinda, en yiiksek dogrulugu %98 ve 0,097
kayipla elde eden Model3 o6ne ¢ikmistir. Bu model,
istenen dogruluga sadece 80 epok sonunda ulasarak
etkili bir egitim gosterir.

3.1. Model 1

Bu yapilandirmada, adaptif 6grenme orani optimizasyon
algoritmasi Adam kullanilarak 6grenme orami 0.001
olarak belirlendiginde arastirma en iyi sonuglar1 verir.
Genellikle ¢oklu siniflandirma senaryolarinda kullanilan
kaylp fonksiyonu 'categorical crossentropy’
adlandirilir.  Degerlendirme metrigi 'dogruluk'tur ve
modelin dogrulama veya test verileri lizerindeki tahmin

olarak

dogrulugunu degerlendirir. Bu ayarlar altinda, Model 1,
300 epok sonrasinda %88 dogruluk orani ve 0.413 kayip,
ve 500 epok sonrasinda %89.72 dogruluk orani ve 0.42
kayip elde edilmistir. Ozellikle, epok sayisini arttirmanin
bu durumda o6nemli faydalar saglamadigi dikkat
cekmektedir. Sekil 3, 500 epok ve 0.001 6grenme orani
ile Model 1'in egitim ve dogrulama dogrulugunu (a) ve
kaybini (b) gdstermektedir.

Model 1'in 6grenme orani 0.0001'e ayarlandiginda,
model 300 epok sonrasinda %80 dogruluk orani ve 0,57
kayipla elde eder, bu da bu 6grenme oraninin Model 1
icin alt-optimal oldugunu gostermistir. Tersine, 6grenme
oranini 0.01'e diisiirmek, yaklasik %50 dogruluk orani ve
2 kayip ile sonuglanir, bu da bu 6grenme oraninin Model
1 i¢in uygun olmadigini gosterir.

Modell Basarisi
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Sekil 3. Model 1'in egitim ve dogrulama dogrulugu
(basarisi) (a) ve kaybi (b).

3.2. Model 2
Bu  yapilandirmada, tlim Diisme  katmanlar
kullanildiginda, dogrulama dogrulugu egitim

dogrulugunu asar, bu da potansiyel asir1 uydurmaya
isaret eder. Sekil 4, 500 epok ve 0.001 6grenme orant ile
Model 2'nin egitim ve dogrulama dogrulugunu (a) ve
kaybin1 (b) gostermektedir. Sonug¢ olarak, ilk ve ikinci
Diisme kaldirildiginda,
performansinda iyilesme gozlenmistir. Adaptif 6grenme
orani optimizasyon algoritmasi olan Adam kullanilarak,

katmanlari modelin
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o6grenme orani 0.001 olarak ayarlandiginda ve sadece
Yogun (23) Oncesi son Diisme katmaninin korundugu
durumda, Model 2 en iyi sonuglarim1 vermistir. 0,5 ve
0.25 Diisme oranlariyla deney yapildiginda, 0,5 Diisme
oranimin en iyi sonucu verdigi gorilmiistiir. Ogrenme
orani 0.001 ve kayip fonksiyonu olarak kategorik ¢apraz-
entropi kullanilarak Adam optimizer ile Model 2 yaklasik
%97dogruluk orani ve 0.099 kayip vermistir.

Sekil 5, iki Dlisme katmani kaldirildiktan sonra 500 epok
ve 0.001 6grenme oranmi ile Model 2'nin egitim ve
dogrulama  dogrulugunu (a) ve kaybimm (b)
gostermektedir. Ozellikle, belirli Diisme katmanlarinin
kaldirllmasinin ardindan Model 2, Model 1'i geride
birakmistir. Ayrica, Model 2, istenen dogruluga 100 epok
icinde ulasirken, Model 1'in yaklasik 500 epok
gerektirmektedir.

Model2 Basaris:
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Sekil 4. Model 2'in (a) egitim ve dogrulama dogrulugu
(basarisi) ve (b) kaybi.

Model2 Basarnisi
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Sekil 5. Model 2 yapisindan iki Dropout katmani
cikarildiktan sonra (a) egitim ve dogrulama dogrulugu
(basarisi) ve (b) kaybu.

3.3.Model 3

Model 3, giriste ii¢ Conv2D katmani kullanilmasi ve ¢ikis
asamasinda bir Dropout katmaninin dahil edilmesi
nedeniyle iistiin performans sergiler. Adam optimizer ve
6grenme orani 0.001 olarak derlenen Model 3, ¢oklu
siniflandirma problemleri i¢in uygun olan kategorik
capraz-entropiyi kayip fonksiyonu olarak kullanir ve
dogruluk izerinden performans: degerlendirir. Bu
kosullar altinda Model 3, yaklasik %98 dogruluk orani ve
0.097 kayip neticesini vermistir. Sekil 6, Model 3
yapisinin 500 epok ve 0.001 6grenme orani ile egitim ve
dogrulama  dogrulugunu (a) ve kaybm (b)
gostermektedir.

Model 3, performans agisindan hem Model 1'i hem de
Model 2'yi gecmektedir. Ozellikle, Model 3, istenen
dogruluga sadece 80 epok sonunda ulasirken, yaklasik
500 epok gerektiren Model 1 ve daha diisiik dogruluk
elde etmek i¢in yaklasik 100 epok gerektiren Model 2'ye
kiyasla verimlidir. Ayrica, Adam optimizer kullanilarak
0.0001 6grenme orani ile yapilan deneyler, 200 epok
sonrasinda tatmin edici bir dogruluk saglayamamuis, bu
da bu baglamda 0.001 6grenme oraninin optimal bir
se¢im oldugunu yeniden dogrulamistir.
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Sekil 6. Model 3 yapisinin (a) egitim ve dogrulama
dogrulugu (basarisi) ve (b) kaybu.

Tablo 1, farkli kosullar altinda egitilen cesitli sinir ag1
modellerinin kapsamli bir analizini sunmaktadir. Her
modelin yapisini, epoch sayisini, optimizasyon edici
fonksiyonunu, 6grenme oranini, kayip fonksiyonunu ve
elde edilen dogrulugu ayrintili olarak agiklamaktadir. Bu
analiz, model performansini en iist diizeye ¢ikarmak i¢in
en uygun yapilandirmayr belirlemeyi amac¢lamaktadir.
Sonuglar, model etkinligini belirlemede optimizasyon
fonksiyonu se¢imi, 6grenme orani ve egitim siiresinin
kritik roliinii vurgulamaktadir. Model 1, artan epoch
sayisl ve uygun Ogrenme oranlari ile kademeli olarak
iyilesme gostermis ve Adam optimize edici her durumda
SGD'den daha iyi sonuglar vermistir. Model 2'nin
baslangigtaki asir1 uyum sorunu, dropout katmanlarinin
azaltilmasiyla etkili bir sekilde giderilmis ve 6énemli bir
dogruluk artis1 saglanmistir. Model 3'iin daha az epoch
ile listlin performansi, potansiyel olarak daha verimli bir
mimari veya optimal ayarlarini
gostermektedir. Sonug olarak, bulgular, derin dgrenme

hiperparametre

modellerini optimize etmede hassas hiperparametre
ayarlarinin ve mimari yapinin énemini géstermektedir.
Farkh yapilar1  arasindaki  performans
varyasyonlarinda gorildiigii gibi, en kullanish yapilari
deneyler ve iyilestirmeler

model

belirlemek icin tekrarh
gereklidir.
Tablo 2, isaret dili tanima {izerine odaklanan cesitli

calismalarin kapsamli bir karsilastirmasini sunmaktadir
ve kullanilan isaret dili veri setleri, dnerilen algoritmalar
ve bunlarin dogruluk oranlar1 detaylandirilmaktadir. Bu
karsilastirmali ¢calisma ile farkh isaret dili veri setleri ve
yaklagimlar  arasinda  algoritmik  performanstaki
egilimleri belirlenmistir. Analiz, Konvoliisyonel Sinir
Aglarinin (CNN'ler) cesitli isaret dili veri setleri ve
yuksek  dogruluk eristigini
gostermektedir. Alfabe, kelime veya jestler icin CNN
kullanan ¢alismalarda, dogruluk oranlar1 %80.85 ile %98
arasinda degismektedir.

AlexNet ile farkh siniflandiricilar1 (KNN, SVM, Naive
Bayes) birlestiren hibrit modellerin performansi hem
alfabe hem de rakamlar: iceren veri setleri icin kabul
edilebilir seviyededir. Bu kategoride gozlemlenen en
yiksek dogruluk orani, AlexNet ile Naive Bayes'in
birlestirilmesiyle elde edilen %97.92'dir. Onerilen CNN
modelinin (Model3) %98 seviyesindeki dogruluk oranlar1
mevcut en yiliksek dogruluk oranlar ile esdegerdir ve
modelin Tirk isaret dilini tanima giiciinii gostermektedir.

tiirlerinde oranlarina

Onerilen model isaret dili tanima alaninda rekabetgi bir
yaklagimdir.

4. Sonug¢

Isitme engelliler icin topluluk icinde iletisim araci olarak
isaret dili o6nemli bir rol oynar. Derin 06grenme
teknolojisindeki ilerlemelerin kullanilmasi, isitme engelli
bireylerle isitme engeli olmayanlar arasindaki iletisimi
kolaylastiran sistemlerin tasarlanmasinda hayati 6neme
sahiptirr Bu arastirma yeni bir veri kimesi
olusturmustur. Ardindan, yeni olusturulan veri kiimesini
islemek icin 6zel olarak tasarlanmis bir Evrisimli Sinir
Ag1 (CNN) modeli gelistirilmistir. Bu makalede sunulan
modeller, yeni veri kiimesinin ortaya ¢ikardigi zorluklar
ele almayr amaglayan sonraki arastirma c¢abalar1 igin
temel bir ¢ergeve olarak kurgulanmistir. Genis parametre
ayarlamalar1  ve yapilan
degisikliklerle, yaklasik %98 dogruluk oranina sahip bir
son model elde edilmistir. ilerleyen calismalar, veri
kiimesini genisletme ve dogruluk oranlarim1 daha da

artirmak icin modeli iyilestirme {izerine odaklanacaktir.

model katmanlarinda
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Tablo 1. Farkli kosullar altinda egitilen gesitli sinir ag1 modellerinin kapsamli bir analizi.

Epok  Optimizasyon  Ogrenme . y
Yap1 Sayisi Fonksiyonu Oram Kay1p Fonksiyonu Dogruluk
Modell 100 SGD 0.001 ‘categorical_crossentropy 45.62%
Modell 500 Adam 0.01 ‘categorical_crossentropy 56.54%
Modell 300 Adam 0.0001 ‘categorical_crossentropy 80%
Modell 100 Adam 0.001 'categorical_crossentropy 84.06%
Modell 300 Adam 0.001 'categorical_crossentropy 88%
Modell 500 Adam 0.001 ‘categorical_crossentropy 89.72%
Model2 (3 Dropout katmani) Asir1 Uyum (Overfitting)
iki Dropout katmani : ) 0
cikarildiktan sonra Model2 100 Adam 0.001 categorical_crossentropy 97.53%
Model3 80 Adam 0.001 'categorical_crossentropy 98%
Tablo 2. isaret dili tanima tizerine odaklanan cesitli calismalarin kapsaml bir karsilastirmali analizi.
Kaynak isaret Dili Tiirii Onerilen Algoritma Dogruluk
CNN 80.85%
Karar Agaci 53.83%
Unutmaz ve ark., 2019, 9 TiD kelimesi Agirlikl KNN 61.40%
Dogrusal SVM 71.47%
Gauss SVM 49.95%
Sabeenian ve ark., 2020 MNIST AID veri seti (alfabeler) CNN 93%
Hurroo ve Walizad, 2020 10 AID alfabesi CNN 90%
Oztiirk ve ark., 2021 TiD alfabeler Faster R-CNN 88%
Shokoori ve ark.,2022 10 Pashto Isaret Dili alfabesi CNN 98%
Shanmuga Priya ve ark., 2023 10 jest CNN 90%
AlexNet + KNN 96.97%
Addepalli ve ark., 2023 AID (Alfabeler + rakamlar) AlexNet + SVM 96.98%
AlexNet + Naive Bayes 97.92%
Bizim Yapimiz TiD alfabeler Model3-CNN 98%
Katki Oran1 Beyani Etik Onay Beyani
Yazar(lar)in katki yiizdesi asagida verilmistir. Tim Bu arastirmada hayvanlar ve insanlar tizerinde herhangi
yazarlar makaleyi incelemis ve onaylamistir. bir c¢alisma yapimadigi i¢cin etik kurul onay1
TO. RU. alinmamistir.
K 50 50
Destek ve Tesekkiir Beyam
T 50 50 - .
v 50 50 Bu arastirmada yer alan kismi niimerik hesaplamalar
VTl 50 0 TUBITAK ULAKBIM, Yiiksek Basarim ve Grid Hesaplama
Merkezi'nde (TRUBA kaynaklarinda) gerceklestirilmistir.
VAY 50 50 o o
KT 50 50 Bu ¢alisma Ankara Yildirim Beyazit Universitesi Bilimsel
vz 50 50 Arastirma Projeleri Koordinasyon Birimince
Desteklenmistir. Proje Numarasi: FDK-2022-2283.
KI 50 50
GR 50 50
PY 50 50 Kaynaklar
FA 50 50 Addepalli N, Pabolu RK, GaneshChennuru S, Vissampalli VL,

K= kavram, T= tasarim, Y= yonetim, VTI= veri toplama ve/veya
isleme, VAY= veri analizi ve/veya yorumlama, KT= kaynak
tarama, YZ= Yazim, KI= kritik inceleme, GR= gonderim ve
revizyon, , PY= proje yonetimi, FA= fon alimi.

Catisma Beyani
Yazarlar bu c¢alismada higbir ¢ikar iliskisi olmadigini
beyan etmektedirler.
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SUT SIGIRCILIGI ISLETMELERINDE iSLETME ICi KiRLILIK VE
TOPALLIK SKORU ILE SUT VERIMI ARASINDAKI iLiSKi
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Ozet: Bu calismada ahir igi kirlilik durumu ile siit sigirlarinda topallik arasindaki iliski incelenmistir. Bu amagla, Balikesir ilinde, 3000
bas kapasiteli modern siit sigircilig1 isletmesinde bulunan 778 bas Siyah Alaca sigirlarinin topallik skorlamasi, viicut kirlilik puanlamasi
4 verim grubuna ayrilarak tespit edilmis, ahir kirliligi, gezinti alan kirliligi ve sagim yolu kayganliginin topalliga olan etkisi
arastirilmistir. Ahir kirliligi, yataklik kirliligi ile gezinti alan kirliligi puani siyiricilarin diizenli ¢alismasindan dolay:1 0 (temiz) puan,
zemin kayganligi ise yiiriime yolunun kauguk yataklik olmasindan dolay1 0 (miikemmel) puan olarak tespit edilmistir. Yapilan istatistik
analizler sonucunda, 7 giinliik siit veriminin topallikla olan iliskisinde, sadece 1. verim grubuyla istatistiki acidan fark tespit edilmistir
(P<0,05). Sagilan giin sayisinin topallik (1. ve 2. Verim grubu) ve kirlilik skorlariyla olan iliskisi arasinda istatistiki agidan énemli
bulunmustur (P<0,01; P<0,05; P<0,01). Calismada, laktasyon sayisinin topallik skoru ile 305 giinliik siit verimi arasinda tiim verim
gruplarinda istatistik farklillk olmadig, kirlilik skoru ile 305 giinliik siit verimi arasinda tiim verim gruplarinda istatistik farklilik
olmadig tespit edilmis (P>0,05). Calismada barinak i¢ kosullarinin topallik tizerinde 6nemli etkisi bulundugu tespit edilmistir. Barinak
i¢ kosullarindan yataklik kirlilik durumu, gezinti alanlarindaki digski durumu, yetersiz havalandirma ve sagim yollariin kaygan olmasi
gibi etkenler siirii icerisindeki topal hayvan sayisim etkilemektedir.

Anahtar kelimeler: Sigir viicut kirliligi, Topallik skorlamasi, Ahir kirliligi, Zemin kayganhg, Siyah alaca

The Relationship between Barn Cleanliness and Lameness Score and Milk Yield in Dairy Cattle Farms
Abstract: The relationship between indoor cleanliness score and lameness in dairy cattle was examined in this study. By this aim, the
locomotion score of 778 main Holstein cattle, which has a total of 3000 heads modern dairy cattle operation, including 800 head milk,
in Balikesir province, body cleanliness score is determined by separating 4 yield groups, barn cleanliness, the feeding way cleanliness
and the milking parlor way cleanliness has been investigated. The score of barn cleanliness, the feeding way cleanliness and the
cleanliness score of the milking parlor way were found to be 0 (clear) points due to the regular stripper and greasiness of the ground
found as 0 (excellent) points due to the rubber walking path. As a result of the statistical analyzes performed, the 7 day milk yield
relation with locomotion score was found to statistically significant (P<0.05). Milking days relation between locomotion (only 1 and 2
yield groups) to pollution scores were found statistically significant difference (P<0.01; P<0.05; P<0.01). In the study, it was
determined that there was no statistical difference between the lameness score of the number of lactations and 305-day milk yield in
all yield groups, and that there was no statistical difference between the pollution score and 305-day milk yield in all yield groups
(P>0.05). It was determined that the internal conditions of the barn had a significant effect on lameness. Among the internal conditions
of the barn, factors such as bedding pollution, manure in walking areas, inadequate ventilation and slippery milking roads affect the
number of lame animals in the herd.

Keywords: Cattle body hygiene, Locomotion score, Pollution of barn, Greasiness of ground, Holstein
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amaciyla siirii yonetimi, cevre ve besleme uygulamalarini
degistirmeleri yonlendirilmelerinin  zor
oldugunu bildirmislerdir (Socha ve ark., 2002).

Siyah Alaca siit sigirlarinda topalligin siit verimine

1. Giris

Hayvansal gida talebini karsilamak ve endiistride
meydana gelismeler ile birlikte hayvan
yetistiriciligi 6nemli bir endiistri haline déniismiis ve
biiyiik kapasiteli endiistriye isletmelerin sayis1 her gecen
glin artigl gozlenmektedir. Arastiricilar, yetistiricilerin

konusunda

gelen

etkisinin incelendigi bir ¢calismada; 300 bas sagmal inege
ait topallik verileri ve 305 giinliik siit verimlerinin

topalligin yayginligr ve siddetini ¢ogunlukla oldugundan
daha diisiik ekonomik kayiplara neden oldugunu
diisiindiiklerinden, siiriide topalligin diizeyini azaltmak

degerlendirildigi bildirilmistir. Arastiricilar saglikl ve
topal olan hayvanlar arasinda farkhligin; siit verimi,
sttteki yag ve protein oranlar icin sirasiyla 516,08 It,
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%0,16 ve %0,04 olarak hesaplandigini bildirmislerdir
(Toncho ve Konstantin, 2015). Akin (2008)'nin
aktardigina gore iilkemizde farkh yillarda ve bolgelerde
yapilmis ¢alismalarda ayak hastaliklarina
oranlarinin; Bursa yoresinde %44,07 (Seyrek ve ark.
2001), Istanbul ve Tekirdag yéresinde %18,6 (Yiicel
1982), Konya boélgesinde %68 (Yavru ve ark., 1992), Van
yoresinde %26,31 (Alkan ve ark, 1993) diizeyindedir.
Arastiricl ayrica topallik sikayeti olan 900 hayvandan
247 basinin siriiden ayrildigi ve bir inegin bir
laktasyonda ortalama 360 kg siit verim kaybina sebep
oldugunu aktarmistir (Green ve ark., 2002).

Yayla ve ark. (2012) Kars ve yoresinde sigirlarin bakim
ve barindirma kosullar ile ayak hastaliklar1 arasindaki
iliskinin ~ degerlendirilmesi calismalarinda;
sigirlarda gebeligin son aylarinda ve laktasyonun ilk
aylarinda ayak hastaliklarinin arttigy,
gebelikte viicut agirhigindaki artisin arka ayaklarda
hastalik olusumunda predispoze bir faktér olarak etki
ettigini bildirmislerdir.

rastlama

isimli

insidansinin

Burdur, Kirklareli ve Konya illerindeki siit sigircihigl
isletmelerinde ayak hastaliklarindan kaynaklanan
finansal kayiplar isimli calismada; her ti¢ ilde ayak
hastaliklarinin ortalama gortlme sikliginin %13,7, %13,4
ve %>5,6 olarak hesaplandigini bildirmislerdir. Calismada
ayak hastaliklary; hafif, orta siddetli ve siddetli olarak
siniflandirmis ve bu siniflandirmaya gére meydana gelen
ekonomik kayiplarin sirasiyla 271TL/vaka, 343TL/vaka,
509TL/vaka oldugu; tiim hastalik formlarinin ortalamasi
icin  hesaplanan  degerin = 382TL/vaka  oldugu
bildirilmistir. Ug ilin ortalamasi olarak isletme basina
ortalama ekonomik kaybin 865TL, bunun 589TL’sinin
(%68) sakinabilir kayiplar olusturdugunu bildirmislerdir
(Yalgin ve ark. 2010). Arastiricilar ayak hastaliklarinin
siit sigir1 isletmelerinde 6nemli 6l¢iide finansal kayiplara
neden oldugu, ancak hastalik konusunda basarili
isletmelerin (insidens diizeyi hedef insidens seviyesinde
olan isletmeler) s6z konusu kayiplar1 dnemli 6lciide
azaltabildigini bildirmislerdir (Kossaibati ve ark., 1999;
Goncii 2017).

2. Materyal ve Yontem
2.1. Materyal
Calismada Balikesir Bolgesinde halen {iretime devam
eden 3000 bas sagmal sigir kapasitesine sahip olan siit
sigir1 isletmesinin kendisi tarafindan elde edilen veriler
kullanilmistir. Calisma verileri Subat 2016’da elde edilen
verilerden yapilmistir. Verilerde 778 siit sigirinin topallik
ve viicut kirlilik skorlamalar1 yapilmistir. Verim diizeyleri
(farkl padoklarda yetistirilen) ve laktasyon sirasina gore
hayvan sayilarinin dagilimi Cizelge 1’de verilmistir.
Topallik skorlamalari hayvanlar sagima giderken, viicut
kirlilik skorlamalari ise sagimdan sonra hayvanlar yemlik
kilit sistemine girdikten sonra yapilmistir. Ayrica zemin
kaynaklik durumu (Grandin, 2008) ve Gezinti alanlarinda
(isletme ici) giibre skoru yapilmistir.
2.2. Skorlamalar

1. Topallik skoru:

Topallik Skorlamasi Sprecher

(1997)te  belirtilen ilkeler dogrultusunda
yapilmistir.

2. Hayvanlarin kirlilik skorlamasi: Hayvan Kkirlilik
skorunun belirlenmesinde besli metot
kullanilmigtir. Metot kapsaminda hayvanlarda

kirlenme derecesi ti¢ farkli bolgede meme, alt bacak
(ayak ve topuk), kalca ve karin bolgesi baz alinarak
yapilmistir (Reneau ve ark., 2005).

3. Zemin Kayganlik Skoru: Kayan ve diisen ineklerin
sayisi kaydedilir (Ayni inek diiser veya birden fazla
kayarsa o zaman tek bir olay olarak kaydedilir).
Gozlem boyunca kayan ve diisen ineklerin toplam
sayisi not edilerek asagidaki yonteme goére diisme
ve kayma oranlar1 hesaplanmistir. Hesaplanan
oranlara gore zemin kayganlk puanlamalari
belirlenmistir
Sirlinlin diisme orant =(Dlisen Hayvan Sayist /
Gozlemlenen Toplam Hayvan Sayisi) x 100
Sirtintin  kayma orani =(Kayan Hayvan Sayis1 /
Gozlemlenen Toplam Hayvan Sayisi) x 100
Elde edilen oranlar kullanilarak zemin kayganlik
skoru belirlenmistir (Grandin, 2008).

4. Gezinti Alanlarinda (Isletme ici) Giibre Skoru:
Uygulamanin yapilabilmesi i¢in tireticinin giinliik ve
diizenli olarak siyirma ve temizlik islemini yapmasi
gerekir. Gilibre yolunun ve dolayisiyla duraklarin
temizligi inek verimini ve konforunu arttirmaktadir.

Calisma baslangicinda giibre yolu bosaltilir ve hayvanlar
avluya c¢ikarilir. Lastik cizmenin topuk derinligi dlgiiliir,
6n taraftan 2 cm topuktan 4 cm olan boélgeleri kalemle
isaretlenir. Ol¢iim islemi siyirmadan 20 dakika énce ve
siyirmadan 20 dakika sonra yapilir. Siyirmadan 20
dakika o6nce yapilan skorlamada, giibre yolunun bir
ucundan diger ucuna kadar yiiriinlir. Cizmedeki genel
giibre seviyesi belirlenerek puanlama yapilir. Siyirma
isleminden yaklasik 20 dakika islem
tekrarlanir (Tablo 1).

sonra ayni

Tablo 1. Gezinti alanlarinda (isletme i¢i) giibre puanlari

Kategori Puan Agiklama

Temiz 0 Cizme 0.5 cm diizeyinde kirlenmis
yada daha kuru

Az Kirli 1 Cizme 0.5-1 cm arasinda kirlenmis

Kirli 2 Cizme 1-3 cm arasinda kirlenmis

Cok Kirli 3 Cizme 3 cm den daha fazla

kirlenmis

2.3. Istatistik Analiz

Arastirma verilerinin degerlendirilmesinde tek yonli
varyans analiz yontemi kullanilmistir. Siit veriminin
topallik skoru ve Kkirlilik skoruna gore dagilimlari,
ortalamalar1 ve varyans analizleri SPSS 10,0 paket
programiyla (SPSS, 1999) yapilmistir.

3. Bulgular ve Tartisma

305 giinliik siit verimi 1, 2, 3 ve 4 verim gruplarina gore
siraslyla ortalama 8932,25+149,16 kg, 10601,01+213,76
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kg, 10450,03+120,67 kg ve 10921,51+215,77 kg olarak
bulunmustur (Tablo 2). Verim diizeyleri bakimindan
topallik skorlarina gore grup ortalamalar1 arasindaki
farklihgin
analizinde tiim gruplar arasinda

belirlenmesi amaciyla yapilan varyans
istatistik  farklhilik
olmadigl belirlenmistir (P>0.05). 1. Verim diizeyine
iliskin tanmimlayicilar istatistikler degerlendirildiginde en
ylksek ortalamanin (9629,89+1152,90 kg) 4 numarali
topallik
ortalamanin ise 1
(8607,95+447,49 kg) oldugu

gozlenmistir. 1.verim diizeyinde topallik skoru 5 olan

skoruna sahip hayvanlar ve
topallik

sahip hayvanlarda

en disik

numarali skoruna

hayvan rastlanmamistir. 2 verim diizeyinde ise en yiiksek
ortalamanin (12462,50+1049,75 kg) 5 numaral topallik
skoruna sahip hayvanlar ve en diisiik ortalamanin ise 1
numarali topallik skoruna (8604,00+£726,52 kg) sahip
hayvanlarda oldugu gozlenmistir.

U¢ verim diizeyindeki
istatistikler degerlendirildiginde en ytiksek ortalamanin
(11649,67+717,30 kg) 4 numaral topallik skoruna sahip
hayvanlar ve en diisiik ortalamanin ise 1 numaral
topallik skoruna (9965,00+620,30 kg) sahip hayvanlarda

hayvanlara ait tanimlayic

oldugu gozlenmistir. 4 verim dilizeyi grubundaki
hayvanlara ait tanimlayici istatistikler
degerlendirildiginde en ylksek ortalamanin

(11080,40+390,99 kg) 3 numarali topallik skoruna sahip
hayvanlar ve en diisik ortalamanin ise 4 numaral

topallik skoru 5 olan hayvan tespit edilememistir.
Warnick ve ark. (2001) tg farkll sigirciik isletmesinde
yuriittigli calismada siit verimindeki azalmay sirasiyla
1,5 kg, 0,8 kg ve 0,5 kg olarak bildirmistir. Calismamizda
topallik diizeyinin artmasi ile birlikte siit veriminde
diisiis gozlenmemistir. Toncho ve Konstantin (2015)
topal ve topal olmayan saglikli bir inegin siit verimleri
arasinda 305 giinliik laktasyon siit veriminde ortalama
516,08 1t fark oldugunu belirtmislerdir. Hastaliktan
dolay1 hayvan refahinda diisiis ve yem tiiketimindeki
azalistan kaynaklandigi séylenebilir.

305 giinliik siit verimi 1, 2, 3, ve 4. verim gruplarina gore
siraslyla ortalama 8932+149,164 kg, 10601,01+213,76
kg, 10450,03+120,67 kg ve 10921,51+215,77 kg oldugu
gozlenmistir (Tablo 3).

Verim diizeylerine gore kirlilik skoru grup ortalamalar:
arasindaki farkliligin belirlenmesi amaciyla yapilan
variyans analizinde, tim gruplar arasinda istatistik
farkhililk olmadigi belirlenmistir (P>0.05). 1. Verim
diizeyine iliskin tanimlayicilar istatistikler
degerlendirildiginde en yuksek ortalamanin
(9162,04+299,44 kg) 1 numarah kirlilik skoruna sahip
hayvanlarda ve en diisiik ortalamanin ise 4 numaral
topallik (6873,50+1334,02 kg) sahip
hayvanlarda oldugu goézlenmistir. 2 verim diizeyinde ise
en yiiksek ortalamanin (10859,67+374,62 kg) 3 ve en
diisik ortalamanin ise 1 numarali Kkirlilik skoruna

skoruna

topallik  skoruna (10212,75+¥1207,35 kg) sahip (10113,78+500,90 kg) sahip hayvanlarda oldugu
hayvanlarda oldugu go6zlenmistir. 4.verim diizeyinde gozlenmistir.
Tablo 2. Verim diizeylerine gore topallik skoru ile ortalama 305 giinliik siit verimi (kg) arasindaki iliski
V(.E.I‘lm. Topallik Ortalama Standart Standart VK Min. Mak. p
Diizeyi Skoru Sapma Hata
1 21 8607,95 2050,68 447,49 24 5095 11543
2 107 9224,12 2053,31 198,50 22 4175 15372
1 3 65 8459,97 1962,42 243,40 23 4729 14391 0,08
4 9 9629,89 3458,72 1152,90 40 5136 16454
Genel 202 8932,25 2120,02 149,16 23 4175 16454
1 25 8604,00 3632,60 726,52 42 2093 15503
2 100 10113,02 3228,93 322,89 32 2224 17248
2 3 88 11619,01 3049,12 325,03 26 3149 16180 0,25
4 23 10674,65 3171,85 661,37 30 3215 15633
5 4 12462,50 2099,50 1049,75 17 10348 14272
Genel 240 10601,01 3311,56 213,76 31 2093 17248
1 10 9965,30 1961,58 620,30 20 6050 12899
2 148 10284,02 1886,70 155,08 18 4886 16453
3 67 10773,31 1749,23 213,70 16 5632 14938 0,09
3 4 9 11649,67 2151,90 717,30 18 7216 14251
5 7 10015,86 1718,03 649,35 17 7122 12041
Genel 241 10450,03 1873,39 120,67 17 4886 16453
1 13 10821,77 1826,94 506,70 17 8048 13856
2 54 10927,56 2261,64 307,77 21 5821 15189
4 3 24 11080,04 1915,47 390,99 17 6500 14649 0,90
4 4 10212,75 2414,71 1207,35 24 7802 12577
Genel 95 10921,51 2103,11 215,77 19 5821 15189
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Tablo 3. Verim diizeyine gore kirlilik skoru ile ortalama 305 giinliik siit verimi (kg) arasindaki iliski

Verim Kirlilik Standart Standart .
. . Ortalama VK Min. Mak. P
Diizeyi Skoru Sapma Hata
1 47 9162,04 2052,86 299,44 24 4729 12698
2 92 8894,53 2054,95 214,24 25 4175 15372
1 3 59 8947,59 2214,08 288,25 27 5095 16454 0,23
4 4 6873,50 2668,04 1334,02 45 5095 10832
Genel 202 8932,25 2120,02 149,16 25 4175 16454
1 46 10113,78 3397,28 500,90 34 3277 17248
2 110 10632,56 3233,66 308,31 30 2093 16155
2 3 79 10859,67 3329,71 374,62 31 2906 16180 0,68
4 5 10302,40 4480,44 2003,71 43 3215 15375
Genel 240 10601,01 3311,56 213,76 31 2093 17248
1 56 10674,34 1671,06 223,30 16 6633 14498
2 126 10339,97 1859,04 165,61 18 4886 14699
3 3 57 10471,68 2094,66 277,44 20 5586 16453 0,74
4 2 10486,50 2575,99 1821,50 25 8665 12308
Genel 241 10450,03 1873,39 120,67 18 4886 16453
1 21 10952,19 2105,69 459,50 19 6213 14508
2 47 11051,47 1882,22 274,55 17 6510 14649
4 3 25 10684,72 2214,38 442,87 21 6500 14138 0,90
4 2 10505,00 6624,17 4684,00 63 5821 15189
Genel 95 10921,51 2103,11 215,77 19 5821 15189
Greenough ve ark. (1997) dol veriminde azalmanin belirlenmistir.

topalliktan kaynaklanan ekonomik kayiplara sebep olan
ana nedenlerden biri oldugunu bildirmistir. Melendez ve
ark. (2003) topal ve topal olmayan inekler arasinda ilk
tohumlamada gebelik orani, yumurtalk kisti orani ve
genel gebelik oran1 bakimindan énemli diizeyde (P<0.05)
farkliik bulundugunu bildirmislerdir. Arastiricilar topal
ineklerin ilk tohumlamada gebelik oranimnin (%59) ve
genel gebelik oranmindan %8,2 daha diisiik oldugunu,
yumurtalik Kkisti oraninin da % 125 daha yiiksek
oldugunu bildirmislerdir. Collick ve ark. (1989) topal
ineklerde buzagilama ile ilk tohumlama arasi siirenin 4
glin, servis periyodunun da 14 giin daha uzun oldugunu,
ilk tohumlamada gebe kalma oraninin topal ineklerde
%46, topal olmayanlarda ise %56 diizeyinde
gerceklestigini  bildirmislerdir. Arastiricilar  ayrica
ayiklama topal ineklerde %16, topal
olmayanlarda ise %5  diizeyinde bulduklarini
belirtmislerdir. Boelling ve Pollot (1998) sigirlarda
topalligin hayvanin refahin etkileyen ve karlilig azaltan
onemli bir faktor oldugunu bildirmistir. Bergsten ve
Petterson (1992) isletme ici kirlilik ile tirnak saghgi
arasindaki ytiksek bir iliski oldugunu bildirmislerdir.
Nigel (2000) topalligin kis aylarinda %24,8 ve bahar ile
yaz aylarinda %21,8 oraninda goriildiigiinii ayrica hijyen
ve topallik arasinda yiiksek oranda iliski oldugunu, 1slak
glibre ve kirli ahir i¢i sartlarinda barinan hayvanlarda
topallik ihtimalinin ytiksek oldugunu bildirmistir.

oranini

4. Sonug¢

Arastirmanin  sonuglar1  degerlendirildiginde
diizeylerine gore; topallik skoru ve kirlilik skoru ile 305
giinlik verimi arasinda istatistik farkliik olmadig

verim

Sigirlarda topallik hayvan refahini etkileyen ve karlihig
azaltan en o6nemli faktorlerden biridir. Barinak ig
kosullarinin ~ topallik etkisi
bulunmaktadir. Barinak i¢ kosullarindan yataklk kirlilik
durumu, gezinti alanlarindaki diski durumu, yetersiz
havalandirma ve sagim yollarinin kaygan olmasi1 gibi

lizerinde onemli

etkenler siirii icerisindeki topal hayvan sayisini
etkilemektedir.
Topalligin erken doénemde belirlenmesi topallikla

miicadelede 6zel 6nem arz etmektedir. Erken dénemde
tespit edilen topalliklarla miicadele ileri ki dénemde
meydana gelecek topalliktan kaynaklanan ekonomik
kayiplarin 6nlenmesine yardimci olmaktadir.

Katki Oran1 Beyani
Yazar(lar)in katki ytlizdesi asagida verilmistir. Tim
yazarlar makaleyi incelemis ve onaylamistir.

AR.O. RA.
K 50 50
T 70 30
Y 80 20
VTI 10 90
VAY 80 20
KT 20 80
YZ 50 50
KI 70 30
GR 80 20
PY 40 60

K= kavram, T= tasarim, Y= yonetim, VTI= veri toplama ve/veya
isleme, VAY= veri analizi ve/veya yorumlama, KT= kaynak
tarama, YZ= Yazim, KI= kritik inceleme, GR= gonderim ve
revizyon, PY= proje yonetimi.
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Catisma Beyani
Yazarlar bu ¢alismada higbir ¢ikar iliskisi olmadigini
beyan etmektedirler.

Etik Onay Beyam
Bu arastirmada hayvanlar ve insanlar iizerinde herhangi
bir ¢alisma yapilmadigi icin etik kurul onay1

alinmamistir.

Destek ve Tesekkiir Beyan
Bu c¢alisma, Ridvan Aydin'in yiiksek lisans tezinden
tretilmistir.
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Ozet: insansiz Hava Araglarmin (iHA) kullanimi konusunda son yillarda cok biiyiik gelismeler kaydedilmis olup iHA'lar1 artik yalniz
askeri ve endiistriyel uygulamalarda degil egitimden lojistige oradan gérsel sanatlara kadar her alanda gérmek miimkiindiir. Ote
yandan iilkemizde genel olarak miithendislik fakiiltelerinde elektrik-elektronik, mekatronik, kontrol miihendisligi boliimlerinde kontrol
teorisi uygulamalari i¢in deneysel platform sorunlari zaman zaman goze carpmaktadir. Bu ¢alismada, lisans egitimlerinde kontrol
tasarimi uygulamasi icin bir IHA modellemesi ve denetimi yaklasimu o6nerilmistir. IHA modellemesi benzetim ortaminda
gerceklestirilmis, PD (Oransal-Tiirevsel) kontrol uygulamasi ise benzetim ortami ve érnek bir platform iizerinden gergeklestirilmistir.
Teorik tartismalardan sonra énerilen [HA sistem denetiminin hem benzetim ortamlarinda hem de deneysel ortamlarda diisiik maliye tli
bir kontrol tasarim uygulama araci olarak kullanilmasinin miimkiin oldugu goriilmiistir.

Anahtar kelimeler: iHA denetimi, Sistem modelleme, Kontrolér tasarimi, Deneysel egitim uygulamasi

Rotary Wing UAV Modeling and Control: A Control Design Application

Abstract: The great progress has been made in the use of Unmanned Aerial Vehicles (UAVs) in recent years, and it is now possible to
see UAVs not only in military and industrial applications but also in every field, from education to logistics and visual arts. On the other
hand, experimental platform problems for control theory applications in electrical-electronics, mechatronics and control engineering
departments in engineering faculties are occasionally noticeable from time to time. In this study, a UAV modeling and control approach
is proposed for control design application in undergraduate engineering education. UAV modeling was carried out in a simulation
environment, and PD (Proportional-Derivative) control application was carried out on a sample platform along with simulation
experiments. After theoretical discussions, it has been seen that it is possible to use the proposed UAV system control as a low-cost
control design application tool in both simulation and experimental environments.

Keywords: UAV control, System modeling, Controller design, Experimental training application
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bozucu bir etkiyi geri ¢evirme (robustness), sistem
kararhhigini girtlti  altindaki
davranislar gelecek calismalar arasinda planlanmistir.
Benzetim sonuglari, uygulamanin egitim yardimcisi
olarak dogrusal yontemler ile denetlenebilirligi ve klasik
kontrol parametreleri gibi faktoérlerin kontrol tizerindeki
etkilerini gostermistir.

Teorik tartismalar ile birlikte hem benzetim hem de
deneysel ortamlarda diisiik maliyetli kontrol tasarim
uygulamasi olarak bir IHA denetim sistemi énerilmistir.

1. Giris

Son yillarda biiyiik oranda yayginlasan IHA'larin tasarimi
konusunda artik ¢ok sayida kolay erisilebilir bilgi ve
uygulama mevcuttur. Yeni dénem calismalar1 amaca
uygun olarak daha diisik maliyetle daha uzun siire
operasyon yapabilen, gérev performansi yiiksek [HA
tasarimlari lizerine yogunlasmistir.

siirdiirebilme ve

Diger taraftan mihendislik fakiltelerine elektrik,
elektronik, bilgisayar, makine ve havacilik-uzay gibi
bir¢ok boliimde temel derslerden olan otomatik kontrol,

geri beslemeli sistemler, kontrol teorisi, kontrol sistem Aragtirmamiza iliskin  ayrintilar  sonug  bélimiinde

tasarimi, modern kontrol vb. derslerin uygulamalari i¢in
deneysel techizat temini temel sorunlardandir.

Bu c¢alismada, lisans egitimlerinde kontrol tasarimi
uygulamasi kapsaminda dogrusal olmayan bir modele
sahip olan IHA'min denetimi icin kontrolér sistemleri
tasarlanmis ve basarimlari basamak tepkileri ile verilen
yonergeleri/yoriingeleri takip etme yeteneklerinden
gozlenmistir. Tasarlanan denetleyicilerin performansi

sunulmus olmakla birlikte [HA’nin matematiksel modeli,
kontrol yontemi matematik ve formiilasyonlari, benzetim
sonuglari ile bir durum ¢alismasi olarak kontrol tasarim
dersi uygulamasina ¢alisma icerisinde yer verilmistir.

Her alanda yayginlasmalar1 sonrasi IHA'lar hakkindaki
arastirma sayilar1 da son dénemde olduk¢a artmistir.
Akis  aerodinamiginden yapisal tasarima, rota
planlamasindan ugus kontroliine, ugus siiresinden siirii
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operasyonlarla ile ilgili calismalara kadar bir¢ok alanda
[HA arastirmasi gérmek miimkiindiir.

Bu c¢alismalardan yapisal
arastirmacilar1 govde tzerinde akis incelemelerinde
bulunmuslardir. Yaniktepe ve ark. (2016) delta kanat

bazilarinda tasarim

modeli lizerinde olusan yakin yilizey akis yapisi ve
aerodinamik karakteristiklerini, boya gorintiileme, ii¢
boyutlu Stereoskopik Parcacik Goriintileme Teknigi
(Stereo  PIV) ve Olctimleri
kullanilarak arastirmislardir. Yaniktepe ve Donald
(2004) calismalarinda yiliksek goriinti yogunluklu
parcacik gorinti hiz 6lctimii teknigi kullanarak dusiik
siiplirme agisina sahip delta kanatlardaki akis yapisini ve
ozellikle girdap bozulmasi ile durma fenomenlerinin
meydana geldigi capraz akis diizlemlerini incelemis,
kanattaki buffet (dengesiz/dilizensiz titresim-galkanti)
ylklemesinin bu kaynaklari
oldugunu gostermislerdir. Yaniktepe ve Donald (2005)
diger  calismalarinda ise lambda
planformlarinda anlik ve ortalama akis yapisini ayni

aerodinamik Kkuvvet

fenomenlerin  6nemli

elmas ve

olctim teknigi ile incelemistir. Yapisal ozellikleri; akis
cizgisi topolojisinin desenleri,
gorilintiilemesinden elde edilen rms hiz dalgalanmasi ve
hiz  spektrumlarimin  goriintiileri ile  birlikte
yorumlamislardir.

uzay-zaman

Diger bir gruptaki arastirmalarda, Durmus ve Duymaz
(2023) [HA’larin uzaktan algillama ve goriintileme
alaninda kullanimini arastirmis, Duymaz ve ark. (2020)
iHA’larda GPS olmayan durumlarda seyriisefer icin EZKH
(Es-zamanli Konum Belirleme ve Haritalama) ¢6ziimlii
yeni bir durum tahmin araci olarak pargacik akis filtresi
yéntemini incelemislerdir. Dinamik ortamda otonom iHA
ucusu icin Oguz ve Duymaz (2016) yapay potansiyel alan
tabanli yeni bir yaklasim dnermislerdir.

Tosun (2024) ucgus Kkontrolii icin farkli ydntemleri
karsilagtirmistir. Dogrusal ucus kontrol yontemlerinden
PID ve LQR denetleyicileri ile dogrusal olmayan
yontemlerden geri beslemeli dogrusallastirma yontemi,
kayan kipli kontrol yontemi ve geri adimlamali kontrol
yontemlerini ucus yoriinge kontroliinde kullanmis, her
iki tip (dogrusal-dogrusal olmayan) kontrol yaklasiminin
quadrotor davranisinda etkisini incelemistir.

Oktay ve Ozen (2021) calismalarinda dért rotorlu THA ile
ayni faydah ytk kapasitesi ve ayn1 ugus siiresine sahip
sekil degistirebilen IHA sistem tasarimi ve PID (oransal
integral tiirev) kontroliinii gerceklestirmislerdir. Hava
aracinin iizerinde bulundurdugu MEMS ve engel algilama
sensorleri sayesinde dort rotorlunun kollar1 arasindaki
kesisim agisin1 degistirecek aktiiatoriin enerjilendirilmesi
ile ac1 azaltilarak kapal ortamda engellerden sakinmasi
ve seyrine devam edebilmesi amaglanmis, hava aracinin
seyir halinde sekil degistirmesi neticesinde meydana

gelen konfigiirasyon degisikliginin ugus karakteristigine
olan etkileri de ¢alismada incelenmistir.

Elmas ve Alkan (2023) ise IHA tasariminda performans
cikarmak  icin  “eCalc”  programi
kullanilmistir. eCalc ile elde edilen sonuglar MATLAB

ozelliklerini
uygulamalarindan elde edilen sonuglarla
karsilastirilarak, bir THA alt sistemleri icin gerekli
donanim ve yazilim mimarileri gelistirilerek uygulamada
kullanilacak IHA tasarimi gergeklestirilmistir.

Calismamizda, yazinda gegen diger arastirmalardan farkl
olarak, benzetim ve deney ortamlarinda diisiik maliyetli
bir kontrol tasarim uygulamasi ortaya konmaktadir.
Egitim yardimcisi [HA denetim
sisteminin dogrusal yontemler ile denetlenebilirligi ve
klasik kontrol parametreleri gibi faktorlerin kontrol
uizerindeki etkileri de burada arastirilmistir.

olarak tasarlanan

2. Materyal ve Yontem

Déner kanath bir IHA sistemi, ana gévde eksenine bagh 4
motordan olusmakta olup sistemin hareket kontroli
motor  pervane  doniilerinin  bagimsiz  olarak
degistirilmesiyle saglanir (Sekil 1). Degisen pervane
doéniileri, sistemde tork ve momentler olusturur (Xu ve
Ozguner, 2006)

Sekil 1. Déner kanath IHA hareket kontrol sistemi.

2.1. Sistem Modeli

Déner kanath bir IHA sistemi modeli bu béliim sonunda
verilecek olup alt bilesenler soyledir:

Esitlik 1'de R, govde diizleminden hareket diizlemine
doniisiim iceren Euler Rotasyon Matrisini (Directional
Cosine Matrix) temsil eder. Govde diizleminden hareket
dizlemine acgisal hiz doéniistimlerinin  yonelimler
cinsinden ifadesi ise esitlik 2 ve 3 ile verildigi gibidir
(Bouabdallah ve Siegwart, 2007).

cosOcosy sindsinOcosyp —cosdsiny cosdsinOcosy + sindsiny
R =Rj =R,(¥).Ry(6).R,($) = |cosOsiny sindsinOsiny + cospcosy cossinOsiny —sind cosy 1)
—sin© sin ¢ cos© cosOcos
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P ¢] b 0 01 11 0 —sin® 1[d

q] =T|gl=1]0|+ Rx((l))T ol + Rx(Cb)TRy(e)T [0 = [0 cos¢ sindcosO||g (2)
Ly 1P 0 0 P 0 —sing cosdpcosO 1/,

- 1 sinptan® cosdtanO

(!) -1 P _ |0 cosd —sin p 3)
01= g - 0 sin ¢ cos § z

14 cos O cos©

Sistem dinamigi i¢in kullanilan kuvvet denklemi esitlik 4’de sunulmustur (Runcharoon ve Srichatrapimuk, 2013):

-U
(cos ¢ sin O cos P + sin ¢ sin P) 71

¥ 0 0 ~U
[j? =RE 0 +|0|[ = [(cos ¢ sin O siny — sin ¢ cos ) — (4)
7 -(Fi+tFR+tF+FR) g | U mn |

l g—cosecosq)z1

Sisteme ait donel dinamikler (momentler) ise esitlik 5, 6 ve 7’de sunuldugu gibidir:
My, = l(=F; + F,) = [(Uy),

Myb = I(F, — F3)=1(U3),

Myp = d(=Q1+ Q2 — Q3 + Q4) = d(Uy),

ng = jéﬂ, (5)
Mgy = —j $Q,
M,, = jQ
Motor pervane doniilerine ait iliski ise esitlik 6 ve 7°deki gibi olur;
Q= 0,-0, + Q3 — Q4 (6)
L. Myp + Mgy + (L + I, — )09 1(U) +j60+ (L + 1, — )69
LO|=|Myp + Mgy + (L — L, + L))oy | = [L(U3) — jdQ + (=1, — I, + I, )by (7)
L1, Mgy + Mg, + (I — I, + 1) $6 WU) +j0+ (I, — I, + 1,)$6
Uy, Uy, U3, U, giris/kontrol sinyallerinin denklem ifadeleri esitlik 8’de sunulmustur (Rodriguez ve ark., 2014):
[Uy k k ko k[
Uyl 1o =k 0 Kk||Q
Us| [k 0 —k 0]|Q )
LUy d —d —-d dlilQ,
Sonug olarak durum-uzay modelinde kullanilan durum denklemi asagida esitlik 9 ve 10’da verilmistir:
x=x x yy z 2z o b 6 6 yp yI” 9
X
. . . —U;
e (coscl)smecos¢+sm¢sm1p)7
x y
y o . ~U
¥ (cos $sinOsiny — smcl)cosy[))T
z z
o= g —cosBcosp— (10)
¢ ¢
) Wy +j00+ (I + I, — )6y
0 6
4 W —jdQ + (=1 — I, + 1,) 3
RV "
Ug+j0+ (L= I, + 1,)$6
Déner kanath [HA'nin mekanik tasarimi ve eylemsizlik gibidir (Swarup, 2014).
moment hesaplamalar1 Solidworks ortaminda Burada verilen esitliklerle tanimlanan doner kanath [HA
gerceklestirilmistir (Sekil 2). sistem modellemesinin Matlab benzetim ortaminda
Bu béliimde kullanilan ve déner kanath [HA sistem (Sekil gerceklenmesinden sonra Bolim 2.2’de belirtilen
2) modelini tanimlayan sabitler ise Tablo 1'de verildigi denetim yaklasimlar1 uygulanmistir.
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Kutiesel Ozaliiklen Gegersiz Kil Veniden hesapia

[ Gizn unsurtanvbitesenien exle

[ kaynak parcas: kutsesinl goster

Koordinat dederlen raporiama 6lcutis | . varsayian

quad_+ dGesinin kutle ozelliiden
Konfigurasyon: Varsagilan
Koordinat sistemt: - varsaplan

KUtle = 1089,56 gram

Hadm « 1107992.00 milimetre kip

Yiizey alant « 156186.25 milimetrekare

Kitle meckezi ( milimetre )
X = 107,04

.00} Px = 1000006956
fy={071, 071, 0.00) Py = 1000093206
2=(000, 000, 100} Pz = 1862282527
Ataiet momentt: [ gram * milimetrekate |
Kutie merkezinden alinmis ve okt koordinat sistem ife hizalanmss. (Pozibt tenst
Lax = 10000603.16 3699 Lz 5.95
Lyx = 43599 Lyy = 10000537.45 Lyz = 8475.85
Lzx = 24675.95 Lzy = 8475.85 Lzz = 18622746.32

Atalet moment: { gram * milimetrekare |
Cikth kooedinat sisteminden aknmis. (POzItif tensor iserets kullansrsk,
ot = 379 384 b 8

Sekil 2. Déner kanatl IHA tasarimi benzetim modeli.

Tablo 1. Doner kanatl IHA sistemi model sabitleri

xFoB@- quad - BB o Komut
.

Seceneider inser  Monts)
Gorantileme Dederlendimesi

H » & i 4
Peformans  Egrilik  Simetn Gévde  Beigelen Aktit Belgeyt
Denetiemesl Karsdastima  Karyiastir Denetie

[ SOLIDWORKS CAM | SOLIDWORKS Inspection

TIP3

L4 =

Sembol Sabit (Degisken) Deger (Biiyiiklik)
Ix X ekseni etrafindaki IHA atalet momenti Ix =10,65*10-3
ly Y ekseni etrafindaki [HA atalet momenti Iy =10,65*10-3
Iz Z ekseni etrafindaki iHA atalet momenti Iz = 21,2*10-3
] Pervane ekseni etrafindaki toplam donme atalet momenti ] =6,5%10-5
k tme faktorii k =3,13*10-5
d Striikleme faktori d=7,5%10"7

1 [HA’nin merkezine olan uzaklik 1=0,21

m [HA'nin kg cinsinden kiitlesi m = 0,784

g Yercekimi ivmesi g=9,81

B

2.2. Sistem Kontrolii

PID (oransal-integral-tiirevsel) denetleyiciler en yaygin
dogrusal yaklasimlarindan olup Cp-Ci-Cd
katsayilar1 sistemde yiikselme zamani (rise time), asim
(overshoot), kararl-hal (steady-state error)
tizerinde etkilere sahiptir. (Rooh ve ark., 2015)

kontrol
hatasi

Calismamizda déner kanath bir iHA sisteminin platform
kontroliinde PID denetleyici kullanimi éngériilmiis olup,
onerilen yaklasimin egitim yardimicisi olarak kullanimi
kapsaminda durum c¢alismasi olarak (case study) PD
denetimi ele alinmistir.

Yukarida Esitlik (10) ile verilen durum denklemlerinin
kismi tlirevleri alinarak havada askida kaldigi denge
durumunda dogrusallastirma yapilir ise elde edilen
jakobiyen matrisleri kullanilarak kontroldr parametreleri
bulunur.

Burada denge noktasi (Xo,uo) etrafinda systemin Taylor
serisi agilimi esitlik 11’de verilmistir (Runcharoon ve
Srichatrapimuk, 2013):0

flow) = f(xouo) + %| (x = X0)x=x,

+ g| (U = UD)y=y, (11)
ou

+ --- diger terimler

Sistem dogrusallastirma (linearization) baska bir calisma
konusu oldugundan burada ayrintilarina yer verilmemis
olup ilgili kontrolér parametreleri asagida verilen Tablo
2 ile detaylandirilmistir.

Tablo 2. Kontroldr parametreleri

Cp Cd
X 2,28 1,07
y 1,289 1,065
Y/ 2,96 25
1) 0,0842 0,23
o 0,25 0,90
v 0,0163 0,2837

Déner kanath [HA sistemi icin tasarlanan PD (oransal-
tlirevsel) kontroldr benzetim modeli ve 6rnek uygulama
platformu Sekil 3’te verilmistir. Konum ve yo6nelim
denetim/kontrol performansi Boéliim 3’de belirtilen birim
basamak tepkileri ile degerlendirilmistir.
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istenen Hata
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Tirev
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>

0 ul sistom |20 >

Sekil 3. Déner kanath [HA sistemi (iistte) ve kontrolér benzetim modeli (altta).

3. Bulgular

Déner kanatli [HA sistemi i¢in tasarlanan kontrolér birim
basamak tepkileri Sekil 4-7'de verildigi gibi elde
edilmistir.

Denetim i¢in teorik tartismalardan sonra oransal (P) ve
tiirevsel (D) kontrol parametrelerinin sistem tizerindeki
etkisi benzetim ortaminda degerlendirilebilmekte ve
ornek platform iizerinde uygulanabilmektedir. Boylece
lisans egitimlerinde kontrol tasarimi uygulamasi i¢in
etkin bir yardimci elde edilmektedir.

Burada énerilen yapida, IHA sisteminin X,Y,Z konumlari
icin birim basamak tepkileri Sekil 4 ve 5 'de ve donme
(roll), yunuslama (pitch), siipirme (yaw) yonelim agilar1
icin birim basamak tepkileri ise Sekil 5 ve 6 ’da
sunulmustur.

Kontrol katsayilarina baglh sonuglarin yiikselme zamani
(rise time), asim (overshoot), kararli-hal hatasi (steady-
state error) gibi parametreler {zerindeki
benzetim ortaminda test edildikten sonra o6rnek
platformda (Sekil 3) uygulanmaktadir.

[HA sisteminin benzetim ortaminda kontrol komutlari ile
X ve Y eksenlerindeki hareketleri ve ara¢ seyriisefer
giizergahinin 2 eksendeki gosterimi ise Sekil 7 ile
sunulmustur.

Déner kanath [HA sistemi igin tasarlanan PD kontroldriin

etkileri

deneysel platform iizerinde ger¢ek zamanli uygulamalari
ve Donanim igceren Simiilasyon (Hardware in the Loop)
detaylar1 bu sinirli ¢alisma icerisine dahil edilmemistir.
Bununla birlikte sistemin deneysel ve
calismalarinda egitim yardimcisi olarak kullanilabilecegi
degerlendirilmektedir.

benzetim

[ l-_:’;"“'“
Sekil 4. [HA sisteminin X konum (solda) ve Y konum (sagda) birim basamak tepkileri.
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Sekil 7. Benzetim ortaminda kontrol komutlari ile IHA sisteminin X (solda), Y (sagda) eksenlerindeki hareketleri ve

giizergahin 2 eksendeki gosterimi (asagida).

Calismamizin amaci kontrol tasarim egitimleri icin bir
uygulama platformu ©6nermek oldugundan kontrol
tasarim performansini 6l¢gmek hedeflenmemis ve kontrol
komutlarini izleme dogruluklari ile ilgili metriklere burda
yer verilmemistir. Durum ¢alismalarimizda oransal-
tiirevsel (Cp-Cd) kontrol katsayilarinin sistemde
ylikselme zamani (rise time), asim (overshoot), kararli-
hal hatasi (steady-state error) tlizerinde etkileri gorsel
olarak incelenmistir. Yazinda taradigimiz Oktay ve Ozen

(2021) ve Elmas ve Alkan (2023) gibi calismalarla
karsilastirildiginda yukaridaki senaryolarda aldigimiz
kontrol performans degerlerinin ise genel olarak basaril
oldugu goriilmektedir. ilerleyen calismalarda Donanim
iceren Simiilasyon (Hardware in the Loop- HiL) sistemli
kontroléor  tasarim  6zel olarak amaclandiginda
dogruluklar ile ilgili metriklere detayl yer verilmesi ve
bunlarin da egitim yardimcisi olarak kullanilmasi

planlanmistir.
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4. Tartisma ve Sonug¢

[HA'lar iizerinde bir kullania tasimaya gerek duymayan
yerden ve 6nceden programlanmis ve sisteme yiiklenmis
bir ugus rotasina goére gorev yapan araglar olarak
glinlimiizde sivil ve askeri bir¢ok gérevde yaygin olarak
kullanilmaktadir (Nguyen ve ark., 2020).

Bu makalede IHA'min temel yapisi ile benzer sistemlerin

kontrolii ve Kkontrol sistemlerinin test edilmesini

saglayacak deney diizeneginin arastirilmasi
amaglanmistir.
Lisans egitimlerinde kontrol tasarimi uygulamasi

kapsaminda dogrusal olmayan modele sahip olan bir
[HA'min  denetimi icin
basarimlari tepkilerinden  ve
yonergeleri/yoriingeleri takip etme yeteneklerinden
gbzlenmistir. Benzetim sonuclari, dogrusal yontemler ile

tasarlanan  kontrolérlerin

basamak verilen

sistem denetlenebilirligini ve klasik kontrol katsayilari
gibi faktorlerin denetim iizerindeki etkilerini iceren
uygulamanin egitim yardimcisi olarak kullanilabilecegini
gostermistir.

Yaklasimin benzetim ortamina ilave olarak deneysel
ortam kullanan diisiik maliyetli bir kontrol tasarim
uygulamasi egitimlerinde
kullanilmasinin oldugunu gosteren
arastirmamiza iliskin diger ayrintilar ¢alismamizda
sunulmustur. [HA matematiksel modeli, kontrol yontemi,
matematik ve formiilasyonlar1 gibi teorik tartismalar ile
birlikte benzetim sonuglar1 ve durum c¢alismasi olarak
kontrol tasarim dersi
icerisinde yer verilmistir.

olarak sistem denetimi

mimkKiin

uygulamasina da arastirma

Laboratuvar ortaminda kontrol deney setinden elde
edilen benzer yapida bir kontrolér
kullanilarak serbest ugus yapabilecek sistemlerle cesitli
bilimsel yarisma ve ¢alismalar1 hedeflemek igin
motivasyon saglayabilecegi de degerlendirilmistir.

sonuglarin

Tasarlanan denetleyicilerin performansi bozucu bir
etkiyi geri ¢evirme (robustness), sistem kararliligini
siirdiirebilme ve giirtiltii altindaki davranislar1 gelecek
calismalar arasinda planlanmustir.

Gelecek calismalarda ayrica laboratuvar ortaminda
gelistirilen IHA {izerinde mikro-kontroller kullanilarak
farkli denetleyicilerin gercek zamanli olarak Donanim
iceren Simiilasyon (Hardware in the Loop- HiL) sistemine
uyarlanmas1 ile ilgili detaylarin  raporlanmasi
amaglanmistir.

Katki Oran1 Beyani
Yazar(lar)in katki yilizdesi asagida verilmistir. Tim
yazarlar makaleyi incelemis ve onaylamistur.

E.D. AE.O.
K 40 60
T 60 40
Y 60 40
VTI 40 60
VAY 40 60
KT 60 40
YZ 60 40
KI 40 60
GR 60 40

K= kavram, T= tasarim, Y= yonetim, VTI= veri toplama ve/veya
isleme, VAY= veri analizi ve/veya yorumlama, KT= kaynak
tarama, YZ= Yazim, KI= kritik inceleme, GR= gonderim ve
revizyon.

Catisma Beyam
Yazarlar bu calismada hig¢bir cikar iliskisi olmadigini
beyan etmektedirler.

Etik Onay Beyani

Bu arastirmada hayvanlar ve insanlar tizerinde herhangi
bir ¢alisma yapilmadigl igcin etik kurul onay:
alinmamustir.
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1. Introduction

The automotive industry plays a considerable role in
manufacturing and assembly and immensely impacts
various aspects of production (Yousaf et al, 2023).
Industrialization is increasing as technology advances;
however, rejection or rework remains a significant
concern for the automotive sector. Lean manufacturing
tackles these concerns through a continuous
improvement system that integrates material and
information flows within an industry. The goal is to
identify and eliminate waste that negatively affects lead
time, material costs, product quality, and other
production factors (Jimenez et al., 2019). VSM is one of
the most effective lean tools industries use to find and
eliminate waste to reduce product costs, improving
quality and efficiency (Atigre et al, 2017; Banica and
Belu, 2019; Duggan, 2002). VSM is employed to enhance
the flow of materials and information on the shop floor
and to eliminate seven types of waste, including
transportation, time,
unnecessary motion, overproduction, over-processing,
and defects, as identified in manufacturing industries
(Saboo etal,, 2014).

The axle in a vehicle is a crucial part of the drivetrain
system, located at the rear end. It supports the axle,
differential, and axle shafts, and is essential for bearing
the vehicle's weight, transmitting power to the rear
wheels, and providing a mounting point for the rear
suspension. The protective structure encloses and
supports the rear axle and its associated components,
serving several important functions. The axle transmits
power from the differential to the rear wheels, propelling
the vehicle forward (Guleria et al, 2022; Ranjan et al,

excess inventory, waiting

2023).

Reviewing the literature, it is clear that VSM is a
methodology used to reduce waste in most lean research
publications. According to Rahani and Ashraf (2012), a
significant amount of time spent in the production
system is usually non-value-added. They also reported on
the effectiveness of VSM in identifying hidden wastage
and improving productivity. Belokar et al. (2012)
reported that VSM is a highly useful tool for identifying
and eliminating waste in a cycle, fostering a culture of
lean practices. Rohani and Zahraee (2015) implemented
VSM in the manufacturing industry's production line,
reducing lead time from 8.5 days to 6 days. Romero and
Arce (2017) found that implementing VSM can enhance
the visibility of the value stream and boost manufacturer
performance. Deshkar et al. (2018) used VSM in plastic
bag manufacturing, reducing cycle time from 46 min to
26.6 min. Narke and Jayadeva (2020) implemented VSM,
reducing setup time by a fixture and saving 336 hours
per year. Operator fatigue was also significantly reduced.
Guleria et al. (2022) claimed that the rejection rate in the
rear axle process was reduced from 10.4% to 3.20% after
implementing Lean Six Sigma. Badhotiya et al. (2023)
with the new map show a possibility of a 62.65%
reduction in total transportation time in the equipment
industry.

VSM is a valuable tool for improving industry efficiency.
However, many industries and
frequently use VSM due to a lack of awareness compared
to other lean tools. This field lacks sufficient case studies,

literature do not

making this study original. Previous research has not
adequately addressed VSM as a case study, resulting in
inadequate case studies. This study is uncommon in
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filling this gap in the field. To contribute to the relevant
literature and industry, this article presents a case study
of the axle manufacturing industry. It discusses how the
assembly line created a new status by reducing the lead
time of the axle process through waste elimination.
Hence, this article aims the VSM methodology was used
in the axle process to reduce lead time by producing
quality products with a reduction in non-value-added
activities.

2. Materials and Methods

An established automotive manufacturing company has
been selected to study and implement VSM. This
company is a global player in the production of passenger
cars, trucks, and buses worldwide. It operates in three
shifts and has a workforce of 2,000+ manpower. Like
other companies in the industry, this company has faced
challenges related to long lead times in axles. The VSM
methodology was selected to identify and eliminate
waste in the axle production process.

The research was based on actual data and outlined the

Figure 1. Sample axle types and axle displays in vehicles.

Following the assembly of each axle, one axle is installed
on every vehicle. Annually, approximately 28,000
vehicles are produced.

VSM was selected to find and eliminate the wastage in

the axle process. VSM is followed in the following steps

ie.;

e Selection of bottleneck: The VSM applies to a
bottleneck in the axle process in this study.
Accordingly, the product axle with the maximum lead
time was selected for the study.

o Current state map: The state map was created using

" | — “r

ANV 25

arpie

Figure 2. Current state map.

steps used in the VSM process. It analyzed improvement
steps taken based on data and waste elimination by a
team of managers, engineers, and a researcher. Data was
collected from the axle assembly line, which included 6
processes pre-assembly, LPH assembly, cable assembly,
balance shaft assembly, cast console assembly, and
tightening.

The stages of the case study can be summarized as the
selection of the bottleneck, drawing the current state
map, analysis, and creating a new state map.

3. Case Study and Discussion
This case study was carried out in an automotive
supplied and

manufacturing company. Axles are

disassembled from the supplier in quantities of 462
pieces per week. Current status, 77 units of axles, each
consisting of 6 processes (pre-assembly, LPH assembly,
cable assembly, balance shaft assembly, cast console
assembly, and tightening) are produced per day. Sample
axle types and axle displays in vehicles are shown in
Figure 1.

six months of historical data on axle products. The
case study was conducted as a historical document
review to compile the necessary data for the current
situation analysis. Current status problems included;
(a) forklift transfers in internal logistics; (b) over-
processing; (c) over-manpower; (d) over-waiting
time; (e) unnecessary motion; and (f) decreased
inventory level. VSM's current status, from the
supplier to the customer, and the problems were
illustrated with universal symbols in Figure 2.

Toorrwaee
-ty 1
-
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In VSM’s current status, the delivery time from the
supplier to the customer is 89.50 hours. During
production, each vehicle has at least one axle mounted
after its front assembly. The axle is a crucial component
of the vehicle, and all vehicles complete their final
assembly and come off the line on their wheels.
Currently, 77 units of axles, each consisting of 6
processes including pre-assembly, are produced per day.

e Analyze: Forklift transfers in internal logistics, over-
processing, over-manpower, over-waiting time,
unnecessary motion, and decreased inventory level
were the six major sources of waste identified after
the current state map. To improve axle assembly, the
decision was made to replace forklifts with unmanned
vehicles or energy-saving wheelbarrows for material

=1 —

— \wr

transportation. LPH assembly and Cable assembly
processes were combined, streamlining the assembly
into a single process. The number of operators has
been reduced by combining processes, reducing
forklifts, and reducing cycle times. With the use of
Automated Guided Vehicle (AGV) and wheelbarrows
and the decrease in the number of operators, waiting
times have decreased. Finally, unnecessary motions
have been eliminated by reducing the number of
operators and forklift activities.

New state map: A new state map was created to show
the improved net lead time of the axle process. The
VSM new state map represented demonstrating the
enhanced optimal state of the processes in Figure 3.

£t Comale Ao Tagv ey

Figure 3. New state map.

The contribution of the VSM was to identify the wastages
of the current status and to improve the new status.
VSM's new status, the lead time from the supplier to the
customer is 50.55 hours. The new status was applied to
identify the ways to improve the axle process
improvements using the VSM while achieving the
operational excellence. According to new status, the
improvements were identified as follows;

a) Forklift transfers in internal logistics: In order to
improve the axle assembly process, the decision was
made to replace forklifts with AGVs and energy-
saving wheelbarrows for material transportation.
The cycle time has been reduced by replacing the
currently used forklifts with AGVs and
wheelbarrows. While 6 forklift operators are in their
current status working, in this way, the number of
wheelbarrow operators has reduced to 3. AGVs are
capable of reducing the cost of forklifts and their
operators and can operate 24 hours a day, 7 days a
week, without any operator supervision.

b) Over-processing: After analyzing the current
situation, it has been decided to combine LPH and
cable assembly into a single process to enhance cycle
time and operator efficiency. By merging the LPH and

cable assembly processes, the cycle time has been
reduced from 572 minutes in the current status to
320 minutes in the new status.

Over-manpower: The current status, while 13
operators are working in the process, the number of
operators has been reduced to 8 with the reduction
of non-value-added activities.

d) Over-waiting time: Waiting times have been

eliminated as cycle times decreased from 2,820
minutes to 2,217 minutes due to process mergers,
reduced transportation times, and a decrease in the
number of operators.

e) Unnecessary motion: Unnecessary motions have

been eliminated by reducing the number of operators
and forklift activities, it was decreased from 2,550
minutes to 816 minutes.

Decreased inventory level: After completing the final
process, it was removed out an area of approximately
720 m2 by removing the safety stock of 8 vehicles
and shipping them directly to the customer from the
production line. As a result, non-value-added
movements have decreased, and it has saved space in
the area.
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The application of VSM to evaluate the expected effects in
the lead time process resulted in improvements as
follows. Table 1 illustrates the comparison between the
current and new situations.

Findings from this case study show that with the
application of VSM  methodologies, significant
improvements were achieved in the axle processes from
the entrance warehouse to the customers. The success of

Table 1. VSM improvements

the VSM application depends on the results of the case
study. Based on the improvements in VSM, the lead time,
which was 89.50 hours in the current situation, has been
reduced to 50.55 hours in the new situation, resulting in
a reduction of approximately 56.48%. In the new status,
the cycle time has been dramatically reduced compared
to the current status.

Waste Current Status Future Status
Transfers in internal logistics 6 forklifts 3 wheelbarrows, 2 AGVs
Over-processing 6 process 5 process
Over-manpower 13 operator 8 operator
Over-waiting time 2820 min. 2217 min.
Unnecessary motion 2,550 min. 816 min.
Decreased inventory level 8 vehicle 0
Total 5370 min. 3033 min.

89.50 hours 50.55 hours
Improvements 56.48%

4. Conclusion

VSM is a crucial tool in lean manufacturing, and it has
been applied in the automotive industry to analyze the
axle manufacturing process in a specific case study. This
article focuses on how the VSM methodology was used to
optimize the axle process, aiming to reduce lead time,
eliminate non-value-added activities, and ensure the
production of high-quality products.

Upon analyzing the current state map, it became evident
that non-value-added time, such as transportation and
waiting time, could be significantly reduced to enhance
productivity. After conducting a detailed analysis of the
current state map and consulting with team members
and operators, changes were implemented to improve
the process. As a result of the successful implementation
of VSM, the lead time was reduced from 89.50 hours to
50.55 hours. This led to a considerable reduction in
operator fatigue and successfully achieved the goal of
increasing lead time efficiency. A new status map was
created to reflect the implemented improvements. The
results demonstrated that the VSM improved process
effectiveness by 56.48% in the axle manufacturing
process. This improvement resulted in reduced internal
logistics, decreased over-processing, over-manpower,
over-waiting time, unnecessary motion, and a decreased
in inventory levels through process enhancements.
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Abstract: For drones, the use of which has been increasing recently for load carrying, lightweight drone frame design is significant for
increased flight time and payload capacity. Drones are produced in different configurations with three, four, or six rotors, and in
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and was used in this study. This study aims to first simplify the hexacopter frame model and define key geometric parameters for
mass-decreasing optimization. Finite element analysis simulations were used to evaluate the strength and deformation of the frame
under various design scenarios. The results showed that parametric optimization successfully reduced the weight of the hexacopter
frame while maintaining structural integrity. The maximum Von Mises stress was found as approximately one quarter of the yield
strength of the frame material. The maximum total deformation was achieved below 0.3 mm, and deformation under 1 mm is
considered safe in the literature. As a result, the optimized design offers a lighter drone structure in line with conventional
manufacturing methods, providing better flight time and payload capacity while maintaining cost effectiveness. In future studies,
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thrust to maintain stability and allow for a controlled
landing. Therefore, hexacopters are ideal for critical
missions where reliability is crucial. The additional
rotors translate to more lifting power, enabling

1. Introduction

Unmanned Aerial Vehicles (UAVs), also commonly known
as drones, are a type of aircraft that does not require a
human pilot onboard to operate. They are controlled

remotely or autonomously using pre-programmed flight
plans and onboard sensors. UAVs encompass a wide
range of vehicles with varying sizes, capabilities, and
applications. The two main categories of UAVs are fixed-
wing UAVs and rotary-wing UAVs. The fixed-wing UAVs
generate lift similar to traditional planes and are suitable
for long-range missions (Fahlstrom et al,, 2022). On the
other hand, rotary wing UAVs utilize multiple rotors to
generate lift and achieve vertical takeoff and landing
capabilities. Two of the most common rotary-wing UAV
types are hexacopters and quadcopters.

Hexacopters, also known as hexadrones, are a type of
multirotor drone with six rotors. Compared to
quadcopters (four rotors), hexacopters offer several
advantages that make them increasingly popular across
various sectors. First of all, with six rotors, even if one of

the six rotors fails, the remaining five can provide enough

hexacopters to carry heavier payloads than quadcopters.
Increased payload enables the user to lift larger cameras,
sensors, or delivery packages. The maximum takeoff
weight is significantly higher for hexacopters compared
to all other types of UAVs (Ramesh and Jeyan, 2022). The
efficient lift distribution across six rotors translates to
better energy efficiency, resulting in longer flight times
than quadcopters with similar battery capacities. In
conclusion, hexacopters are revolutionizing the drone
industry with their decent stability, high payload
capacity, and longer flight times. Because of these
advantages, hexacopters are used in many sectors such
as aerial photography and videography, search and
rescue operations, agriculture, and delivery services
(Elouarouar and Medromi, 2022).

The lightweight design of the hexacopter body is very
significant for maximizing the flight performance of the
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drone (Wu et al, 2021). Because the weight of the
hexacopter frame impacts three concepts: flight time,
payload capacity, and maneuverability. The relationship
between lightweight design and these three concepts will
be explained respectively because lowering the weight
impacts these concepts positively or negatively. It is a
known fact that there is a direct correlation between
flight time and lightweight design. Every gram shaved off
translates to less energy required to hover or fly. This
allows the drone to stay in the air for longer on a single
battery charge. Lighter weight translates to less strain on
the motors, allowing them to operate more efficiently.
This translates to increased battery life as less energy is
wasted, overcoming the drone's weight. Although
lightweight design offers a benefit, it also has less
capacity to carry additional weight. Therefore, an
optimization is required to achieve the best balance
between weight and payload capacity for the intended
application. For instance, the designer of a photography
drone might prioritize stability and flight time for
capturing smooth aerial footage, while a delivery drone
might prioritize payload capacity to carry heavier
packages. Also, maneuverability can be affected by the
lightness. A lighter drone has less inertia, requiring less
effort to change direction or perform maneuvers. This
translates to increased agility and responsiveness,
allowing for sharper turns, faster acceleration, and
smoother overall flight control. This is crucial for drone
races or aerial video capturing for high-speed
motorsports.

Up to this point, the importance of lightweight design for
vehicles such as drones has been emphasized. For this
very reason, optimizing the structural parts of drones in
terms of weight and strength is significant. Topology
optimization, an advanced method, is currently used to
reduce weight and material in the structural design of a
drone. However, the costs of structural parts obtained
through topology optimization are high, mainly when
metallic materials are used. In some cases, it is not even
possible to access metal additive manufacturing devices.
Considering both these disadvantages and the existing
traditional production methods in the industry, the
parametric optimization method is lower in terms of
material and labor costs. Parametric optimization is
based on converting certain dimensions of easily
machined geometries, such as holes or slots, into
parameters on the structure whose weight is desired to
be reduced. Optimizing these parametric dimensions to
provide appropriate strength is possible with Computer
Aided Engineering (CAE) software. In studies comparing
topology optimization and parametric optimization, low
labor cost and rapid production are shown as the
advantages of parametric optimization. Removing the
support parts of the parts produced with topology
optimization by secondary operations is a more costly
and time-consuming process than parametric
optimization (Hassani et al., 2021).

There are various studies in the literature regarding the

structural frame design of multicopters. Ismail et al.
(2020) studied the design and development of the
structural frame and propeller parts for a hexacopter
intended to carry heavy loads. HEX-6X, one of the
multicopter configurations, was used, and the frame
material was Al 6061-T6 Grade, which is a lightweight
option for UAV applications (Anweiler and Piwowarski,
2017). Using finite element simulations, a multicopter
that is safe regarding equivalent stress and total
deformation was designed to carry a 20 kg payload
where each rotor has been designed to provide 3.4 kg
thrust force. Aswath and Raj (2021) studied the design
process of a payload hexacopter. Simulation of the
multicopter arm is made by the researchers to obtain the
safety of the structure in the design process. Maximum
deformation is found as 8 mm where the material of the
arm is plastic. Kumar et al. (2021) investigated different
types of multicopter frame designs for four different
materials. As a result, it has been seen that “X” or “+” type
body frames using fiber-reinforced composite materials
are suitable for quadcopter design. Wu et al. (2021)
performed finite element simulations to obtain a sound
multicopter design where the propeller and foldable arm
are optimized for best performance. Certain airfoil design
is proposed for better thrust force. Carbon fiber
composite foldable
multicopter frame is also found as an alternative to the
mostly used aluminum alloy. Shelare et al. (2023)

reinforced material for the

performed both theoretical and numerical studies to
design a hexacopter with a bottle hanger to carry a
maximum 7500 g load. The results of the simulations
indicate maximum 1 mm displacement for a safe
multicopter design. Azhagan et al. (2023) used a
generative design approach to find the best alternative
body frame and structural arm for a hexacopter. In
generative design, Artificial Intelligence (Al) algorithms
are used to generate a great number of design
alternatives. This design approach is only useful for
applications where additive manufacturing is available
because the final designs are organically shaped
(Radakovic, 2021). Using nonlinear analysis, Sharma and
Selvakumar (2018) examined a drone's structure. They
increased the drone's weight until it reached the failure
point. Sundararaj et al. (2021) conducted modal and
structural analyses on various drone frames. The
simulation yielded the maximum allowable stress, strain
displacement, and frequency values. They discovered
that although producing short armed rectangular frames
is difficult, they indicate higher strength. MohamedZain
et al. (2022) conducted a series of simulations to
determine the weight of the drone components,
considering allowable stress and displacement.
Sreeramoju and Rao (2023) Using Autodesk Fusion 360
software, the frame is modeled in this work with regard
to its durability and stress analysis. Its materials, ranging
from metal to plastic, are compared, and the design is
shape-optimized to achieve the goal. There are many
studies in the literature that deal with the weight-
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reducing optimization of the drone frame (Yemle et al,,
2019; Urdea, 2021; Tura and Zaharia, 2023). All of the
researchers above performed their studies mostly in the
last five years. Therefore, the optimization of the drone
frame has recently become a very popular topic because
the use of drones is increasing very rapidly today. In
addition, the geometry of the frame is particularly
important because it needs to be high strength enough
but also have a lower mass. The motivation of this study
is to propose an approach to the optimization problem of
the high payload hexacopter frame design. With the
proposed approach, hollow-like geometries that can be
parametrized in the hexacopter frame can be designed
and these cavities can be brought to their optimum
dimensions with the help of numerical simulations. In
addition, the motivation for
optimization instead of topology optimization is to
achieve a design optimization suitable for drone frame
structures that can be machined on existing CNC
machines due to the cost advantage.

using  parametric

In this study, the frame and arm of a payload hexacopter
are simplified and redesigned for parametric
optimization. SolidWorks Simulation and Design Study
modules are used for parametric optimization. The
design process is divided into two phases to prevent
excessive design scenarios. Two types of hollow
geometries are defined for each phase. The optimal result
has been achieved by user selection to ensure both low
weight and high strength.

2. Materials and Methods

2.1. Material

The aerospace, defense, and automotive industries
frequently utilize aluminum 6061-T6, owing to its
excellent mechanical qualities, strong
resistance, and exceptional weldability (Namlu et al,
2019). In this paper, Al 6061-T6 was preferred in this
study due to its lightness and the exceptional properties
described above. Additionally, this material has very
good machinability, allowing for a clean surface finish

+

Quad+

corrosion

Quad X

(Najiha et al, 2015). The material properties of
aluminum alloy is given in Table 1. These values were
obtained from the material database of SolidWorks.

Table 1. The mechanical and physical properties of Al
6061 T6

Property Value Unit
Elastic Modulus 69 GPa
Poisson’s Ratio 0.33 -
Tensile Strength 310 MPa
Yield Strength 275 MPa
Mass Density 2700 kg/m3
Hardening Factor 0.85 -

x A

2.2. CAD Modeling and Simplification of Hexacopter

The structural components of a hexacopter with a high-
payload were redesigned and optimized in the present
study. There are various types of configurations for
multicopters and the most used ones are called; Quad+,
Quad X, Tri, Y4, Hex 6, Hex 6 X, and Hex 6 Y shaped
(Anweiler and Piwowarski, 2017). These configurations,
as well as the one presented in this study, are given in
Figure 1.
configurations; the shape of the frame and propeller
rotation. Propeller rotations are designed to ensure the
stability of the drone. In this study, a Hex 6 Y-shaped
hexacopter design was preferred. The hexacopter model
called “Multirotor Drone with Payload Carrying” was
obtained from GrabCAD Library with permission from

Two main differences exist in these

the designer. Since the structural body of the hexacopter
was to be optimized, the two frames and propeller arm
had been isolated from the main assembly, as in Figure 2.
To proceed with the parametric optimization, the frames
and arm were simplified to determine the design
parameters. The simplified and isolated components are
given in Figure 3. The simplification process is essential
because the original design is suitable for additive
manufacturing, while this study depends highly on the
design for conventional manufacturing methods.

CW:
Clock Wise Propeller

CCW:
@ Counter Clock Wise

Propeller

Tri

Y4 Hex 6

Hex 6 X Hex 6 Y-Shaped

Figure 1. Configurations of multicopter body (Anweiler and Piwowarski, 2017).
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Frame #3

Frame #2

Frame #1

Landing

Propeller

Frame #2

Frame #1

Arm

(@)

Figure 2. (a) Design of the high-payload carrying hexacopter, (b) isolated frames and propeller arm.

Figure 3. (a) Original design of the frame and propeller arm of the hexacopter, (b) Simplified design of the frame and

propeller arm of the hexacopter.

V7N
7N

(a) Phase 1

(b) Phase 2

Figure 4. (a) 1st phase of the optimization and corresponding parameters (D1, D2 and TH), (b) 2nd phase of the

optimization and corresponding parameters (D3 and L).

For the parametric optimization of the hexacopter drone,
five different dimensions were defined as variable
parameters of the design space. Since the design study
depends on the number of parameters and levels, the
optimization process was divided into two phases. The
first phase consists of three parameters such as; D1 (first
radius of slot), D2 (second radius of the slot), and TH
(thickness of the frame). After optimizing parameters of
the first phase, the second phase was performed. The
parameters of the second phase are D3 (twin radii of the
slot) and L (distance between slot origins). The phases

and corresponding parameters of the frame are given in
Figure 4. The parameter levels and design table are given
in Table 1. There are 27 and 9 design scenarios in 1st
phase and 2nd phase of the parametric optimization,
respectively.

2.3. Finite Element Simulation

After the optimization parameters were determined, the
finite element model was established. The frames are
fixed at the bolt connection surfaces. The external forces
are defined as the following constraints of the
hexacopter:
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o the thrust force of each propeller (3.5 kgf),

o the payload at the bottom (20 kgf),

e and weight of the Frame #3 and other electronic
components.

In Figure 5, defined forces are demonstrated. The thrust

force for each propeller was determined as 34.3 N (3.5

kgf) which is in agreement with the literature

considering the high payload. The payload was defined as

219 N. The actual load was 196 N (20 kgf) and the

remaining was the landing component, Frame #3 and

other electronic components are given in Figure 2

previously in this study.

The materials were also defined as Al 6061-T6 Grade for

Frame #1, Frame #2 and the propeller arm. Al 6061-T6

Grade is a commonly used multicopter structure material

due to its high strength/weight ratio. The connection

components were defined as 1045 steel. Thus, the

software could calculate the overall weight of the isolated
parts. When forces and materials were defined, the
curvature type mesh was generated in SolidWorks
Simulation.

A mesh sensitivity analysis was conducted to examine
how simulation results change with mesh element size. In
a mesh sensitivity analysis, convergence occurs when the
numerical solution obtained with one grid size or
configuration is not significantly different from another
(Abdulsalam, 2021). This means that an acceptable level
of accuracy has been attained, and further refinement is
not required. The sensitivity analysis was made
according to the gradual change of the maximum element
size between 32 mm and 8 mm. Figure 6 shows the
variation in mesh distribution between the extreme
points of this gradualness, which ranges from coarse to
fine.

Figure 6. (a) Coarse and (b) fine meshing of hexacopter sub-assembly.

3. Results and Discussion

3.1. Mesh Sensitivity Analysis

The results of the mesh sensitivity analysis are given in
Table 2. As can be seen from the Table, the maximum
stress of the resultant did not significantly change after
14 mm of element size. Therefore, in this study, fine

meshing, which is between 9 mm and 14 mm, was
preferred. The visualization of the Table 2 is given in
Figure 7. In this figure, the convergence was clear, and a
9 mm element size was chosen for the simulations.
Further decreasing the mesh size was not allowed in the
educational version of SolidWorks Simulation.
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Table 2. The results of the mesh sensitivity analysis

Mesh Max. Element Size Max. Von Mises Stress Maximum Deformation =~ Max. Equivalent Strain
Density (mm) (MPa) (mm)
Coarse 32 49.84 0.3045 3.625-10
T 29 53.57 0.3059 3.349-10*
T 26 54.62 0.3053 3.484-104
T 23 56.22 0.3028 2.731-10
T 20 58.86 0.2997 2.916-104
l 17 61.94 0.3046 3.179-104
l 11 61.98 0.3041 3.301-10+
l 14 62.22 0.3044 2.558-104
Fine 9 63.10 0.3158 3.875-104
70
1 60
Preferred Mesh 124
Size

[ w B
(=] [ (=]
Max. Von Mises Stress (MPa)

1
(=]

L1 1 i L TR ! L 1 TR ! ! L L L1 L 1 1 1

3332313029282726252423222120191817161514131211109 8 7
Max. Element Size (mm)

(=]

Figure 7. Result of the mesh sensitivity analysis.

200.00 {me
—

(a) 0.35 mm

100.00

(M 3.29-10* mm/mm

Figure 8. The comparison between total deformation for (a) ANSYS Mechanical and (b) SolidWorks Simulation;
between Von Mises stress for (c) ANSYS Mechanical and (d) SolidWorks Simulation; between equivalent strain for (e)
ANSYS Mechanical and (f) SolidWorks Simulation.
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3.2. Sofware Reliability Assessment

In this study, SolidWorks Simulation software was
chosen for linear static analyses. When performing linear
static analyzes in which Hooke's law of elasticity is valid,
SolidWorks Simulation is used because the analysis time
is faster than other software (Tyflopoulos and Steinert,
2022). However, software such as ANSYS Mechanical,
where simulation parameters are more flexible and
tunable, can be perceived as more reliable. Therefore, to
test the reliability of SolidWorks Simulation software,
linear static analyses were performed with both software
with the same parameters. According to the results, the
maximum Von Mises stresses were obtained as 63.2 MPa
and 64 MPa for ANSYS and SolidWorks Simulation,
respectively. The equivalent elastic strain was obtained
as 3.3:104 and 3.29-10 in the same order. Finally, the
total deformation was obtained as 0.35 mm and 0.30 mm
in the same order. When the results were examined, it
was seen that there was a maximum of 2% difference
between the stress and strain values. The total
deformation was also consistent with each other with a
maximum error of 15%. As a result, SolidWorks
Simulation was used in the continuation of the study due
to its advantages such as shorter analysis time. The

results of the two software are given in Figure 8 to
clearly observe the differences.

3.3. 1st Phase of Parametric Optimization

The results of the 1st phase of parametric optimization
are given in Table 3. The maximum deformation was
below 0.3 mm which was acceptable when compared to 1
mm deformation of the hexacopter arm in the literature
(Shelare et al, 2023). The maximum Von Mises stress
was found to be approximately 52 MPa, indicating a safe
drone design, considering the yield strength of the Al
6061-T6 is 275 MPa. The Von Mises stress, equivalent
strain, and total deformation results are given in Figure
9, Figure 10, and Figure 11, respectively.

To determine the optimal design scenario, the mass of
the sub-assembly (mass of the frame-arm assembly) was
sorted in ascending order. Sorted data is visualized in
Figure 12. It is clear from Figure 12 that the optimal
design scenario can be chosen as simulation no. 3.
Because simulation no. 3 is below the average mass and
indicates the minimum equivalent strain in that region.
The optimal simulation was chosen by the user-driven
optimization approach because the minimizing weight
approach does not consider changes in equivalent strain.

Table 3. Result table for 15t phase parametric optimization. The optimal design scenario is highlighted

No. D1 (mm) D2 (mm) TH (mm) Max. Deformation (mm) Mass (g) Eq. Strain
1 R10 R5 5 0.26 1215 2.57-104
2 R10 R5 4 0.27 1117 2.71-104
3 R10 R5 3 0.28 1020 2.58:104
4 R10 R7 5 0.26 1175 2.70-104
5 R10 R7 4 0.27 1102 2.67-104
6 R10 R7 3 0.28 1009 2.62-104
7 R10 R9 5 0.26 1175 2.60-104
8 R10 R9 4 0.27 1086 2.61-104
9 R10 RO 3 0.28 997 2.62:104
10 R12.5 R5 5 0.26 1183 2.60-104
11 R12.5 R5 4 0.27 1092 2.72-104
12 R12.5 R5 3 0.29 1002 2.69:104
13 R12.5 R7 5 0.26 1165 2.62-104
14 R12.5 R7 4 0.28 1078 2.53-10+
15 R12.5 R7 3 0.29 990 2.73-104
16 R12.5 R9 5 0.26 1144 2.50-104
17 R12.5 RO 4 0.27 1061 2.68:104
18 R12.5 R9 3 0.29 978 2.62-104
19 R15 R5 5 0.27 1149 2.70-104
20 R15 R5 4 0.28 1065 3.08-104
21 R15 R5 3 0.29 981 2.61-104
22 R15 R7 5 0.27 1131 2.59-104
23 R15 R7 4 0.28 1051 2.76:104
24 R15 R7 3 0.29 970 2.62-104
25 R15 R9 5 0.27 1110 3.41-104
26 R15 R9 4 0.28 1034 2.78-104
27 R15 R9 3 0.29 958 2.64-104
BS] Eng Sci / Osman OZTURK 860



Black Sea Journal of Engineering and Science

Yon Nises N/ * 2 W73,
22010401

. A151aent
Indleemt

L 2121ed1
’.‘1&, 26D0¢ 401

20876 401

2 D4Ge-04

Figure 9. Von Mises stress results for the optimal solution in 1st phase.
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Figure 10. Equivalent strain results for the optimal solution in 1st phase.
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Figure 11. Total deformation results for the optimal solution in 1st phase.

BS] Eng Sci / Osman OZTURK 861



Black Sea Journal of Engineering and Science

1400 .
s,
= 1200 41 3.5
: ; £
< 1000 1 5
z i 13 5
2 i £
S 800 T i £
£ ¥ £
= i 12 =
£ 400 i1 : £
S I E S()pmlnum —e—Mass =5
» i Simulation .
é’ 200 r -] ——Eq. Strain L
1
I
1
0 e :
L ]

2124182115 9:12: 633

262172014 811 525 222161913 4 710 1

Simulation No.

Figure 12. 1st phase graph of mass-equivalent strain where the mass of the frame-arm assembly was sorted in

ascending order.

Table 4. Result table for 2nd phase parametric optimization. The optimal design scenario is highlighted

No. D3 (mm) L (mm) Max. Deformation (mm) Mass (gr) Eq. Strain
1 R5 20 0.29 976 2.93-104
2 R5 30 0.30 962 3.29-10+
3 R5 40 0.32 947 4.13-104
4 R6 20 0.29 970 3.22:104
5 R6 30 0.30 954 3.53-10+
6 R6 40 0.33 938 3.36:10
7 R7 20 0.30 963 3.39-10+
8 R7 30 0.30 946 3.29-10+
9 R7 40 0.35 929 4.81-104

3.4. 2nd Phase of Parametric Optimization

The results of the 2nd phase of parametric optimization
are given in Table 4. Similarly, the maximum deformation
was nearly 0.3 mm. The maximum Von Mises stress was
found approximately 64 MPa, indicating a safe drone
design considering the yield strength of the Al 6061-T6 is
275 MPa. The Von Mises stress, equivalent strain, and
total deformation results are given in Figure 13, Figure
14, and Figure 15 respectively. A similar user-driven
optimization approach leads the designer to choose the
optimal simulation as simulation no. 8 as shown in Figure
16. The parameters corresponding to these optimum
simulations will lead to the parameter set that will give
the optimum result.

As a result, the first and second optimization processes
are summarized in Figure 17 where the highest, lowest,
and optimal parameters are given. Using parametric
optimization, basic hollow geometries on the hexacopter
frame are optimized for low weight and high strength.
The most important result of this study was the weight
reduction of the hexacopter, where the weights of the
battery, motors, propellers, and payload are assumed to
be constant. Considering the design in Figure 3b, a weight
reduction was achieved with the optimized design
compared to the fully filled frame. According to the
numerical analysis results, the mass information of the

sub-assembly in Figure 3b was taken from the
SolidWorks mass properties option. Accordingly, based
on alternative situations where the frame thickness is 3
mm, 4 mm, and 5 mm; the total mass of the sub-assembly
was reduced by 15 %, 18 %, and 20 % respectively. If the
change in mass is examined, the mass of the sub-
assembly using the 3 mm thick frame design decreased
from 1108 g to 946 g; the 4 mm thick one decreased from
1235 gto 1019 g; and the 5 mm thick one decreased from
1361 g to 1092 g. Since the flight time increases as the
thrust to mass ratio increases as stated in the previous
studies, mass reduction will increase the flight time of the
hexacopter in this study (Pollet et al.,, 2022). In literature,
the studies mostly focus on the optimal configuration of
multicopters, instead of focusing on the mass reduction
of the frame. For instance, in a study conducted by
Shelare et al. (2023), the mass optimization of the
payload in a hexacopter design by numerical simulations
has been investigated. They carried out analyzes at six
different payload values while keeping the hexacopter
frame weight constant. Based on the maximum stress
values obtained in the analysis, they found that the
maximum weight that could be used would be 7.5 kg. In
this study, unlike the previously mentioned study, the
load was assumed to be constant, and the drone frame
design was optimized, resulting in a mass reduction of up
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to 20 % in the frame design of the drone. comparing both optimization methods. In one of these
In future studies, it is possible to improve the studies, three methods which are topology optimization,
optimization process, the same hexacopter body can be parametric optimization and simultaneous parametric
improved by both parametric and topology optimization topology optimizations were compared (Tyflopoulos and
for comparison. There are studies in the literature Steinert, 2020).
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Figure 13. Von Mises stress results for the optimal solution in 2nd phase.

Figure 14. Equivalent strain results for the optimal solution in 2nd phase.
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Figure 15. Total deformation results for the optimal solution in 2nd phase.
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Figure 16. 2nd phase graph of mass-equivalent strain where the mass of the frame-arm assembly was sorted in

ascending order.

(b)

Figure 17. (a) Minimum parameter levels for both 1st phase and 2nd phase, (b) Maximum parameter levels for both 1st
phase and 2nd phase, (c) Optimal parameter levels for both 1st phase and 2rd phase with optimal dimensions.

According to the results of the study, the third alternative
method, which is simultaneous, was found to be the most
efficient optimization method. Therefore, although they
are quite different in terms of cost and optimization time,
topology optimization and parametric optimization can
be seen as methods that positively affect each other in
calculations such as mass reduction.

4. Conclusion

A parametric optimization via design study for the
essential structural parts of a high payload hexacopter
drone was presented. The main load-carrying parts of the
hexacopter were isolated and simplified. The payload
was 20 kgf, and each propeller had 3.5 kgf lifting
capability. The material of the components was Al 6061-
T6, primarily used for drone structures. The parametric
optimization was performed in two stages. In the first
stage, both frames are updated with a slot geometry to
decrease the total mass of the drone body. In the second
stage, mass was reduced even further. The maximum Von
Mises stress was found to be 64 MPa, and the design is
safe since the stress was nearly one-quarter of the yield
strength. The maximum deformation was also below 0.3
mm with optimal parameters. As a result, a lighter
hexacopter structure is achieved by using a design

approach suitable for conventional machining methods.
Further studies can be conducted by generating the G-
codes using computer-aided manufacturing (CAM)
software. This allows a cost comparison between the
drone frame made by additive manufacturing and the
one designed to be machined using conventional
methods for a similar size.
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1. Introduction

Stock market price prediction is a research topic not only
for economists but also for computer scientists, which is
why statistical methods and machine learning are used to
build a prediction model. Considering 2019 data, the
global stock market is known to be more than 85 trillion
dollars. Investors can use simple statistical methods to
predict price changes to increase their income, but these
methods could be faster due to the high volume of
transactions and rapid changes. Advanced artificial
intelligence methods are often preferred and used
(Gandhmal and Kumar, 2019; Shah et al., 2019; Kanavos et
al,, 2020; Nabipour et al., 2020). The ability of the methods
to predict with a high degree of accuracy is an important
constraint. Therefore, machine learning methods are
widely preferred. The most frequently preferred methods
are logistic regression, linear regression, support vector
machines, and artificial neural networks. It provides the
advantage of creating strong, stable models for
multidimensional problems and adaptability to historical
data (Lu et al,, 2021). In general, the stock market has a
structure that combines high risk and high return. In this
regard, investors aim to achieve maximum gains through
technical and analysis
Fundamental analysis generally derives insights by

fundamental methods.

considering the balance sheet analysis of companies,

competitive advantages, or macroeconomic
developments. In technical analysis, price inferences are
carried out with the assistance of indicators such as
Moving Average Convergence Divergence (MACD),
Momentum, Stochastic Oscillator with Moving Averages
(KDJ), Relative Strength Index (RSI), and Moving Average
(MA) (Rouf etal., 2021). Stock exchanges, where financial
transactions take place, are regulated by a set of rules of
governments and institutions to protect investors and
companies. Stock prices operate according to the
principles of supply and demand, and performance
indicators (KPIs) depend on the rise and fall of prices, as
shown in Table 1 (Bustos and Pomares-Quimbaya, 2020;
Nti et al, 2020; Sarvesh et al,, 2021).

Forecasting models for stock prices have attracted
increased attention in recent years. Due to the financial
opportunity provided, several papers have recently been
published that use deep learning and time series methods
to produce robust forecasting results. With the increasing
power of today's machines and the improvement of
computational capability, better results are being
achieved for challenging problems of such complexity
(Agrawal et al., 2013; Strader et al, 2020; Kumbure et al,,
2022; Sheng et al.,, 2022). Singh et al. (2023) proposes a
hybrid CNN-LSTM model combining deep learning for
stock selection and the mean-variance model for portfolio
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optimization. Benchmarks on Indian stock market
analysis show that the model outperforms single models
and other compared strategies. The results suggest that
the hybrid CNN-LSTM approach can be an effective tool in
portfolio management (Singh et al, 2023). Choi et al.
(2023) propose a new method called "Hybrid Information
Mixing Module," using deep learning and news data to
predict stock price movements. It aims to make more
accurate predictions by combining price and text data
features and modeling their multimodal interactions. The
model is tested on a high volatility stock market
simulation, successfully validated, and performs better
than other methods (Choi etal., 2023). Jadhav etal. (2021)
proposes a new model using GAN architecture to predict
stock market prices. The model consists of a hybrid
generator and MLP parser using Naive Bayes for
sentiment analysis from financial news and LSTM for
prediction. The system predicts stock values using
financial data and performs sentiment analysis on
financial news (Jadhav et al.,, 2021). Singh et al. (2022)
proposed a new investment decision support system by
comparing ARIMAX, Prophet, LSTM, and pairwise LSTM
models using historical stock market data. The model aims
to maximize profit and minimize loss by optimizing
investment decisions during crises such as COVID-19 with
98.60% and 96.97% accuracy (Singh et al,, 2022). Choy et
al. (2021) compared various time series algorithms to
predict stock market prices: ARIMA, LSTM, SARIMA, Holt
Winter, and Prophet. The research has been conducted on
Malaysia stock market data covering six different sectors.
The results show that the ARIMA and LSTM models
achieve lower error rates than the others. Moreover,
ARIMA model is more successful than LSTM especially in
trend forecasting. This study suggests that the ARIMA
model may be suitable for short-term stock price
forecasting (Choy et al,, 2021; Singh et al,, 2022). Sisodia
et al. (2022) propose a Deep Learning (DL) based Long
Short-Term Memory (LSTM) algorithm to predict stock
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a. LSTM Bibliometric Analysis

market price movements. The research develops a model
using ten years of historical price information of the NIFTY
50 index from the National Stock Exchange of India (NSE)
data. After normalization, the training and testing process
is performed, and an accuracy rate of 83.88% is obtained.
These results show that the proposed model has the
potential to predict stock market price movements
(Sisodia et al,, 2022). Ruan et al. (2020) propose a new
method to predict sudden stock price changes, especially
during unexpected events such as COVID-19. The study
uses ARIMA and LSTM models to forecast individual
stocks and the entire market. In addition, social media
data reflecting investor psychology are also integrated
into the models. The 98% average forecast accuracy
obtained using the 2016-2020 period data of 100
companies in the study provides promising results for
improving existing forecasting methods (Ruan et al,
2020).

Table 1. Key performance indicators

Indicator Name Indicator Description

Open Opening price

Close End-of-day closing price

Low Intraday low price

High Intraday high price
Total number of stocks traded

Volume

during the trading session

Using the Web of Science (WOS) database, the methods
that have been used in stock market forecasting searched
between 2012 and 2024, and the word cloud is shown in
Figure 1.a. and Figure 1.b. obtained. LSTM and ARIMA
models, which are also the subject of this study, have been
explicitly analyzed, and it is clear from Figure 1.a. and
Figure 1.b that the LSTM deep learning approach is the
subject of more research area than the ARIMA model.

b. Arima Bibliometric Analysis

Figure 1. Bibliometric analysis of stock market forecasting methods.

BS] Eng Sci / Yasin KIRELLI

867



Black Sea Journal of Engineering and Science

2. Materials and Methods

This study constructs two models to forecast Oracle stock
prices: LSTM and ARIMA. The objective is to evaluate
these models' performance and ease of use and provide
insights for financial analysts and investors. The
background and basic principles of the LSTM and ARIMA
models are explained in the first stage of the research.
Then, both models are applied to daily data of Oracle stock
prices, and their performance is compared using metrics
such as MSE, MAE, RMSE, and MAPE. The results reveal the
strengths and weaknesses of each model and demonstrate
their success in predicting stock prices.

2.1. Long Short Term Memory (LSTM)

Long Short Term Memory (LSTM) networks are a
specialized deep learning method, a Recurrent Neural
Networks (RNN) sub-branch. It can store long-term
dependencies and can maintain dependencies. Unlike
RNNs, LSTM networks also store long-term dependencies,
making them better suited to complex problems such as
time series (Lipton et al., 2015; Sherstinsky, 2020; Van
Houdtetal,, 2020; Yangetal,, 2020). In LSTM architecture,
information is stored in cells, and the data's meaning can
be interpreted according to the condition. An advantage of
LSTMs is that they have a forget gate mechanism. Thus, it
also solves the problem of gradient loss (Staudemeyer and
Morris, 2019). This structure provides the advantage of
giving successful results in time series or lengthy texts.
As shown in Figure 2, an LSTM network has three main
structures: the forget gate, the input gate, and the output
gate.

Xe Reey X hpoq
s s ep, et
% |Pe |

un:n:.ma\. . / rpul gate
vatues

memory cell

o)
‘ onll stae
St-1 (o + S¢ -—1——0 St
(tank
forgel gate Ouipt gale ‘
fe 0y 87—

—— o~ - -

Xe ey xp heoy
Figure 2. LSTM network.

The cell state stores pastinformation and uses it for future
prediction. The forget gate determines which information
from the previous cell will be forgotten. The input gate
decides which information is sent to the 'cell state'. The

Table 2. Dataset sample view

output gate decides which information from the 'cell state'
will be output. According to equations 1-5, x_t is the input
vector, h_t is the output vector, f_tis the forget vector, and
c_t is the cell state vector. i_t and o_t are the input and
output gates, respectively. W and b are the weights and
bayes values (Ojo et al.,, 2019).

fe = o(Wrlhe—y,x¢] + bf) (1
ip =oWilhe-1,x] + b;) (2)
¢y = tanh(W[he—y ,x¢] + be) (3
or = sigma(W,[he-1,x] + b) 4)
h, = sigma * tanh(c;) (5)

2.2. Autocorrelated Integrated Moving Average
(ARIMA)

Autocorrelated Integrated Moving Average (ARIMA) is a
statistical model. It is used as a method for analyzing and
forecasting time series. The ARIMA model consists of
autocorrelation (AR), integration (I), and moving average
(MA) (Khan and Alghulaiakh, 2020). Autocorrelation is the
relationship between past and present data in a time
series, and its effect is measured. Integration refers to
stationarity in a time series. It is provided by taking the
difference from the time series’ previous values. Moving
average refers to random variation in a time series. This
method converts time series to stationary through
differencing and is called a linear stochastic model. This is
generally expressed as ARIMA(p,d,q) (Kontopoulou et al.,
2023; Kumar and Vanajakshi, 2015). In the model, d refers
to the degree of differencing, and p and d refer to the
autoregressive and moving average, respectively.

2.3. Proposed Models and Implementations

2.3.1. Exploratory data analysis

In the study, Oracle Company, which is listed on the
Nasdaq Stock Exchange, is analyzed. The Nasdaq Stock
Exchange is a New York-based American Stock Exchange
and is among the most active in volume. It is traded as the
second most active area after the New York Stock
Exchange (Oracle Corporation (ORCL), 2024) . The data
set in the study has been obtained from the platform
where the current trading prices of the companies listed
on the Nasdagq official website are also available. The data
set includes the opening and closing price, the highest and
lowest price, and volume information of the symbol on a
historical basis. The day-based closing price, which users
mostly prefer, is evaluated in the training set. Table 2
shows a view of the data set derived for the prediction
model.

Date Close/Last Volume Open High Low
01/29/2024 $113.75 7014424 $114.19 $114.59 $113.01
01/26/2024 $114.64 5541900 $114.64 $115.48 $114.2746
01/25/2024 $115.00 8877205 $114.89 $116.18 $114.35
01/24/2024 $114.31 11702700 $113.42 $115.42 $113.33
01/23/2024 $111.83 9185921 $110.29 $112.68 $109.56
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2.3.2. LSTM model implementation

The analysis has been performed with a total of 2516
sample data for ten years between February 2014 and
February 2024 of the company considered in the study. As
shown in Figure 3, the company's time series is visualized
according to the closing price and date values. The last
year's data (after 2023) is divided into test data (10%),
and up until 2023, it is divided into training data. In the
first part of the study, the proposed LSTM and ARIMA
models are used for forecasting in the second part. The last
section gives the forecasting performance comparisons of
the two models. This study evaluates the prediction
results with the proposed LSTM model; Python

e e Train data

= Test data

programming language version 3.10 is preferred. The
model has been designed with the TensorFlow deep
learning library. According to the proposed model, the
training and test data have been normalized with the Min-
Max scaler method in the pre-processing step, and
accordingly, the data have been scaled between 0-1. The
model and hyperparameters are shown in Table 3.

The loss value of the model result is close to zero, and the
validation loss value range is observed in the range of 0 -
0.002. The time series graph comparing the prediction
values generated according to the proposed model and the
actual values of the test set is shown in Figure 4.

4.6
Y 44
=
P
o
o 42
=
8
O 4.0
3.8
3.6
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Dates
Figure 3. Time series by training and test data.
Table 3. Model and hyperparameter values
Hyperarametres Values Model
Scaling Min-Max Scaler Model: "sequential”
Layer (type) Output Shape Param
Istm (LSTM)  (None, 100,50) 10400
Epoch 100
Batch Size " Istm_1 (LSTM)  (None, 100,50) 20200
Istm_2 (LSTM) (None, 50) 20200
dense (Dense) (None, 1) 51

Total params: 50,851
Trainable params: 50,851
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Figure 4. LSTM Model test set and prediction values comparison time series plot.

2.3.3. ARIMA model implementation

As the second method created in the study, the ARIMA
model aims to observe the forecasting performance by
dividing the data set into training and test data sets at the
same rate. According to the Akaike Information Criterion
(AIC) criterion, in the stepwise search for the best ARIMA
model, the lowest AIC value has been obtained with the
ARIMA (0, 1, 1) model, as shown in Table 4. According to
this model, past values (p=0) do not directly affect current
values. It is assumed that the data are initially non-
stationary (d=1) and have a moving average (q=1).

Standardized residual
10
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Figure 5. Standardised residual graph of data.

According to Figure 5, the time series is distributed
between -8 and 11. Most of the residuals are concentrated
around 0, suggesting that the model consistently fits the
data. The residuals appear randomly distributed on the
horizontal axis, concluding that the model has no
autoregressive error. It is observed that the ARIMA (0, 1,
1) model is generally compatible with the time series data.
As a result of the model training, the time series and
forecast region evaluation graph of the 277-day test data
from 2023 is observed, as shown in Figure 6.
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ORACLE Stock Price Prediction

5.0

e rraining data
— Actual Stock Price
Predicted Stock Price

4.8

4.6

4.4

4.2

4.0

ORACLE Stock Price

3.8
3.6
2014 2017 2018

2015 2016

Figure 6. ARIMA model prediction.

Tablo 4. Stepwise search to minimize AIC

AIC=-12070.156
AIC=-12099.264
AIC=-12099.390
AIC=-12071.055
AIC=-12097.461
AlIC=-12097.461
AIC=-12095.459
AIC=-12099.961
AIC=-12098.046
AIC=-12098.049
AIC=-12099.874
AIC=-12096.046

ARIMA(0,1,0)
ARIMA(1,1,0)
ARIMA(0,1,1)
ARIMA(0,1,0)
ARIMA(1,1,1)
ARIMA(0,1,2)
ARIMA(1,1,2)
ARIMA(0,1,1)
ARIMA(1,1,1)
ARIMA(0,1,2)
ARIMA(1,1,0)
ARIMA(1,1,2)

3. Results and Discussion

Different metrics can be used to evaluate the performance
of time series forecasting models, the most common of
which are:

Mean Squared Error (MSE): Expressed as the mean
squared error, it is the average sum of squares between
the predicted () and actual (y;) values as equation 6.

Table 5. LSTM and ARIMA model performance metrics

2019 2021 2022 2023 2024

Time

2020

N
1 (6)
MSE = NZ()’i -9?

Mean Absolute Error (MAE): Refers to the mean of the
absolute value between the predicted actual values as
equation 7.

1 N

MAE = 5 Iyi =]
i=1

Root Mean Squared Error (RMSE): The square root of the

root mean squared error is a better representation of the
scale of the amount of error as equation 8.

N
1 5 2
NZ(Yi -
=1

Mean Absolute Percentage Error (MAPE) Refers to the
mean absolute percentage between the predicted and

7

(8
RMSE =

actual values as equation 9.
al )
1 D
vapg = LN izl
N Vi
i=1
The comparison of metric values for the two models
included in the study is observed in Table 5.

MSE MAE RMSE MAPE
LSTM Model 0.0374 0.1700 0.1936 0.1855
ARIMA Model 0.0488 0.1968 0.2211 0.0419

According to the comparative result metrics, both models
have low MSE values, which supports the consistency of
the models. The LSTM model has a lower MAE value than
the ARIMA model, which means that the LSTM model

makes less error on average. The results show that the
LSTM model tends to produce estimates with less error
and variation than the ARIMA model. The study compares
the performance of LSTM and ARIMA models in time
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series forecasting. The findings show that both models
stand out in specific metrics. The choice of model depends
on the prioritized metrics and the
characteristics. The LSTM model generally produces
fewer error and variation forecasts than the ARIMA

dataset's

model. In contrast, the ARIMA model tends to produce
proportionally more accurate forecasts. The results of this
study have important implications for investors. Deep
learning models such as LSTM, improve decision-making
processes for investors by reducing errors in price
prediction. Such strategic approaches are also an indicator
for ensuring risk management. Advanced forecasting
models also provide portfolio optimization, conscious
decision-making capabilities and competitive advantage
for investors. Given the potential offered by deep learning,
models such as the LSTM are essential for future time
series forecasting. Future research could focus on
comparing the performance of LSTM and ARIMA models
on different data sets and combining them into a hybrid
model. Developing advanced models for time series
forecasting is also an essential area of research.
Consequently, it is inferred that both LSTM and ARIMA
models are practical tools for time series forecasting
based on the literature. The flexibility of deep learning
allows the development of customized models for
different data types and time series problems.

Author Contributions
The percentage of the author(s) contributions is
presented below. The author reviewed and approved the

final version of the manuscript.

Y.K
C 100
D 100
S 100
DCP 100
DAI 100
L 100
w 100
CR 100
SR 100
PM 100

C=Concept, D= design, S= supervision, DCP= data collection
and/or processing, DAI= data analysis and/or interpretation, L=
literature search, W= writing, CR= critical review, SR= submission
and revision, PM= project management.

Conflict of Interest
The author declared that there is no conflict of interest.

Ethical Consideration
Ethics committee approval was not required for this study
because of there was no study on animals or humans.

References

Agrawal ]G, Chourasia V, Mittra A. 2013. State-of-the-art in stock
prediction techniques. Int ] Adv Res Electr Electron Instrum
Eng, 2(4): 1360-1366.

Bustos O, Quimbaya A. 2020. Stock market movement forecast:
A systematic review. Expert Syst Appl, 156: 113464.

Choi J, Yoo S, Zhou X, Kim Y. 2023. Hybrid information mixing
module for stock movement prediction. IEEE Access, 11:
28781-28790.

Choy YT, Hoo MH, Khor KC. 2021. Price prediction using time-
series algorithms for stocks listed on Bursa Malaysia. In: 2nd
International Conference on Artificial Intelligence and Data
Sciences, 8-9 September, Piscataway, New Jersey, USA, pp: 1-
5.

Gandhmal DP, Kumar K. 2019. Systematic analysis and review of
stock market prediction techniques. Comput Sci Rev, 34:
100190.

Jadhav R, Sinha S, Wattamwar S, Kosamkar P. 2021. Leveraging
Market Sentiment for Stock Price Prediction using GAN. In: 2rd
Global Conference for Advancement in Technology, 01-03
October, 2021, Bangalore, India, pp: 1-6.

Kanavos A, Vonitsanos G, Mohasseb A, Mylonas P. 2020. An
entropy-based evaluation for sentiment analysis of stock
market prices using Twitter data. In: 15% International
Workshop on Semantic and Social Media Adaptation and
Personalization, 29-30 October Zakynthos, Greece, pp: 1-7.

Khan S, Alghulaiakh H. 2020. ARIMA model for accurate time
series stocks forecasting. Int ] Adv Comput Sci Appl, 11(7).

Kontopoulou V, Panagopoulos AD, Kakkos I, Matsopoulos GK.
2023. A review of ARIMA vs. machine learning approaches for
time series forecasting in data driven networks. Future Int,
15(8): 255.

Kumar SV, Vanajakshi L. 2015. Short-term traffic flow prediction
using seasonal ARIMA model with limited input data. Eur
Transp Res Rev, 7: 1-9.

Kumbure MM, Lohrmann C, Luukka P, Porras ]. 2022. Machine
learning techniques and data for stock market forecasting: A
literature review. Expert Syst Appl, 197: 116659.

Lipton ZC, Kale DC, Elkan C, Wetzel R. 2015. Learning to diagnose
with LSTM recurrent neural networks. ArXiv, 2015: 1511.

Lu W, Ge W, Li R, Yang L. 2021. A Comparative Study on the
Individual Stock Price Prediction with the Application of
Neural Network Models. In: International Conference on
Computer Engineering and Artificial Intelligence, 27-29
August, Shanghai, China, pp: 235-238.

Nabipour M, Nayyeri P, Jabani H, Mosavi A, Salwana E. 2020.
Deep learning for stock market prediction. Entropy, 22(8):
840.

Nti IK, Adekoya AF, Weyori BA. 2020. A systematic review of
fundamental and technical analysis of stock market
predictions. Artif Intell Rev, 53(4): 3007-3057.

Ojo SO, Owolawi PA, Mphahlele M, Adisa JA. 2019. Stock market
behaviour prediction using stacked LSTM networks. In:
International Multidisciplinary Information Technology and
Engineering Conference, 21-22 November, Vanderbijlpark,
South Africa, pp: 1-5.

Oracle Corporation Stock Historical Prices & Data Yahoo
Finance. URL:
https://finance.yahoo.com/quote/ORCL/history
date: January 29, 2024).

Rouf N, Malik MB, Arif T, Sharma S, Singh S, Aich S, Kim HC. 2021.
Stock market prediction using machine learning techniques: a

(accessed

decade survey on methodologies, recent developments, and
future directions. Electronics, 10(21): 2717.
Ruan ], Wu W, Luo ]J. 2020. Stock Price Prediction Under

BS] Eng Sci / Yasin KIRELLI

872



Black Sea Journal of Engineering and Science

Anomalous Circumstances. In: IEEE International Conference
on Big Data, pp: 4787-4794.

Sarvesh S, Sidharth RV, Vaishnav V, Thangakumar ],
Sathyalakshmi S. 2021. A hybrid model for stock price
prediction using machine learning techniques with CNN. In: 5t
International Conference on Information Systems and
Computer Networks, pp: 1-6.

Shah D, Isah H, Zulkernine F. 2019. Stock market analysis: A
review and taxonomy of prediction techniques. Int ] Financ
Stud, 7(2): 26.

Sheng Y, Fu K, Wang L. 2022. A PCA-LSTM Model for Stock Index
Forecasting: A Case Study in Shanghai Composite Index. In: 7t
International Conference on Cloud Computing and Big Data
Analytics, pp: 412-417.

Sherstinsky A. 2020. Fundamentals of recurrent neural network
(RNN) and long short-term memory (LSTM) network. Physica
D, 404: 132306.

Singh A, Bansal A, Nair A, Kaushal A. 2022. Predictive Analytics
of Stock Market as a Time Series. In: 4% International
Conference on Advances in Computing, Communication
Control and Networking, pp: 770-777.

Singh P, Jha M, Sharaf M, El-Meligy MA, Gadekallu TR. 2023.
Harnessing a Hybrid CNN-LSTM Model for Portfolio
Performance: A Case Study on Stock Selection and
Optimization. IEEE Access, 11: 104000-104015.

Sisodia PS, Gupta A, Kumar Y, Ameta GK. 2022. Stock market
analysis and prediction for NIFTY50 using LSTM Deep
Learning Approach. In: 2nd international conference on
innovative practices in technology and management, pp: 156-
161.

Staudemeyer RC, Morris ER. 2019. Understanding LSTM a
tutorial into long short-term memory recurrent neural
networks, ArXiv, 2019: 1909.

Strader TJ, Rozycki JJ, Root TH, Huang YH]. 2020. Machine
learning stock market prediction studies: review and research
directions. ] Int Technol Inf Manage, 28(4): 63-83.

Van Houdt G, Mosquera C, Napoles G. 2020. A review on the long
short-term memory model. Artif Intell Rev, 53(8): 5929-5955.

Yang S, Yu X, Zhou Y. 2020. Lstm and gru neural network
performance comparison study: Taking yelp review dataset as
an example. In: International workshop on electronic
communication and artificial intelligence, pp: 98-101.

BS] Eng Sci / Yasin KIRELLI

873



Black Sea Journal of Engineering and Science
doi: 10.34248/bsengineering.1510380

Open Access Journal
e-ISSN: 2619 - 8991

Research Article

Volume 7 - Issue 5: 874-881 / September 2024

PREPARATION AND IN VITRO CHARACTERIZATION OF
CARBAMAZEPINE-LOADED CHITOSAN-COATED/UNCOATED
PLGA AND ZEIN NANOPARTICLES
Afife Biisra UGUR KAPLAN?, Meltem CETIN'*
1Atatiirk University, Faculty of Pharmacy, Department of Pharmaceutical Technology, 25240, Erzurum, Tiirkiye

Abstract: The aim of this study is to prepare CBZ-loaded chitosan (Ch)- coated/uncoated poly(lactic-co-glycolic acid) (PLGA) and Zein
(using 20 mg or 40 mg Zein) nanoparticles (CBZ-PLGA-Zein-NPs or CBZ-PLGA-Zein-Ch-NPs) and to characterize (Particle size, PD], zeta
potential, percent encapsulation efficiency (EE%), FT-IR, DSC and XRD analyzes, and in vitro release study) them in vitro. These
nanoparticles were prepared using a modified emulsification-solvent evaporation method. The particle sizes of CBZ-PLGA-Zein(20)-
NPs, CBZ-PLGA-Zein(40)-NPs and CBZ-PLGA-Zein(20)-Ch-NPs were found to be about 222 nm, 245 nm and 221 nm, respectively. The
PDI value of all NP formulations was below 0.3. This indicates a narrow particle size distribution. The EE% values of CBZ-PLGA-
Zein(20)-NPs, CBZ-PLGA-Zein(40)-NPs and CBZ-PLGA-Zein(20)-Ch-NPs were determined as about 64%, 56% and 62%, respectively.
The coating of the optimum formulation (containing 20 mg Zein) with chitosan did not lead to a significant difference in the particle
size and EE% value of this formulation (P>0.05). A sustained release of CBZ from all prepared NPs formulations was achieved until 48t
h. In conclusion, CBZ-PLGA-Zein(20 mg or 40 mg)-NPs and CBZ-PLGA-Zein(20 mg)-Ch-NPs were successfully prepared and

characterized in vitro.
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1. Introduction

Epilepsy, heterogeneous
characterized by epileptic syndromes, variable prognosis
and diverse etiologies, affects around 65 million people
worldwide and has many causes, each reflecting

which is a disorder

underlying brain dysfunction. Epileptic seizures, defined
as the temporary occurrence of signs and/or symptoms
caused by excessive and abnormal or synchronous
neuronal brain activity, are quite common and often
result in bodily injuries such as burns, fractures, and
concussions (Stafstrom and Carmant, 2015; Kanner and
Bicchi, 2022; Manole et al, 2023). Types of epilepsy are
classified as generalized, focal (these are the most
common), combined focal and generalized and unknown
(Devinsky et al., 2018; Sarmast et al., 2020; Kanner and
Bicchi, 2022). Surgery, vagus nerve stimulation, a special
diet (ketogenic diet) and the use of antiseizure drugs are
treatment approaches for epilepsy (Green et al., 2020).
Epileptic seizures require long-term use of anti-seizure
drugs due to their recurring nature. However, long-term
exposure of the central nervous system to these drugs
leads to adverse effects such as impairment of liver and
kidney functions, psychiatric problems and cognitive
impairment. In addition, pharmacotherapy has limited
efficacy due to blood-brain barrier, untimely medication

and drug-resistant epilepsy (Wu et al,, 2022). In drug-
resistant epilepsy, seizures persist despite the use (at
effective daily doses) of at least two syndrome-adapted
antiseizure medications, and its prevalence is
approximately 30% (Guery and Rheims, 2021). With
appropriate use of antiseizure drugs, seizure control is
achieved in approximately 70% of cases (Ulamek-Koziol
etal, 2019; WHO, 2024).

Carbamazepine (CBZ), used for epilepsy management
and treatment, is a sodium channel blocker that inhibits
action potential generation and causes a decrease in
synaptic transmission. It is also approved for use in the
treatment of trigeminal neuralgia and acute manic and
mixed episodes (associated with bipolar I disorder) (Lo,
2014; Maan et al, 2024). CBZ is
(Biopharmaceutics Classification System) drug with high
permeability and low solubility. Therefore, its low
solubility in water and dissolution rate are the
determining factors for its oral bioavailability (Uzunovié

a Class I

et al,, 2010). Moreover, it is metabolized in the liver and
cytochrome P450 3A4 is the main isoform responsible
for CBZ-10,11-epoxide metabolite formation (Pearce et
al, 2008; Maan et al, 2024). The most common side
effects associated with CBZ use are dizziness, vomiting,
nausea, ataxia and drowsiness. Rarely, it causes a few
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serious skin reactions (Maan et al, 2024). In the
literature, nano-sized drug delivery systems have been
prepared to increase the solubility of CBZ, enhance its
therapeutic efficacy, and reduce their potential adverse
effects (Scioli Montoto et al, 2018; Zybina et al, 2018;
Qushawy et al., 2019; Kandilli et al,, 2020; Ugur Kaplan et.
al.,, 2023).

Our aim was to prepare CBZ-loaded chitosan-
uncoated/coated poly(lactic-co-glycolic) acid (PLGA) and
Zein (Z) nanoparticles (CBZ-PLGA-Zein-NPs or CBZ-
PLGA-Zein-Ch-NPs) and to characterize them in vitro. To
our knowledge, this is the first study on CBZ-loaded
PLGA+Zein NPs or PLGA+Zein+Ch NPs. PLGA is an FDA-
approved, biocompatible and biodegradable copolymer
widely used in the preparation of polymeric
nanoparticles due to its low immunogenicity, minimal
toxicity, and safety profile (Swider et al,, 2018; Kandilli et
al.,, 2020). Zein, the main protein found in corn, belongs
to the prolamin protein class and is commercially
available. It is soluble in water-glycols or water-alcohol
mixture. Due to its biocompatibility, biodegradability and
high coating capacity, this biopolymer has been used in
the preparation of drug delivery systems (Pascoli et al,,
2018; André de Almeida Campos et al., 2023).

2. Materials and Methods

2.1. Materials

CBZ was a gift from Biofarma ilag San. Tic. A.S. (Tiirkiye).
PLGA (50:50, Resomer RG 502 H, Ave. Mw 7000-17000
Da) and chitosan (low molecular weight; 50000-190000
Da) were bought from Sigma-Aldrich (Germany) and
Sigma-Aldrich (Iceland), respectively. Zein and poly
(vinyl alcohol) (PVA; Mw 30000-70000 Da) were
obtained from Sigma-Aldrich (USA). All other materials
used were analytical grade.
2.2. Preparation of
PLGA+Zein NPs

The uncoated PLGA-Zein NPs [CBZ-PLGA-Z(20)-NPs or
CBZ-PLGA-Z(40)-NPs] were prepared by a modified
emulsification-solvent evaporation method. Briefly, PLGA
(80 mg) and CBZ (40 mg) were dissolved in
dichloromethane (DCM). Also, Zein (20 mg or 40 mg)
[PLGA:Zein ratio (4:1 and 2:1 w/w); Zein:CBZ ratio (1:1
and 1:2 w/w)] was dissolved in DCM:ethanol (1:1, v/v).
The solution of PLGA and CBZ was added to the Zein
solution under a magnetic stirrer (500 rpm, 15 min) to
obtain an organic phase. The organic phase was added
dropwise into the aqueous solution of PVA (3%, w/v)

Chitosan-Uncoated/Coated

Table 1. The conditions of DSC, FT-IR and XRD analyzes

when stirring using an Ultraturrax T10 at 25000 rpm for
5 min (IKA, Germany). Then, it was sonicated using an
ultrasonic probe for 5 min (using 60% power; Sonoplus
HD 2070, Bandelin Electronics, Germany). The NPs
dispersion was centrifuged (12500 rpm, 40 min, 15 °C)
after removing the organic solvent under reduced
pressure. The NPswere freeze-dried for 24 h (Martin
Christ, Alpha 1-2 LD Plus, Germany).

Blank PLGA-Zein NPs [B-PLGA-Z(20)-NPs or B-PLGA-
Z(40)-NPs] were also prepared using the same procedure
without CBZ.

In addition, chitosan-coated blank or CBZ-loaded PLGA-
Zein NPs [B-PLGA-Z(20)-Ch-NPs or CBZ-PLGA-Z(20)-Ch-
NPs] were prepared by the above-mentioned procedure
until the centrifugation step. Before centrifugation step,
0.1% (w/v) chitosan solution in 1% (v/v) aqueous acetic
acid was added to the aqueous dispersion of the blank or
CBZ-loaded PLGA-Zein NPs prepared using 20 mg of Zein
(chitosan solution:PLGA-Zein NPs suspension, 1:2 v/v)
and shaken in a water bath shaker (horizontal, 50 rpm)
for 30 min at room temperature. Centrifugation and
lyophilization steps were then performed as described
above.

2.3. Characterization of Chitosan-Uncoated/Coated
PLGA+Zein NPs

The morphological analysis of NPs was carried out using
TEM (Hitachi HighTech HT7700, Japan). The images of
the NPs were obtained at an accelerating voltage at 120
kV after being placed on a copper grid and dried at room
temperature for 24 h. “Zetasizer Nano ZSP (Malvern Ins.
Ltd, UK)” was used to measure the particle size (PS) of
NPs (at a scattering angle of 173°) as well as the zeta

potential (ZP) values of these formulations. The
formulations were diluted (20-fold) before the
measurements.

The CBZ content in the prepared NPs was determined as
follows: 20 mL DCM:ethanol (1:1, v/v) mixture was
added to the lyophilized NPs (20 mg) and kept in an
ultrasonic bath for 15 min. Then, the mixture was stirred
on a magnetic stirrer for 3 h and filtered (PTFE
membrane filter; 0.45 pm). The CBZ content in the
samples was determined using a validated HPLC method
(Kandilli et al. 2018). The percentage of encapsulation
efficiency (EE%) and percent drug loading (DL%) were
calculated (Kandilli et al., 2020).

Also, the DCS, FT-IR and XRD analyzes were performed
for NPs formulations. The conditions of these analyzes
are given in Table 1.

Analysis Device Conditions
DSC Differential Scanning Calorimetry (Hitachi STA 7300, 25-250 °C; 10 °C/min; a constant flow of
Japan) nitrogen gas (200 mL/min)
Fourier Transform Infrared Spectroscopy (Shimadzu
FT-IR . 4000-400 cm?
IRSpirit-T, Japan)
CuKa radiation (A 1.5406 A); 0.5° divergence
XRD PANalytical Empyrean diffractometer (Netherlands) ( ) 8

slit; 20 range of 10-90°

BSJ Eng Sci / Afife Biisra UGUR KAPLAN and Meltem CETIN 875



Black Sea Journal of Engineering and Science

2.3.1. Invitro release studies

The release studies were performed in phosphate buffer
(PB, pH 6.8) or HCl (pH 1.2) using the dialysis bag
method. NPs were dispersed in 1 mL of release medium,
and the dispersion was placed in a dialysis bag (MWCO
14000 Da; Sigma-Aldrich). The dialysis bags were
immersed in the release media (50 mL) in the vials in a
water bath shaker (horizontal, 50 rpm, 37%0.5 °C).
Samples (1 mL) were withdrawn at selected time points,
and 1 mL of release medium was added to maintain the
“Sink Condition”. The samples were filtered (PVDF
membrane filter; 0.45 pm), and CBZ contents of the
samples were analyzed by the HPLC method validated in
our study (Kandilli et al. 2018).

3. Results and Discussion

The TEM images of NPs showed that almost spherical
NPs were prepared (Figure 1). While the particle size
values of NPs with 20 mg of Zein were smaller than 229
nm, the particle size values of NPs with 40 mg of Zein
were smaller than 252 nm. The PDI value of all NP
formulations was below 0.3, indicating a narrow particle
size distribution. The EE% values of PLGA-NPs with Zein
(20 mg or 40 mg) were about 64% and 56%, respectively
(Table 2). The DL% values calculated for these

a b

formulations are given in Table 2. Considering the
particle size, EE% and DL% values, PLGA NPs with 20 mg
Zein were selected for coating with chitosan. Then, PLGA-
Zein-Ch NPs were prepared by coating PLGA-Z(20)-NP
with chitosan (mentioned in methods). There was no
significant difference between the particle sizes of the
CBZ-containing PLGA-Zein-NP formulations and their
respective blank-NP formulations (P>0.05). However,
increasing the amount of zein in the formulation (from
20 mg to 40 mg) caused a significant increase in NPs
particle sizes (P<0.05) (Table 2). Moreover, the addition
of chitosan to the formulation containing 20 mg Zein did
not cause a significant change in particle sizes of NPs
(P>0.05, Table 2).

In this study, ZP measurement was also carried out. ZP
specifies the NP’surface charge and is important for
predicting the physical stability of NPs dispersions. In
our study, negative zeta potential values were obtained
for PLGA- Zein (20 mg or 40 mg) NPs (absolute value less
than or equal to approximately 12 mV; Table 2) due to
the presence of terminal carboxylic groups in PLGA, the
PVA adsorption on the surface of particles, and the
rearrangement of Zein (Mura et al,, 2011; Gagliardi et al,,
2021).

Figure 1. The TEM images of CBZ-PLGA-Z(20)-NP (a), CBZ-PLGA-Z(40)-NP (b) and CBZ-PLGA-Z(20)-Ch-NP (c). [CBZ:
Carbamazepine; Ch: Chitosan; NP: nanoparticle, PLGA: poly(lactic-co-glycolic) acid; Z: Zein; CBZ-PLGA-Z(20)-NP: CBZ-
loaded PLGA-Zein nanoparticles with 20 mg Zein; CBZ-PLGA-Z(40)-NP: CBZ-loaded PLGA-Zein nanoparticles with 40
mg Zein; CBZ-PLGA-Z(20)-Ch-NP: Chitosan-coated CBZ-loaded PLGA-Zein nanoparticles with 20 mg Zein].

Table 2. The particle size, PDI, zeta potential, EE (%) and DL (%) values for Blank- NPs and CBZ-loaded NPs

Formulation Particle Size (nm) PDI Zeta Potential (mV) EE% DL%
(n=9; X+SD) (n=9; X+SD) (n=9; X+SD) (n=6; X+SD)  (n=6; X+SD)

B-PLGA-Z(20)-NP 227.91+9.872 0.19+0.05 -12.11+1.45

CBZ-PLGA-Z(20)-NP 222.06£14.20b 0.14+0.03 -8.51+1.36 63.96+2.08¢ 21.79+0.69

B-PLGA-Z(40)-NP 250.82+7.502 0.21£0.01 -12.10+2.11

CBZ-PLGA-Z(40)-NP 244.62+5.57b 0.18+0.03 -6.86x1.41 56.35£1.93¢ 16.32+0.50

B-PLGA-Z(20)-Ch-NP 226.20+11.40 0.20+0.02 39.98+2.63

CBZ-PLGA-Z(20)-Ch-NP 221.46%6.12 0.19+0.02 37.69+5.89 62.28+3.09 21.33%0.63

a= P<0.05 between B-PLGA-Z(20)-NPs and B-PLGA-Z(40)-NPs; bandc= P<(.05 between CBZ-PLGA-Z(20)-NPs and CBZ-PLGA-Z(40)-NPs.
[B= blank; CBZ= carbamazepine; Ch= chitosan; NP= nanoparticle, PLGA= poly(lactic-co-glycolic) acid; SD= standard deviation; X=
mean; Z= zein; B-PLGA-Z(20)-NP= blank PLGA-Zein nanoparticles with 20 mg Zein; B-PLGA-Z(40)-NP= blank PLGA-Zein nanoparticles
with 40 mg Zein; CBZ-PLGA-Z(20)-NP= CBZ-loaded PLGA-Zein nanoparticles with 20 mg Zein; CBZ-PLGA-Z(40)-NP= CBZ-loaded PLGA-
Zein nanoparticles with 40 mg Zein; B-PLGA-Z(20)-Ch-NP= chitosan-coated blank-PLGA-Zein nanoparticles with 20 mg Zein; CBZ-
PLGA-Z(20)-Ch-NP= chitosan-coated CBZ-loaded PLGA-Zein nanoparticles with 20 mg Zein].
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Colloidal drug carriers with ZP values between -10 mV
and +10 mV are considered neutral (Clogston and Patri,
2011). In addition, we found that PLGA-Zein (20 mg)-Ch
NP formulations had positive zeta potential values
(greater than 30 mV; Table 2) due to the adsorption of
chitosan, a cationic polymer, on the surface of PLGA-Zein
NPs (Pauluk et al, 2019; Dandamudi et al, 2021). The
dispersions of NPs with ZP values of <-30 mV or 2+30
mV are considered to have sufficient physical stability
(Clogston and Patri, 2011; Ugur Kaplan et al,, 2023). We
carried out DSC and FT-IR analysis to determine whether
there was an interaction between CBZ and other
components in the NP formulation. Figure 2 shows the
FT-IR spectra recorded for CBZ and blank- and CBZ-
loaded NPs. CBZ's FT-IR spectrum the
characteristic peaks that we detailed in our previous

showed

study (Kandilli et al., 2020). Additionally, it can be seen in
Figure 2 that the FT-IR spectra of blank-NPs and the
corresponding CBZ-loaded NPs are similar. Furthermore,
Figure 3 shows DSC thermograms obtained for CBZ and
blank- and CBZ-loaded NPs. DSC analysis is also used to
evaluate of active substances in the formulations. The
endothermic peaks seen at 171.5 °C and 191.3 °C (as
distinct) in the DSC thermogram obtained for CBZ were
not observed in the DSC thermograms of CBZ-loaded NPs
formulations. This supports the result obtained by FT-IR
analysis. Ma et al. (2020) reported that the DSC
thermogram of CBZ-form III showed two endothermic
peaks at 175 °C (related to its melting point) and 192 °C.
It also stated that the endothermic peak related to its
melting point was observed at 192 °C in the thermogram
of CBZ-form I (Ma et al. 2020).
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Figure 2. FT-IR spectra of free CBZ and all NP formulations [B= blank; CBZ= carbamazepine; Ch= chitosan; NP=
nanoparticle, PLGA= poly(lactic-co-glycolic) acid; Z= zein; B-PLGA-Z(20)-NP= blank PLGA-Zein nanoparticles with 20
mg Zein; B-PLGA-Z(40)-NP= blank PLGA-Zein nanoparticles with 40 mg Zein; CBZ-PLGA-Z(20)-NP= CBZ-loaded PLGA-
Zein nanoparticles with 20 mg Zein; CBZ-PLGA-Z(40)-NP= CBZ-loaded PLGA-Zein nanoparticles with 40 mg Zein; B-
PLGA-Z(20)-Ch-NP= chitosan-coated blank-PLGA-Zein nanoparticles with 20 mg Zein; CBZ-PLGA-Z(20)-Ch-NP=
chitosan-coated CBZ-loaded PLGA-Zein nanoparticles with 20 mg Zein].
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Figure 3. DSC thermograms of free CBZ and all NP formulations (Abbreviations used for the samples are as in Figure 2).

In addition, XRD patterns of free CBZ, blank- and CBZ-

loaded nanoparticles were recorded (Figure 4). In the
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XRD patterns of free CBZ, there are several distinct
diffraction peaks at 13.2°, 15.4°, 16.0°, 19.6°, 25.1°, and
27.7°,30.9° 32.2° (related to CBZ form IlI), indicating its
crystalline character. Similar XRD patterns for CBZ were
obtained in previous studies (Wang et al, 2012;
Caliandro et al, 2013; Pinto et al., 2014; Krsti¢ et al,,
2015). However, in the XRD patterns of CBZ-loaded NPs,
several peaks related to CBZ appeared but in much less
intensity. This supports the result obtained by DSC
analysis and shows that CBZ is successfully entrapped
within the prepared NPs.

EE% and DL% values calculated for the formulations are
given in Table 2. A significant decrease (P<0.05) was
observed in the EE% and DL% values by increasing the
amount of zein in the formulation (from 20 mg to 40 mg).
However, it was determined that the addition of chitosan
to the formulation with Zein (20 mg) did not cause a
significant change in the EE% and DL% values (P>0.05).
Many factors (solubility of the active substance, the
affinity of active substance to polymer, manufacturing
process, etc.) have an impact on the EE (%). Therefore,
the different physicochemical properties of the polymers
with  different affect  the
entrapment/encapsulation process (Valo et al., 2009). In
our study, increasing the amount of Zein in the
formulation may have negatively affected the PLGA-CBZ
interaction.

chemical structures

Liu et al. (2021) developed docosahexaenoic acid-loaded
zein nanoparticles or Zein+PLGA nanoparticles. The EE
(%) values obtained for docosahexaenoic acid-loaded
nanoparticles prepared using PLGA+Zein were higher
than the EE (%) values determined for nanoparticles
prepared using Zein alone. Additionally, increasing the

Zein:docosahexaenoic acid ratio from 10:1 to 50:1 in the
formulation did not cause a significant change in the EE
(%) values obtained for Zein+PLGA nanoparticles. It has
been reported that PLGA can support the entrapment of
docosahexaenoic acid, which is a hydrophobic
polyunsaturated fatty and hardly soluble in water, into
Zein + PLGA nanoparticles and allows to obtain increased
EE% values (Liu et al., 2021).

In vitro release studies were carried out in the different
release media (HCl pH 1.2 and PB pH 6.8). The release
profiles of CBZ from the prepared NPs are given in Figure
5. While the CBZ release from PLGA NPs containing 20
mg or 40 mg Zein and PLGA-Zein-Ch NPs in the HCI (pH
1.2) release medium in the first hour was approximately
17%, 20% and 16%, respectively; in the PB (pH 6.8)
release medium, it was approximately 15%, 20% and
14%, respectively. It indicates a burst drug release.
Furthermore, at 48 h, CBZ release from PLGA NPs
containing 20 mg or 40 mg Zein and PLGA-Zein-Ch NPs
was determined to be approximately 100% for the three
NP formulations (in HCI release medium) and 99%,
100% and 98% (in PB release medium), respectively
(Figure 5). These results indicate that the pH of the
release medium, the amount of Zein in the formulation,
or the chitosan coating do not have a significant effect on
the CBZ release from NPs. As a result, the release profiles
of all NPs formulations showed that a pH-independent
and sustained-CBZ release up to 48 h in both release
media was achieved. In addition, PLGA nanoparticles
exhibit a biphasic release pattern with an initial burst
release of the active substance followed by sustained
release (Kandilli et al. 2020; Sakhi et al., 2022).
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Figure 4. X-ray patterns of free CBZ and all NP formulations [B= blank; CBZ= carbamazepine; Ch= chitosan; NP=
nanoparticle, PLGA= poly(lactic-co-glycolic) acid; Z= zein; B-PLGA-Z(20)-NP= blank PLGA-Zein nanoparticles with 20
mg Zein; B-PLGA-Z(40)-NP= blank PLGA-Zein nanoparticles with 40 mg Zein; CBZ-PLGA-Z(20)-NP= CBZ-loaded PLGA-
Zein nanoparticles with 20 mg Zein; CBZ-PLGA-Z(40)-NP= CBZ-loaded PLGA-Zein nanoparticles with 40 mg Zein; B-
PLGA-Z(20)-Ch-NP= chitosan-coated blank-PLGA-Zein nanoparticles with 20 mg Zein; CBZ-PLGA-Z(20)-Ch-NP=
chitosan-coated CBZ-loaded PLGA-Zein nanoparticles with 20 mg Zein].
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Figure 5. In vitro release profiles of CBZ-PLGA-Z(20)-NP, CBZ-PLGA-Z(40)-NP and CBZ-PLGA-Z(20)-Ch-NP at HCI pH
1.2 (a) and PB pH 6.8 (b) (X+SD; n=3) [CBZ= carbamazepine; Ch= chitosan; NP= nanoparticle, PLGA= poly(lactic-co-
glycolic) acid; Z= Zein; CBZ-PLGA-Z(20)-NP= CBZ-loaded PLGA-Zein nanoparticles with 20 mg Zein; CBZ-PLGA-Z(40)-
NP= CBZ-loaded PLGA-Zein nanoparticles with 40 mg Zein; CBZ-PLGA-Z(20)-Ch-NP= Chitosan-coated CBZ-loaded

PLGA-Zein nanoparticles with 20 mg Zein].

Kandilli et al. (2020) developed CBZ and levetiracetam-
loaded NPs. They performed an in vitro release study in
pH 7.4-PB medium using a dialysis bag (cutoff MW
14,000 Da) method. It was observed that approximately
40% and 90% of CBZ were released from NPs within 3 h
and 48 h, respectively. The release profile showed that an
initial burst CBZ release was followed by sustained CBZ
release (Kandilli et al.,, 2020).

Besides, Zybina et al. (2018) prepared the CBZ-loaded
PLGA nanoparticles via high pressure homogenization
followed by solvent evaporation. An in vitro release study
was carried out by resuspending the lyophilized NPs in
PBS (pH 7.4), diluting this suspension 25-fold with PBS,
and then incubating at 37 °C under continuous shaking.
They reported that about 90% of CBZ was released from
NPs after 1 h of incubation (Zybina et al., 2018).

4. Conclusion

CBZ-loaded PLGA NPs with Zein (20 mg or 40 mg) and
CBZ-loaded PLGA-Zein (20 mg)-Ch-NPs were successfully
prepared and characterized. Compared to the NP
formulation with 40 mg Zein (PLGA:Zein, 2:1 w/w and
Zein:CBZ, 1:1 w/w), the NP formulation with 20 mg Zein
(PLGA:Zein 4:1 w/w and Zein :CBZ 1:2 w/w) had a
smaller average particle size and also a higher
encapsulation efficiency value. Furthermore, the coating
of the optimum formulation (containing 20 mg Zein) with
chitosan did not lead to a significant difference in the
particle size and EE (%) value of this formulation.
However, chitosan coating allowed obtaining a zeta
potential value above +30 mV, which is a suitable value
for the physical stability of a colloidal dispersion. The
positive zeta potential values indicate that the NPs were
successfully coated with chitosan. A sustained release of
CBZ from all prepared NPs formulations was achieved
until 48th h.

Author Contributions

The percentage of the author(s) contributions is
presented below. All authors reviewed and approved the
final version of the manuscript.

AB.UK. M.C.
C 100
50 50
S 100
DCP 100
DAI 50 50
L 50 50
w 50 50
CR 50 50
SR 50 50
PM 50 50
FA 50 50

C=Concept, D= design, S= supervision, DCP= data collection
and/or processing, DAI= data analysis and/or interpretation, L=
writing, CR=
submission and revision, PM= project management, FA= funding

literature search, W= critical review, SR=

acquisition.

Conflict of Interest
The authors declared that there is no conflict of interest.

Ethical Consideration

Ethics committee approval was not required for this
study because of there was no study on animals or
humans.

References

André de Almeida Campos L, Francisco Silva Neto A, Cecilia
Souza Noronha M, Ferreira de Lima M, Macario Ferro
Cavalcanti I, Stela Santos-Magalhdes N. 2023. Zein
nanoparticles for drug delivery: Preparation methods and
biological applications. Int ] Pharm, 635 122754.
https://doi.org/10.1016/j.ijpharm.2023.122754

BSJ Eng Sci / Afife Biisra UGUR KAPLAN and Meltem CETIN

879



Black Sea Journal of Engineering and Science

Caliandro R, Di Profio G, Nicolotti 0. 2013. Multivariate analysis
of quaternary carbamazepine-saccharin mixtures by X-ray
diffraction and infrared spectroscopy. ] Pharm Biomed Anal,
78-79: 269-279. https://doi.org/10.1016/j.jpba.2013.01.042

Clogston ]JD, Patri AK. Zeta potential measurement. 2011.
Methods Mol Biol, 697: 63-70. https://doi.org/10.1007/978-
1-60327-198-1_6

Dandamudi M, McLoughlin P, Behl G, Rani S, Coffey L, Chauhan
A. 2021. Chitosan-coated PLGA nanoparticles encapsulating
triamcinolone acetonide as a potential candidate for
sustained ocular drug delivery. Pharmaceutics, 13(10): 1590.
https://doi.org/10.3390/pharmaceutics13101590

Devinsky O, Vezzani A, O’Brien TJ, Jette N, Scheffer IE, de Curtis
M. 2018. Epilepsy. Nat Rev Dis Primers, 4(1): 1-24.
https://doi.org/10.1038/nrdp.2018.24

Gagliardi A, Paolino D, Costa N, Fresta M, Cosco D. 2021. Zein-
vs PLGA-based nanoparticles containing rutin: A comparative
investigation. Mater Sci Eng C Mater Biol Appl, 118: 111538.
https://doi.org/10.1016/j.msec.2020.111538

Green SF, Nguyen P, Kaalund-Hansen K, Rajakulendran S,
Murphy E. 2020. Effectiveness, retention, and safety of
modified ketogenic diet in adults with epilepsy at a tertiary-
care centre in the UK. ] Neurol, 267(4): 1171-1178.
https://doi.org/10.1007/s00415-019-09658-6

Guery D, Rheims S. 2021. Clinical management of drug resistant
epilepsy: A review on current strategies. Neuropsychiatr Dis
Treat, 17: 2229-2242.
https://doi.org/10.2147 /NDT.S256699

Kandilli B, Ugur AB, Cetin M, Miloglu FD. 2018. A simple HPLC-
UV method for simultaneous determination of levetiracetam
and carbamazepine. HUJPHARM, 38(2): 58-64.

Kandilli B, Ugur Kaplan AB, Cetin M, Taspinar N, Ertugrul MS,
Aydin IC, et al. 2020 Carbamazepine and levetiracetam-
loaded PLGA nanoparticles prepared by nanoprecipitation
method: in vitro and in vivo studies. Drug Dev Ind Pharm,
46(7): 1063-1072.
https://doi.org/10.1080/03639045.2020.1769127

Kanner AM, Bicchi MM. 2022. Antiseizure medications for
adults with epilepsy: A review. JAMA, 327(13): 1269-1281.
https://doi.org/10.1001/jama.2022.3880

Krsti¢ M, Popovi¢ M, Dobrici¢ V, Ibri¢ S. 2015. Influence of solid
drug delivery system formulation on poorly water-soluble
drug dissolution and permeability. Molecules, 20(8): 14684-
98. https://doi.org/10.3390/molecules200814684

Liu E, Su Z, Yang C, Ji Y, Liu B, Meng X. 2021. Fabrication,
characterization and properties of DHA-loaded nanoparticles
based on zein and PLGA. Food Chem, 360: 129957.
https://doi.org/10.1016/j.foodchem.2021.129957

Lo JCY. 2014. Carbamazepine. In: Wexler P, editor.
Encyclopedia of Toxicology (Third Edition). Academic Press,
Oxford, UK, pp: 665-667.

Ma X, Miiller F, Huang S, Lowinger M, Liu X, Schooler R, et al.
2020. Influence of carbamazepine dihydrate on the
preparation of amorphous solid dispersions by hot melt
extrusion. Pharmaceutics, 12(4): 379.
https://doi.org/10.3390/pharmaceutics12040379

Maan JS, Duong T vi H, Saadabadi A. Carbamazepine. 2024. URL:
http: //www.ncbi.nlm.nih.gov/books/NBK482455/
(accessed 26 February 2024).

Manole AM, Sirbu CA, Mititelu MR, Vasiliu O, Lorusso L, Sirbu
OM. 2023. State of the art and challenges in epilepsy—A
narrative review. ] Pers Med, 13(4): 623. https://doi.org/
10.3390/jpm13040623

Mura S, Hillaireau H, Nicolas ], Le Droumaguet B, Gueutin C,
Zanna S. 2011. Influence of surface charge on the potential

toxicity of PLGA nanoparticles towards Calu-3 cells. Int ]
Nanomedicine, 6: 2591-2605.
https://doi.org/10.2147 /I]N.S24552

Pascoli M, de Lima R, Fraceto LF. 2018. Zein nanoparticles and
strategies to improve colloidal stability: A mini-review. Front
Chem, 6: 6. https://doi.org/10.3389/fchem.2018.00006

Pauluk D, Padilha AK, Khalil NM, Mainardes RM. 2019.
Chitosan-coated zein nanoparticles for oral delivery of

resveratrol: Formation, characterization, stability,
mucoadhesive properties and antioxidant activity. Food
Hydrocolloids, 94 411-417.

https://doi.org/10.1016/j.foodhyd.2019.03.042

Pearce RE, Lu W, Wang Y, Uetrecht JP, Correia MA, Leeder ]JS.
2008. Pathways of carbamazepine bioactivation in vitro. III.
The role of human cytochrome P450 enzymes in the
formation of 2,3-dihydroxycarbamazepine. Drug Metab
Dispos, 36(8): 1637-1649.
https://doi.org/10.1124/dmd.107.019562

Pinto MAL, Ambrozini B, Ferreira APG, Cavalheiro ETG. 2014.
Thermoanalytical
hydration/dehydration, thermal decomposition, and solid
phase transitions. Braz ] Pharm Sci, 50(4): 877-884.

Qushawy M, Prabahar K, Abd-Alhaseeb M, Swidan S, Nasr A.
2019. Preparation and evaluation of carbamazepine solid

studies of carbamazepine:

lipid nanoparticle for alleviating seizure activity in
pentylenetetrazole-kindled mice. Molecules, 24(21): 3971.
https://doi.org/10.3390/molecules24213971

Sakhi M, Khan A, Igbal Z, Khan I, Raza A, Ullah A. 2022. Design
and characterization of paclitaxel-loaded polymeric
nanoparticles decorated with trastuzumab for the effective
treatment of breast cancer. Front Pharmacol, 13: 855294.
https://doi.org/10.3389/fphar.2022.855294”

Sarmast ST, Abdullahi AM, Jahan N. 2020. Current classification
of seizures and epilepsies: Scope, limitations and
recommendations for future action. Cureus, 12(9): e10549.
https://doi.org/10.7759/cureus.10549.

Scioli Montoto S, Sbaraglini ML, Talevi A, Couyoupetrou M, Di
Ianni M, Pesce GO. 2018. Carbamazepine-loaded solid lipid
nanoparticles and  nanostructured lipid  carriers:
Physicochemical characterization and in vitro/in vivo
evaluation. Colloids Surf B Biointerfaces, 167: 73-81.
https://doi.org/10.1016/j.colsurfb.2018.03.052

Stafstrom CE, Carmant L. 2015. Seizures and epilepsy: An
overview for neuroscientists. Cold Spring Harb Perspect Med,
5(6): a022426.
https://doi.org/10.1101/cshperspect.a022426

Swider E, Koshkina O, Tel ], Cruz L], de Vries IJM, Srinivas M.
2018. Customizing poly(lactic-co-glycolic acid) particles for
biomedical applications. Acta Biomater, 73: 38-51.
https://doi.org/10.1016/j.actbio.2018.04.006

Ugur Kaplan AB, Cetin M, Bayram C, Yildirim §,
Taghizadehghalehjoughi A, Hacimuftuoglu A. 2023. In vivo
evaluation of nanoemulsion formulations for metformin and
repaglinide alone and combination. ] Pharm Sci, 112(5):
1411-1426. https://doi.org/10.1016/j.xphs.2023.01.008

Utamek-Koziol M, Czuczwar SJ, Januszewski S, Pluta R. 2019.
Ketogenic Diet and Epilepsy. Nutrients, 11(10): 2510.
https://doi.org/10.3390/nu11102510

Uzunovi¢ A, Vrani¢ E, Hadzidedi¢ S. 2010. Impairment of the in
vitro release of carbamazepine from tablets. Bosn ] Basic Med
Sci, 10(3): 234-238.
https://doi.org/10.17305/bjbms.2010.2693

Valo H, Peltonen L, Vehvildinen S, Karjalainen M, Kostiainen R,
Laaksonen T. 2009. Electrospray encapsulation of
hydrophilic and hydrophobic drugs in poly(l-lactic acid)

BSJ Eng Sci / Afife Biisra UGUR KAPLAN and Meltem CETIN 880



Black Sea Journal of Engineering and Science

nanoparticles. Small, 5(15):
https://doi.org/10.1002/smll.200801907
Wang Z, Chen B, Quan G, Li F, Wu Q, Dian L. 2012. Increasing
the oral bioavailability of

1791-1798.

poorly  water-soluble
carbamazepine using immediate-release pellets supported on
SBA-15 mesoporous silica. Int ] Nanomedicine, 7: 5807-5818.
https://doi.org/10.2147/IJN.S37650

WHO. 2024. Epilepsy. URL: https://www.who.int/news-
room/fact-sheets/detail/epilepsy (accessed 26 February

2024).

Wu D, Fei F, Zhang Q, Wang X, Gong Y, Chen X. 2022.
Nanoengineered on-demand drug delivery system improves
efficacy of pharmacotherapy for epilepsy. Sci Adv, 8(2):
eabm3381. https://doi.org/10.1126 /sciadv.abm3381

Zybina A, Anshakova A, Malinovskaya ], Melnikov P, Baklaushev
V, Chekhonin V. 2018. Nanoparticle-based delivery of
carbamazepine: A promising approach for the treatment of
refractory epilepsy. Int ] Pharm, 547(1): 10-23.
https://doi.org/10.1016/j.ijpharm.2018.05.023

BSJ Eng Sci / Afife Biisra UGUR KAPLAN and Meltem CETIN 881



Black Sea Journal of Engineering and Science
doi: 10.34248/bsengineering.1495259

Open Access Journal Arastirma Makalesi (Research Article)

e-ISSN: 2619 - 8991 Cilt 7 - Say1 5: 882-893 / Eyliil 2024
(Volume 7 - Issue 5: 882-893 / September 2024)

METAKAOLIN KULLANILARAK KUM BIiR ZEMINE YAPILAN
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Ozet: Bu calismada, metakaolin kullanilarak stabilize edilen yol taban zemininin, {izerine tasarlanan rijit bir yolun tabaka kalinligina
ve yapim maliyetine etkileri incelenmistir. {lk olarak, zemin smiflandirma deneyleri ile zemin simifi tespit edilmis ve zemin
ozelliklerinin belirlenmesi amaciyla bazi laboratuvar deneyleri yapilmistir. Daha sonra, zemine agirlikca %3, %6, %9, %12 ve %15
metakaolin ilave edilerek hazirlanan zemin numunelerine standart proktor deneyi uygulanmistir. Ardindan, 28 giin boyunca kiir
siiresine tabi tutulan ve farkli oranlarda metakaolin kullanilarak hazirlanan numunelere serbest basing deneyi yapilmistir. Deneyler
sonucunda, en yiikksek dayanim %12 oraninda metakaolin iceren karisim numunelerinde elde edilmistir. Daha sonra, katkisiz ve %12
oraninda metakaolin katkill numunelere 28 giin kiir siiresinin ardindan, uygulanan Kaliforniya tasima giicli orani deneyi neticesinde,
dayanimin %227,56 arttif1 tespit edilmistir. Deneysel calismalardan sonra, Amerikan Devlet Karayollar1 ve Ulastirma Birligi (AASHTO)
tarafindan onerilen rijit yol lstyapi tasarim esaslarina gore istyap:r tabaka kalinhigl ve maliyeti arastirilmistir. Hesaplamalar
neticesinde, %12 oraninda metakaolin ile iyilestirilen yol taban zemininin, rijit Gistyap: tabaka kalinligin1 %29,17 oraninda ve maliyeti
%2,68 oraninda diisiirdiigii tespit edilmistir.

Anahtar kelimeler: Kotii derecelenmis kum, Zemin 1slahi, Metakaolin, Ulastirma geoteknigi

Investigation of the Effects of Soil Improvement in Sandy Soil Using Metakaolin on Rigid Pavement Thickness

and Cost
Abstract: In this study, the effects of subgrade soil improved by the usage of metakaolin on the layer thickness and construction cost of
a rigid road designed on it were investigated. First, soil classification tests were conducted to determine the soil class, and several
laboratory tests were performed to identify soil properties. Then, standard proctor tests were applied to soil samples prepared by
adding 3%, 6%, 9%, 12%, and 15% metakaolin by weight. Subsequently, unconfined compressive strength tests were conducted on the
samples prepared with different proportions of metakaolin after a curing period of 28 days. As a result of the tests, the highest strength
was obtained in samples containing 12% metakaolin. Then, after 28 days of curing, the California bearing ratio test was applied to the
samples prepared without additives and with 12% metakaolin, resulting in a 227.56% increase in strength value. After the
experimental studies, pavement layer thickness and cost were investigated according to the rigid pavement design guidelines
recommended by the American Association of State Highways and Transportation (AASHTO). As a result of the calculations, it was
determined that the subgrade improved with 12% metakaolin reduced the rigid pavement layer thickness by 29.17% and the cost by
2.68%.
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1. Giris tasima giicii zayif zeminlere sahip gilizergahlarda
Ulasim ihtiyacimn ~ karsilanmasinda  yaygin  olarak yapilmasi planlanan stabilizasyon faaliyetleri,
kullanilan karasal ulasim yapilarinin dizayn ve yapim tasarimlarin ekonomik  ve guvenli sekilde

safhasinda goz 6niine alinan kriterlerin basinda zemin uygulanmasinin énemli bir pargasidir (Uzuner, 2016;

durumu, trafik, bélgesel ve ekonomik faktorler yer Tung, 2002). Glinimiizde stabilizasyon uygulamalarinda

almaktadir. Bolgesel ve ekonomik gerekliliklerin kireg, ¢imento ve bitim gibi malzemelerin (Tung, 2007)

karsilanmasi  maksadiyla  belirlenen  karayollari yaninda, alternatif malzemeler ile zeminlerin tasima
glizergahlarinda yapilan zemin etiitleri neticesinde tespit giiciiniin  arttirlmasina  yénelik ¢alismalar vasitasiyla
(Demir ve Sarici, 2017; Sarici, 2014; Ok ve ark., 2021;

Saricl ve ark., 2022) tasarimlarin daha giivenli, ekonomik

edilen zemin 6zellikleri, karayolu tasarimlarinin emniyet
ve ekonomik kisitlar goéz oOniine alinarak hayata
gecirilmesinde biiyilkk 6nem arz etmektedir. Ozellikle ve gevreye saygill bir sekilde insa edilmesine katkida
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saglayacag diisiiniilmektedir. Kumar ve Sharma (2004)
tarafindan, ugucu kiiliin farkh oranlarda (%5, %10, %15,
%?20) kanistirlmasiyla elde
plastisite, kompaksiyon ve dayamim
arastirllmistir. Kompaksiyon testlerine gore, ugucu kiil

edilen numunelerin

ozellikleri

orani arttik¢a plastik limit ve maksimum kuru yogunluk
degerleri yiikselirken, optimum su igerigi ve likit limit
degerleri diisiis gostermistir. Ucucu kiil
artmasiyla, karisimlarin serbest basing dayaniminin
arttigini belirtmislerdir. Jauberthie ve ark. (2010), nehir
siltlerinin ¢imento ve kire¢ ile stabilizasyonunu
arastirmislardir. Hem kire¢ hem de cimento ile yapilan
iyilestirmeler sonucunda Kaliforniya tasima orani (KTO)
basing dayanimi degerlerinde artis
gozlemlemislerdir. Oksiiz ve Yildiz (2006), kumlu zemine
%5 oraninda sabit cimento ve %0, %5, %10, %15, %20
oranlarinda degisen miktarlarda ugucu kil ekleyerek
deneysel calismalar yapmiglardir. Ugucu kilin dogal
zemin eklenmesiyle, serbest basing
dayanimi degerlerinde %100 ile %500 arasinda artis
tespit etmislerdir. Gegkil ve ark. (2021a), killi kum bir
zemini atik arag lastiklerinden iiretilen siyah karbon (SK)
ile stabilizasyonu yonelik arastirmalar yapmislardir.
Deneyler neticesinde %10 oraninda SK kullanilmasiyla, 1,
7 ve 28 giin kiir siirelerinden sonra KTO degerlerinde kiir
sirasina gore 1,28 kat, 1,77 kat ve 2,87 kat artis
gozlemlemislerdir. Kulanthaivel ve ark. (2023), killi
zeminin stabilizasyonuna yonelik kire¢ ve atik yumurta
kabugu tozu ile arastirma yapmislardir. %9 kirec¢ ve %12
atik yumurta kabugu tozu karisimi kombinasyonu ile en
yliksek mukavemet degerini elde etmislerdir. Sarici
(2019), yiiksek firin ctirufu (YFC) ve ugucu kiil kullanarak
ingaat atiklarini dolgu olarak
kullanilabilirligini arastirdign ¢alismada, %20 YFC
ilavesinin en yiiksek dayanim degerini sagladigini tespit
etmistir. Bu katki oraninda, serbest basing mukavemeti
ve KTO degerlerine gore, 7 giin kiir sonunda 14,72 kat, 28
giin kiir sonunda ise 25 kat maksimum artis gormiistiir.
Cmar (2024) 07 Subat 2023’de meydana gelen
Kahramanmaras depremi akabinde meydana gelen gaz
beton  (GB)
iyilestirilmesine yonelik %5, %10, %15, %20 oranlarinda
ve %10 sabit Afsin Elbistan yiiksek firin clirufu (AEC)
karisimlar Arastirmasi

oraninin

ve serbest

numunesine

yikintisi graniil

atiklarinin, killi kumlu zemini

orant ile hazirlamistir.
neticesinde, %10 AEC ve %15 GB atig1 kullanilmasinin en
iyi gliclendirilmeyi sagladigini belirtmistir.

Kaolin kilinin saflastirilmasiyla elde edilen, amorf bir
yapiya sahip ve beyaz renkli metakaolinin, stabilizasyon
malzemesi olarak cesitli zemin tiplerinin iyilestirilmesine
yonelik calismalarda (Ayyappan ve ark. 2017; Reddy ve
ark., 2018; Abdulkareem ve Abbas, 2021; Wassie ve
Demir, 2024) kullanildigt ve basarih olundugu
goriilmektedir. Bu c¢alismalardan Ayyappan ve ark.
(2017) killi bir zeminde farkl oranlarda metakaolin ile
yapilan ¢alismalarda kohezyon ve mukavemet
parametrelerinin iyilestirilmesinde etkili oldugunu
belirlemislerdir. Reddy ve ark. (2018), siyah pamuklu
zeminin (black cotton soil) stabilizasyonunu ugucu Kkiil,

metakaolin ve bunlarin karisimlari ile test etmislerdir.
Deney sonuclarinda, %9 oraninda ucucu ki, %12
oraninda metakaolin ve %8 oraninda ugucu kil + %6
oraninda metakaolin eklenerek en yiiksek mukavemet
degerlerinin elde edildigini gostermislerdir.
Abdulkareem ve Abbas (2021) laterit zemini iyilestirmek
amaciyla
arastirmiglardir. Yapilan serbest basing ve Kaliforniya
Tasima Orani (CBR) neticesinde, metakaolin igeriginin
artmasiyla zeminin miihendislik 6zelliklerinde genel bir
iyilesme meydana geldigi, en iyilesmenin % 30
metakaolin iceren karisimdan elde edildigini tespit
etmiglerdir. Wassie ve Demir (2024), yiiksek plastisiteli
inorganik silt lizerinde ¢imento ve metakaolin ile yapilan
stabilizasyon deneylerinde %8 ¢imento ve %3
metakaolin ilavesinde en iyi serbest basing degerlerine
ulasildigini, ayrica kesme mukavemeti parametrelerinde
onemli bir artis meydana geldigini tespit etmislerdir.

Bu arastirma kapsaminda yapilan literatiir incelemesi
neticesinde; kum bir yol taban zemininin metakaolin ile

metakaolin kullanim potansiyelini

stabilize edilmesinin rijit list yap1 tasarimina etkilerine
yonelik herhangi bir c¢alismaya ulasilamamistir. Bu
amagla kum stabilizasyon
edildikten sonra tabaka kalinliklar1 hesaplanarak ve
maliyet analizi yapilarak incelenmistir. Bunun igin

zemin metakaolin ile

elek analizi,
hidrometre, kivam limitleri ve piknometre gibi deney
yontemleriyle belirlenmistir. Ardindan, kum zemine
agirlikca %3, %6, %9, %12 ve %15 metakaolin katilarak
stabilize karisimlar hazirlanmistir. Katkisiz ve katkil
zemin Orneklerine standart proktor deneyi, serbest
basing deneyi ve KTO deneyleri uygulanmistir. Rijit yol
ist yapt kalinhg tasarimi AASHTO (1993) yontemiyle
gerceklestirilmis  ve tabaka maliyetleri

oncelikle zeminin fiziksel 6zellikleri

tasarim
hesaplanmistir.

2. Materyal ve Yontem

2.1. Zemin Ornegi

Calisma kapsaminda, Malatya Yazihan ilcesi Egribiik
Mahallesinden zemin o6rnegi temin edilmistir. Zemin
orneginin o6zelliklerini tespit icin ASTM D422-63 ve
ASTM C136/C136M standartlarina gore elek analizi ile
hidrometre deneyi yapilmis ve zeminin dane ¢api
dagilimi tespit edilmistir. Zeminin dane c¢ap1 dagilim
egrisi Sekil 1'de verilmistir.

Akabinde, ASTM D4318’e gore zemin 6rneginin kivam

limitleri belirlenmistir. Daha sonra, ASTM D824
standardina gore 6zgiil agirhgin tespiti icin piknometre
deneyi gerceklestirilmistir. Ardindan, zeminin

maksimum kuru yogunlugu (pkmax) ve optimum su icerigi
(opt) ASTM D698 esaslarinda standart proktor deneyi ile
tespit edilmistir. Uygulanan deneyler sonucunda
kullanilan zeminin “kétii derecelenmis kum” (SP) ve
AASHTO siniflandirma yo6ntemine goére “A-3” zemin
sinifina ait oldugu tespit edilmistir. Tablo 1'de deneyler
ile belirlenen zemin o&zellikleri ve S$ekil 2’de zemin

numunesinin fotografi sunulmustur.
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Sekil 1. Dane ¢ap1 dagilimi egrisi.
Tablo 1. Zemin numunesinin belirlenen 6zellikleri
Degisken Ad1 Simge Birim Degeri Standartlar
Maksimum kuru yogunlugu Prmax g/cm? 1,685 ASTM D698
Tane yogunlugu ps g/cm3 2,669 ASTM D824
Likit limit o % - ASTM D4318
Plastik limit o % - ASTM D4318
Plastisite Indisi PI % NP ASTM D4318
Optimum su icerigi Ot % 18,5 ASTM D698
Siiflandirma (Birlestirilmis Zemin Sinifi) - - SP ASTM D2487

Sekil 2. Zemin numunesi.

2.2 Metakaolin

Metakaolinin genel kimyasal bilesimi Al;Si2Os(OH)4
seklindedir ve kaolin Kkilinin saflastirilmasiyla elde
edilmektedir. Ayrica amorf bir yapiya sahiptir ve beyaz
renklidir. Uretim siirecinde, kil mineralleri yaklasik 100-
200°C sicaklikta iceriginde bulunan suyu kaybeder.

Kaolin kilinin suyunu kaybettigi dehidrolizasyon sicaklig1
ise 500°C ve 800°C arasindadir. Dehidrolizasyon
ardindan olusan sicaklikta, kaolinit yapisini korur ve
meydana gelen bu tiriine metakaolin denir. Metakaolinin
temel bilesenleri SiO2 ve Al:03'tiir. Bunun yani sira,
Fe203, Naz20 ve K20 gibi elementler az miktarda bulunur.
Metakaolinin katki malzemesi olarak kullanilmasi,
ozellikle SiO2 ve AlO3 igerigine dayanmaktadir.
Metakaolinin genellikle amorf veya az kristalli SiO2 gibi
bilesikleri daha ¢ok ticari amaglar i¢in kullanilan
iriinlerde yer almaktadir (Nebiogullary, 2010; Karahan,
2011). Deneysel ¢alismalarda kullanilan metakaolin'in
kimyasal 6zellikleri Tablo 2'de ve numune Ornegi ise
Sekil 3'te gosterilmistir.
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Tablo 2. Metakaolinin kimyasal 6zellikleri

Kimyasal Formiilii Al,Si205(0H)4
Renk Beyaz
Alz03 % 43,11
SiO2 % 56,68
K20 % 0,30
Ca0 % 0,30
SO3 % 0,0006
Fe203 % 1,38
MgO % 0,30
Naz0 % 0,62
Kizdirma Kaybi (KK) % 1,40

Sekil 3. Metakaolin numunesi goriintiisii.

2.3. Standart Proktor ve Serbest Basing Deneyleri

Standart proktor deneyi, su ile mekanik geregler
kullanilmasiyla havanin atilarak zemin numunesinin
Pkmax Ve @opt belirlenmesine dayanir. S6z konusu deney

ASTM D698 standardina uygun olarak gergeklestirilir.
Kullanilan kalip boyutlar1 yaklasik 105 mm ¢apinda ve
1155 mm yiiksekligindedir. Istenen su oranlariyla
yogrulan oOrnekler kaliba yerlestirilir ve 2,5 kg
agirhgindaki tokmak ile vurularak (25 defa) sikistirilma
islemi gerceklestirilir. 3 asamada serilme siireci yapilr,
son katmandan sonra Ustii diizeltilir ve kiitlesi belirlenir.
Bu asamalar, degisik oranlarda su iceriklerinde 5 kez
tekrarlanir ve her birinde su igerigi ile kuru yogunlugu
hesaplanir. Belirlenen veriler dogrultusunda
kompaksiyon egrisi olusturulur ve pkmax ile @opt belirlenir
(Yilmaz ve ark., 2017).

Serbest basin¢ deneyi, hazirlanan numunelere belirli kiir
slirelerinin  ardindan  dayanimlarinin
amaciyla ASTM D2166 standardina uygun olarak
gerceklestirilir. Uygulama esnasinda, zemin numunesi
etiivde 24 saat boyunca 105°C'de kurutulur. Kullanilacak
kalibin boyutlar1 (¢ap 38 mm ve boy 76 mm) deney
baslamadan énce olciilerek kontrol edilir. Onceden
hesaplanan miktarlarda su ilave edilerek hazirlanan
ornekler, kaliba 4 asamada serilir. Her tabakadan sonra
cekicle 10 defa vurularak sikistirilir. Sikistirma islemi
tamamlandiktan sonra kaliptan ¢ikarilir.
Belirlenen kiir siiresince oda sicakliginda bekletilir ve
beklenen kiir siiresi sonrasi drnekler cihaza yerlestirilir.
Birim boy kisalmasi %0,5 ve %2 arasinda (dakikada)
olmalidir. Deney siiresi 10 dakikay1 gegmemelidir. Deney
sonrasinda sekil degisimleri ve deformasyonlar
gozlemlenerek numunelerin dayanim degerleri belirlenir
(Orhan, 2013).

Bu calismada, serbest basing deneyi, zemin ve karisim
numunelerine 28 giinliik kiir siiresinin ardindan ASTM
D2166 standardina uygun olarak gerceklestirilmistir.

belirlenmesi

numune

Deney numuneleri pkmax Ve wopt degerlerinde olacak
sekilde hazirlanmigtir. Sekil 4'te serbest basing deneyinin
uygulama asamalar1 gosterilmektedir.

Sekil 4. Serbest Basing Deneyine ait Uygulama Asamalar1

2.4 Kaliforniya Tasima Giicii Orani Deneyi

Kaliforniya tagima giicli orani (KTO) deneyi, pxmax ile @opt
degerlerine gore hazirlanan numunelere, planlanan kiir
stiresinin ardindan, 1,27 mm/dk hizla yaklasik 1935 mm?

alanli pistonun zemine itilmesi ile dayaniminin
belirlenmesine  dayamir. ASTM  D1883-13  gore
uygulanmaktadir. KTO  degeri, zeminin belirli

penetrasyon (2,5 mm ile 5 mm) degerlerinde tatbik
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edilen ytikiin standart kirma tas érnegine, ayni derinlikte
batmas1 i¢in tatbik edilen yiike orantilanmasiyla
hesaplanir. Deneyin uygulanmasinda, kullanilacak kalibin
boyutlar élciilir ve kaydedilir. Akabinde, zemin 6rnegi
24 saat siire ile 105°C'de birakilir. pkmax ile wopt degerinde
numune hazirlanir. Karisim KTO kalibina 3 safhada ve

her tabakada tokmakla 56 defa vurularak sikistirilir.

Sikistirma islemi tamamlaninca numune bulunan kalip

tartilir. Numuneler belirlenen kiir siiresinden sonra
Deney neticesinde KTO
degerleri penetrasyonun 2,5 ile 5 mm degerleri igin
belirlenir (Yilmaz ve ark., 2017). Sekil 5'te KTO deney
asamalar1 goriilmektedir.

deney cihazina yerlestirilir.

Sekil 5. Kaliforniya tasima orani deneyi uygulama asamalar1

2.5 Rijit Ust Yap1 Tasarim

Rijit st yap1 tasarimyi, yol taban zemini iizerine ¢imento
esasli dizayn edilen beton bir plaka olarak yapilandirilir.
Tasarim asamasinda, dizayn omrii, tabaka kalinliklari,
trafik yogunlugu, yoresel faktoérler, ekonomik ve zemin
kosullar gibi ¢esitli unsurlar dikkate alinir. Analiz siiresi

A 1*

Rijit Tabaka

I

Graniiler Tabaka

Ustyapt

L Altyap:

boyunca kaplama
yuklerinin neden olabilecegi biiyiik deformasyonlara
karsi dayanikli olacak beton ve tabaka kalinliklarinin
belirlenmesi 6nem tasimaktadir (AASHTO, 1993; KGM,
2019). Sekil 6, rijit Ustyapidaki
gostermektedir.

tizerinden gegcen yogun trafik

tabakalari

o o Al Temel Tabakas:
| (Gerekli ise)

Yol Tabam

Sekil 6. Rijit Ustyap1 Kesit Gériiniimii (K6k, 2019; Gegkil ve ark., 2021b)

AASHTO (1993) tasarim rehberine gore esitlik 1 yardimi
ile rijit Ustyapr tabaka kalinliklar1 hesaplanmaktadir
(AASHTO, 1993).

log10(T8,2) 1
o[PS,

= ZR.S0 + 7,35.10g10(d + 1)- 0,06 + % + (4,22
@+ e

§'c.Cd(d*75 — 1,132)
—0,32.Pt).log10[ 547
0,75
215,63.J[4°7 oo

Burada;

Ts2: Proje trafiginin esdeger standart dingil yiikii tekrar
sayisl (8,2ton),

Zr: Standart sapma,

So: Performans ve trafik ongoriisiiniin bilesik standart
hatasi,

d: Beton kaplama kalinlig rijit iistyapi (ing),

APSI: Toplam hizmet kabiliyeti kaybi,

J: Yiik transfer katsaysi,

Po: Baslangi¢ hizmet kabiliyeti indeksi,
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C: Drenaj katsayis,
Pe: Nihai hizmet yetenegi indeksini gosterir,

Sc¢  Betonun kopma modilli (Egilmede c¢ekme
mukavemeti) (psi),

k: Yatak katsayisi (pci),

Ec: Betonun elastisite modiilii (psi) degerini

gostermektedir.

Bu calismada, MK ile yapilan stabilizasyonun rijit tistyap1
tzerindeki etkilerini belirlemek maksadiyla tasarim
optimum karisim orani dikkate alinarak yapilmistir.

3. Bulgular ve Tartisma

Yol taban zemininin metakaolin ile stabilizasyonunun
rijit yol iist yapi etkisinin arastirildigt bu calismada,
uygulanan deneyler ve rijit iist yap1 tasarimi sonuglari
asagidaki bagliklarda sunulmustur.

3.1. Standart Proktor Deneyi Bulgulari

Katkisiz zemin (SAF) ile agirhikc¢a %3, %6, %9, %12 ve
%15 metakaolin (MK) katkili érneklere standart proktor
deneyi uygulanmistir. Deney neticesinde belirlenen
(%) ve px (g/cm3) sonuglarina gore Sekil 7’de ¢izilen
kompaksiyon egrileri verilmistir. Belirlenen @opt ile pxmax
sonuglar1 Tablo 3’te verilmistir.

-~ 19 X 3 r m— z e = pei—y ; e = =
z
E —— SAF %3 MK %6 MK 29 MK %12 MK - %15 MK
% 185
d
=
B
8 1.8 1 2
=0
o
- ~KT -
g 75 4 2
z o A
. a
17 1 A -
e T D
S .
® A 3
165 p /
\®
o i
o @
1.6 4 ¢
.k \
A
&
155 1
1.5 v -
v 11 13 1 17 ’ 21 23 23
Su fgerigh, ® (%)

Sekil 7. Standart proktor deneyine ait kompaksiyon egrileri.

Tablo 3. katkisiz zemin ve metakaolin katkili zeminin
standart proktor deneyi sonuglari

Test Numunesi Pkmax (g/cm3) ®opt (%)
SAF 1,685 18,50
%3 MK 1,697 17,20
%6 MK 1,730 16,30
%9MK 1,772 15,50
%12MK 1,792 14,60
%15MK 1,813 13,70

Proktor deneyi sonuglarinda, hazirlanan karisimlarda MK
oraninin artmasiyla @opt Pkmax
degerinin arttig1 gézlemlenmistir. Bu bulgularin, literatiir
(Ghida, 2022) ile uyumlu oldugu gorilmiistiir. MK'nin
zemin numunesinden daha ince dane yapisina sahip
olmasi nedeniyle filler (dolgu) etkisi gosterdigi bu

durumun pkmax degerini arttigl disiiniilmektedir. Ayrica

degerinin azaldigy,

uygulanan deneylerde MK orani artik¢a, mopt azalmasinin,
literatiirde (Chakkor, 2021) MK’'nin daha az suya ihtiyag
duyan amorf bir morfolojiye sahip oldugu goriisiiyle
uyumlu oldugu goriilmektedir.

3.2. Serbest Basin¢ Deney Bulgulari

Katkisiz zemin (SAF) ile agirhikca %3, %6, %9, %12 ve
%15 MK'h ornekler, belirlenen wopt ile pkmax verileri
dikkate ahnarak hazirlanmistir. Orneklere, oda
sicakligindaki 28 gilinliik kiir siliresi sonrasi serbest
basing deneyi uygulanmistir. Deneylerin 10 dakikay1
asmadigl gozlemlenmistir. Katkisiz zemin ve MK katkili
gerilme (q) ile birim sekil
degistirme (&) sonuglarn grafiklerle Sekil 8'de, serbest
mukavemeti  (qu) ve basing
mukavemetinin olustugu andaki birim sekil degistirme
(eu) degerleri Tablo 4'te verilmistir.

numunelerin eksenel

basing serbest
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Sekil 8. 28 giinliik kiir sonrasi katkisiz ve metakaolin katkili numunelerin q-¢ grafigi.

Tablo 4. 28 giinliik kiir sonrasi1 katkisiz ve metakaolin
katkili qu-€u verileri

Test Numunesi qu (kPa) €u (%)
SAF 11,03 3,98
%3 MK 14,40 2,59
%6 MK 16,67 2,35
%9 MK 22,57 2,01
%12 MK 32,17 1,82
%15 MK 19,33 1,58

Serbest basing deneyi sonuglarinda, MK'li numunelerin
katkisiz zeminin serbest basin¢g dayanimindan daha fazla
oldugu goriilmistiir. MK katkisinin zeminin dayanimini
artirdigl ve bu sonuglarin literatiirle (Reddy ve ark,
2018; Abdulkareem ve Abbas, 2021; Ayyappan ve ark,
2017) uyumlu oldugu tespit edilmistir. MK ilavesi yapilan
tim numunelerin serbest basing dayanimlarinin katkisiz
zemine gore daha yliksek oldugu gozlemlenmistir. %3,
%6, %9, %12 ve %15 oranlarinda metakaolin ilavesiyle
hazirlanan karisimlarda, mukavemet degerinde en iyi
artis %12 MK oraninda goriilmiis ve katkisiz zemine gore
2,92 kat artis oldugu hesaplanmistir. Literatiirde
(Siddique ve Kalus, 2009; Badogiannis ve ark. 2004;
Khatib ve Hibber, 2005), kalsine edilme siirecinde
metakaolindeki aliiminyum ve silisin kristal yapilarinin
bozuldugu, amorf yapili ve yliksek puzolanik 6zelliklere
sahip bir iiriin ortaya ¢iktigl, ayrica metakaolinin ince
yapisinin, bosluklar1 doldurarak filler etkisi ile mekanik
ozellikleri iyilestirdigi belirtilmektedir. Calismamizda
hazirlanan karisimlarda metakaolinin puzolanik 6zellik
gosterdigi ve filler etkisiyle mekanik 6zellikleri artirdig:
diisiiniilmektedir. Ancak, metakaolin miktarinin artisinin

belirli bir oranin iizerine ¢ikmasinin yararl olmadig ve
fazla katki malzemesinin reaksiyona giremedigi, bu
nedenle karisimlarin dayanimini yeterince artiramadigl
distiniilmektedir. MK miktarinin artisiyla birlikte birim
sekil degistirmenin azaldigi ve bu durumun MK'nin
numunelerin sertligini artirmasiyla (rijitlestirme etkisi)

iliskili oldugu degerlendirilmektedir. Elde edilen
sonuglar, literatiirde (Uzuner, 2014) belirtilen yumusak
zeminlerin sert zeminlere kiyasla daha fazla

deformasyona ugradig goriisiiyle ortiismektedir.

3.3. Kaliforniya Tasima Giicii Orani1 Deney Bulgulari
KTO deneyi yapilmasina yonelik serbest basing deney
sonuclarindan elde edilen agirlik¢a %12 MK sonucu esas
alinarak, katkisiz zemin (SAF) ve %12 MK ilaveli karisim
numuneleri hazirlanmistir. Numuneler opt Ve pkmax €sas
alinarak hazirlanmistir. Numunelere 28 giinliik kiir
stresinin ardindan KTO deneyi uygulanmistir. KTO
deneyleri sonucunda 28 giinliik kiir siiresi sonunda tespit
edilen ytik-deplasman grafigi Sekil 9°’da ve KTO degerleri
ise Tablo 5’te verilmistir.
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Sekil 9. 28 giinliik kiir ardindan katkisiz ve metakaolin katkili numunelerin yiik-deplasman iliskisi.

Tablo 5. 28 giinliik kiir ardindan katkisiz ve metakaolin
katkili numunelerinin test sonuglari

Test 2,5 mm i¢in KTO 5 mm i¢in KTO
Numunesi Degeri, (%) Degeri, (%)
SAF 6,36 9,65
%12 MK 20,20 31,61

KTO deneyi sonuglan incelendiginde, 28 giinlik kiir
ardindan  KTO
numunelerde, 2,5 ile 5 mm deplasman icin elde edilen
KTO degerleri katkisiz zemin i¢in sirasiyla %6,36 ve
%9,65; %12 MK ilaveli zemin i¢in ise %20,20 ve %31,61
olarak bulunmustur. KTO degerinin, MK katkil
orneklerde 2,5 ile 5 mm penetrasyon i¢in katkisiz zemin

stiresinin deneyine  uygulanan

numunelerine gore sirasiyla %217,61 ve %227,56

oraninda arttigl belirlenmistir. MK’h karisimlarin KTO

degerinin katkisiz numuneden daha yiiksek oldugu bu

durumun literatiirde (Onyelowe ve ark. 2023; Umar ve

ark., 2022; Attah ve ark., 2009) MK Kkatkili zeminlerin

tasima glciini iyilestirdigi gorlisii ile ortistigi

belirlenmistir.

3.4. Rijit Ust Yapis1 Tasarimi Yapilmasi

AASHTO 1993’te belirtilen kurallara uygun olarak, rijit

st yapi tasarimi esaslarina gore, 28 giinliik kiir siiresinin

ardindan elde edilen katkisiz zemin ve %12 MK ilaveli

zemin KTO degerleri kullanilarak dizayn yapilmistir.

Dizaynda, derzli donatisiz rijit yol kaplama kalinhig

incelenmistir. Bu etiit yapilirken yolun;

e Proje analiz siiresinin 30 y1l oldugu,

e 2x2=4geritli devletyolu,

e Trafigin ilk sene igin gilinlik kamyon 1355 adet
treyler, 498 adet, otobiis 1298 adet, otomobil 10500
adet, minibiis 960 adet oldugu varsayilarak, 8,2 ton

esdeger standart tek dingil ytki tekrar sayisi
130.000.000 olarak degerlendirilmistir.
e Glivenilirlik orant R=% 99,9 olarak alinmistir.
e Hesaplanan rijit Gistyap: tabaka kalinligi, temel veya
alt temelin var oldugu esas hesaplanmistir.
Rijit tist yap1 tasarimi i¢in en yliksek KTO degerleri baz
aliarak katkisiz zemin igin %9,65 ve %12 MK ilaveli
karisim icin %31,61 kullanilmistir. Hesaplamalarda
Tablo 6’daki parametreler kullanilmistir.

Tablo 6. Rijit istyap1 hesabinda kullanilan parametreler

Parametreler Secilen Deger
Proje trafigini deg tandart tek

-roy-e ra {gmm ei eger standart te 130.000.000
dingil yiikii tekerriir sayisi, Ts2
Portland ¢imentolu betonun kopma 660
modiilii (psi)
Drenaj katsayisi, Cd 1
Betonun elastisite modiili, Ec (C 4.786.244
35/45)
Yolun ilk servis kabiliyeti, Po 4,5
Trafik  tahmini ve  peformans 0.35
tahmininin bilesik standart hatasi, So ’
Yolun son servis kabiliyeti, Pt 2,5
Servis kabiliyeti indeksi, APSI 2
Yiik transfer katsayisi, | 2,7
Giivenilirligin standart normal 13,090

sapmasl, Zr (Devlet yolu R=%99,9)
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Hesaplamalarda ilk adim olarak, yol taban zemininin
yatak katsayis1 (k) ve esneklik modili (Mg)
belirlenmistir. Mr hesaplanmasina y6nelik, 2024 y1l1 Ocak
ayinda AASHTO tarafindan yayimlanan mekanik-ampirik
teknik revizyonlar1 iceren kaplama tasarim kilavuzu 3.
baskisinda (MEPDG-3) yer alan, zemine ait Mg (psi) =
2555 (KTO0)%64 korelasyonu (AASHTO, 2024) ve k = Mr /
19,4 korelasyonu (AASHTO, 1993) mevcuttur. Mr ve k
degerlerinin belirlenmesinde s6z konusu korelasyon
kullanilmistir.

Katkisiz zemin i¢in MR ve k degeri 10.902 psi (75183127
Pa) ve 561,94 hesaplanmistir. %12 MK’ karisim i¢in Mr
ve k degeri 23.296 psi (160661042 Pa) ve 1200,82
hesaplanmistir. Bu veriler ve Tablo 6’daki degerler
kullanilarak denklem (1) yardimi ile C 35/45 beton sinifi
icin katkisiz zeminin plak kalinlig1 (d) 18,76 in¢ uygulama

esas alinarak 48 cm, %12 MK katkili zemin i¢in ise 13,38
ing uygulama esas alinarak 34 cm secilmistir. Bu
sonuglara gore, %12 MK iceren karisimlar icin tabaka
kalinliginin katkisiz zemine goére 14 cm azalarak yaklasik
%29,17 oraninda azaldig1 belirlenmistir.

3.5. Rijit Ustyapinin Ekonomik Analizi

MK ile stabilize edilmis yol tabanimin karayolu rijit
ustyapr maliyetine etkisi, Karayollar1 Genel Midiirligi
sartlarina gore degerlendirilmistir. Cevre ve Sehircilik
Bakanhgi'nin 2024 yili birim fiyat cetvellerine (CSB,
2024) gore, C 35/45 basing smifindaki betonun birim
alan (m?) maliyeti hesaplanmistir. Analiz ve maliyet
hesaplamalarina gore, katkisiz zemin igin rijit yol
listyapisinin birim maliyeti 1364,28 TL/m? %12 MK
katkili zemin icin ise 966,55 TL/m? olarak belirlenmis ve
bu bilgiler Tablo 7'de sunulmustur.

Tablo 7. Katkisiz ve %12 MK katkili zeminler i¢in tabaka birim maliyetleri

. Birim Fiyat m? /cm Hesaplanan =~ m2 Maliyeti
Poz no Tanim Birim L
(TL) Maliyeti (TL)  Tab.Kal. (cm) (TL)
Beton Santralinde Uretilen
15.150.1007
5.150.1007 veya Satin Alinan ve Beton m3 2842,8 2843 48 1364,28
(Katkisiz) Pompasiyla Basilan, C 35/45
Basing Dayanim Sinifinda
15.150.1007 Beton Dokiilmesi (Beton
3 28428 28,43 34 966,55
(%12 MK)  Nakli Dahil) m ’ ’ ’
Ayrica, %12 MK ile yol tabanin 20 cm kalinhginda maliyetleri goriilmektedir.
stabilize edilmesindeki analizde; malzemenin tasinmasi, Hesaplanan tabaka maliyetleri degerlendirildiginde,
traktor riperi ile zeminin kabartilmasi, traktér buldozeri yapim maliyetinde %2,68 oraninda bir azalma

ile stabilizatér malzeme dagitilmasi, greyder ile serme ve
karistirma, arazoz ile sulama, titresimli silindirle ve lastik
tekerlekli silindir ile sikistirma yapilmas: esas alinarak
361,49 TL/m? alinmistir. MK’'nin ton bazinda santiye
mahalline teslim fiyati g6z oniine alinmistir. Tablo 8'de

gorilmiistir. Yapilan hesaplamalarda, 20 metre
genisligindeki ve 1000 metre uzunlugundaki bir yolda,
%12 MK ile iyilestirilmis bir yol tabaniyla 730.040,00 TL
maliyet azaltilarak tasarruf saglanacaktir. Bu kapsamda,

karayolu aginin uzunlugu dikkate alindiginda, zemin

stabilizasyonun m2 birim maliyetleri verilmistir. Ayrica, stabilizasyonu sayesinde rijit kaplama yapilmasi
katkisiz zemin ile %12 MK katilarak iyilestirilen zeminler durumunda onemli kazang saglanacagi
goz oniline alinarak $ekil 10°da %12MK ilave edilmis ve degerlendirilmektedir.
edilmemis durumda beton tabaka ve zemin stabilizasyon
Tablo 8. %12 MK katkili zemin i¢in stabilizasyon birim maliyetleri
. Maliyet

Poz no Tanim Birim Birim (TL)

Fiyat (TL) m?2 /cm m?
KGM 03.507 Traktor ripperin bir saatlik iicreti saat 2083,73 0,0208 0,42
KGM 03.511 Traktdr Buldozerin 1 saatlik ticreti saat 1946,93 0,0876 1,75
KGM/15.140 Makina ile serme ve karistirma (Greyder ile) m3 13,95 0,1395 2,79
KGM/15.047 Arazoz ile sulama ton 104,79 0,1048 2,10
KGM/15.052/3  Titresimli silindirle sikistirma yapilmasi saat 1221,53 0,1222 2,44
KGM/15.058/1  Lastik tekerlekli silindir ile sikistirma yapilmasi saat 891,94 0,0892 1,78
Piyasa %12 MK Temini Nakliye Dahil kg 9,12 17,5104 350,21

Toplam: 361,49
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Sekil 10. %12MK ilave edilmis ve edilmemis durumda beton tabaka ve zemin stabilizasyon maliyetleri.

4. Sonug ve Oneriler

Bu arastirmada, koétli derecelenmis kum bir yol tabanin
metakaolin ile iyilestirilmesinin rijit yol st yapisi
kalinhigr ile maliyeti lizerindeki etkileri incelenmistir. Bu
¢alismanin sonuclari asagida 6zetlenmistir.

Standart proktor deneyi sonuclarinda; MK oraninin
artmasiyla wopt degerinin azaldifl, pkmax degerinin ise
artt1g1, bu durumun MK'nin filler (dolgu) etkisi gosterdigi
ve zemin numunesinden daha az su emme kapasitesine
sahip olmasinin etkili oldugu diisiiniilmektedir.

MK miktarinin artmasiyla numunelerin sertligini arttigi
bu nedenle birim sekil degistirmenin azaldigl
degerlendirilmistir.

Serbest basing deneyi neticelerinde, MK ile iyilestirilen
zeminlerde 28 giinliik kiir sonunda en biiyiik mukavemet
degerinin agirlikca %12 MKl numunede belirlenmistir.
Katkisiz zemine goére mukavemet degerinin 2,92 kat
arttig1 belirlenmistir.

KTO deney sonuglarinda ise %12 MK katkili zeminlerin
28 giinliik kiir siiresi sonundaki 2,5 ile 5 mm penetrasyon
icin KTO degerleri, katkisiz zemin numunelerine gore
%217,61 ve %227,56 oraninda arttigl
belirlenmistir. Bu artisin MK katkili zeminlerin tasima
giiclini iyilestirdigini gostermektedir.

KTO ve basing deney sonuclarindan,
metakaolinin puzolanik 6zellik gosterdigi ve filler etkisi
meydana getirerek mekanik o6zellikleri iyilestirdigi
degerlendirilmektedir.

Yol tist yapisi tasarim sonugclarinda ise, %12 MK iceren
stabilize zeminler i¢in tasarlanan rijit tistyap1 kalinhiginda
%?29,17 oraninda azalma oldugu, bu durumun MK'nin
tasima giicline etkisinden kaynaklandigini
gostermektedir.

Maliyet analizi sonuglarinda ise, %12 MK katkil stabilize
zeminlerin {istyap1 maliyetlerinin, katkisiz zemine kiyasla

sirasiyla

serbest

olumlu

%2,68 oraninda azaldig1 belirlenmistir. Bu hesaplamalar
15181inda, 20 metre genisligindeki ve 1000 metre
uzunlugundaki boliinmiis bir yolda, %12 MK ile yol taban
Zemininin rijit  ustyap1
maliyetinde 730.040,00 TL maliyet azaltilarak tasarruf

stabilizasyonu durumunda

saglanabilecektir.
Sonu¢ olarak, metakaolinin yol taban zemininin
iyilestirilmesinde  kullanilmasinin, zeminin tasima

kapasitesini arttirllmasini saglayacagi, rijit lst yapi
tabaka kalinhgini ve maliyetini diistirecegi belirlenmistir.
Boylelikle rijit ist yap1 yapiminda kullanilan malzeme
miktarinin azaltilmasi ile, 6zellikle beton imalatinda
kullanilan ¢imento ve agreganin iiretimi, tasinmasi ve
uygulanmasinda meydana gelen COz salimi basta olmak
lizere cevreye verilen zararin azaltilacagi ve boylelikle
korunmasina katki saglanacagl
distinilmektedir. Ayrica, MK'nin proje bazinda temin
miktarinin

¢evrenin

artmasiyla ve karayolu projelerinin
uzunluklar1 da dikkate alinarak, MK'nin daha ekonomik
olarak tedarik edilerek projelerin maliyetinin daha da

azaltilabilecegi degerlendirilmektedir.
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Katki Orani1 Beyam
Yazar(lar)in katki yiizdesi asagida verilmistir. Tim
yazarlar makaleyi incelemis ve onaylamistir.

T.G. T.S. B.K.
34 33 33
34 33 33
34 33 33
VTI 34 33 33
VAY 34 33 33
KT 34 33 33
YZ 34 33 33
KI 34 33 33
GR 34 33 33
PY 34 33 33
FA 34 33 33

K= kavram, T= tasarim, Y= yonetim, VTI= veri toplama ve/veya
isleme, VAY= veri analizi ve/veya yorumlama, KT= kaynak
tarama, YZ= Yazim, KI= kritik inceleme, GR= gonderim ve
revizyon, , PY= proje yonetimi, FA= fon alimi.

Catisma Beyani
Yazarlar bu c¢alismada higbir ¢ikar iliskisi olmadigini
beyan etmektedirler.

Etik Onay Beyani

Bu arastirmada hayvanlar ve insanlar iizerinde herhangi
bir ¢alisma
alinmamistir.

yapilmadigi icin etik kurul onayl

Destek ve Tesekkiir Beyan1

Bu calisma inénii Universitesi Bilimsel Arastirma
Projeleri (BAP) Koordinatérliigii'niin iU-BAP FDK-2023-
3325 numaral projesi tarafindan desteklenmistir. BAP
Koordinasyon Birimi'ne desteklerinden dolay1 tesekkiir
ederiz.
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1. Introduction

The exponential growth of the worldwide population and
economic prosperity has caused a substantial increase in
living standards and needs, leading to the exhaustion of
resources (Weterings et al, 2013). Enhancing resource
efficiency is essential for mitigating environmental
deterioration and facilitating affluence for a burgeoning
population. Implementing policies and activities aimed at
enhancing resource efficiency might effectively decrease
global resource extraction while also stimulating
economic activity (Nong et al., 2023). Recycling is crucial
for optimizing resource efficiency by maximizing the use
of materials and products (Schmidt, 2010). Resource
efficiency, defined as the capacity to utilize resources in a
manner that minimizes waste and optimizes
productivity, is of utmost importance for achieving
sustainable development and enhancing economic
competitiveness  (Worrell and Reuter, 2014).
Implementing policies and activities aimed at enhancing
resource efficiency might effectively decrease worldwide
resource extraction and greenhouse gas emissions, while
simultaneously stimulating economic activity (Nong et

al, 2023). The Rural Development strategy of the

European Union is crucial in attaining resource efficiency
goals (Herrmann, 2018). The results emphasize the
efficiency in tackling
advancing sustainable

significance  of
environmental

resource
issues and
development. The imperative to enhance resource
efficiency considering diminishing natural resources and
environmental deterioration is an urgent concern
(Horodetska et al., 2022). The development of industrial
strategies that prioritize the use of best available
techniques and secondary resources can accomplish this
objective (Skobelev, 2021). It is essential to identify and
implement technologies, products, and strategies that
have a high potential for resource efficiency (Rohn et al,,
2011). Optimizing energy utilization in production is
crucial for minimizing resource use and waste (Ross,
1992). However, a lack of knowledge, potential
approaches, limited financial accessibility, and poor
human capabilities prevent businesses from adopting
resource-efficient  and friendly
production methods (Vorfolomeiev and Vorfolomeev,
2019). To tackle these difficulties, organizations should
prioritize the economical and effective utilization of
resources and energy during manufacturing, which may

environmentally
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lead to cost savings and enhance competitiveness (Nong
et al, 2023). Moreover, the notion of highly efficient
their
surrounding environment might serve as a crucial
approach for competitive and sustainable production
(Lentes et al,, 2016). Andriushchenko (2022) devised a
strategic plan for overseeing the region's capacity for
innovation, (2022)
underscored the significance of comprehending the
intricate interplay of technology, economics, and society.
Reaney et al. (2023) emphasized the necessity of a well-
established infrastructure and specialized skills for the
advancing information systems and business process
management settings. Integrating with local government
to guarantee resource efficiency is of paramount
importance for a growing nation since it promotes a
circular economy model (Hossain et al., 2023). Finally,
Motte et al. (2022) emphasized the importance of
technological variables and professional competence in
attaining effective administration in public management.

factories that maximize influence on the

whereas Konash and Nasr

These studies offer vital insights that contribute to the
growth of the region. Several two research have been
carried out to meet the demand for technological
progress and higher rates of employment in the TR83
Region Market. "Several studies have been conducted to
meet the demand for technological advancement and
increased employment rates in the TR83 Region market.
It has been determined that there has been no study on
resource efficiency needs analysis in the region, and the
first resource efficiency needs analysis report specific to
the region has been prepared by filling this gap with this
study.

1.1. Literature Review

Map of Tiirkiye and TR83 Region in the Black Sea in
Tiirkiye was given in Figure 1.

Resource efficiency in industry is a crucial element of
sustainable development, offering the possibility of
substantial cost reductions (Nong et al., 2023). This
notion has had significant historical significance and
currently plays a crucial role in the shift towards a
circular economy (Schmidt et al,, 2019, Van and Fadeeva,
2020). Nevertheless, there is a dearth of agreement over
the methodology for quantifying resource efficiency,
resulting in many divergent methodologies and
techniques (Sfez et al, 2017). This emphasizes the
necessity for standardized assessment techniques to

guarantee comparability and suitability of resource
efficiency computations in the industrial sector. Studies
on resource efficiency measures have discovered several
elements that influence their adoption, such as market
circumstances (Delmas and Pekovic, 2015). Although the
use of natural resources is increasing, there has been
insufficient action taken to reduce their usage. This
emphasizes the importance of implementing effective
solutions to increase resource efficiency (Rohn et al,
2014). Frohling et al. (2012) introduced a method that
uses material flow analysis to improve resource
efficiency in production and recycling networks. This
approach of both
technological and economic factors, as well as ecological
considerations. A comprehensive enhancement plan has
been established for the European metal mechanic
industry, encompassing a decision-making toolkit to
pinpoint opportunities for conserving resources (Blume
et al, 2017). These studies emphasize the significance of
resource efficiency measures in tackling environmental

emphasizes the investigation

and economic concerns. Several metrics have been
created to assess the effectiveness of resource utilization
in different sectors (Ingaramo et al, 2009) presented
eco-efficiency indicators for water and wastewater
management in the sugar cane sector, whereas
(Henriques and Catarino, 2017) suggested the
sustainable value indicator for enhancing energy
efficiency in wastewater treatment facilities. A study
conducted by Wang et al. (2017) examined the
interconnection between water, energy, and emissions in
China's steel sector. It emphasized the possibility of
employing technology-driven approaches to decrease
resource consumption and emissions. Oliveira-Esquerre
etal. (2009) introduced a system for managing water and
wastewater in the petrochemical sector. In that study, it
highlights the significance of process variability in
attaining efficiency. These studies highlight the need to
use indicators particular to each business and the
possibility of making resource efficiency gains through
technology. Various studies have emphasized the
potential advantages of investing in resource efficiency in
the industrial sector. Jollands and Hirsch (2018) highlight
the importance of financial infrastructure and project
finance in motivating such investments, especially in
developing economies.

Figure 1. Map of Tiirkiye and TR83 region in the Black Sea in Tiirkiye.
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Domenech and Bahn-Walkowiak (2019) presents
concrete illustrations of resource-efficient technology
and goods, whereas Bassi et al. (2012) emphasizes the
beneficial effects of investing in energy, water, and waste
efficiency within the industrial sector. Ozbugday et al.
(2020) provide more evidence that resource efficiency
investments have a beneficial impact on the growth
performance of European small and medium-sized
enterprises (SMEs). These studies highlight the potential
of resource efficiency provide
environmental and economic advantages in the sector.
Various studies have examined the impact of rules and
self-regulation on the promotion of environmentally
friendly Hillary (1999)
discovered that neither of the methods had achieved

initiatives  to

industries. and Thorsen
complete success in this aspect, although (Tukker, 2015)
emphasized the global potential of cleaner
manufacturing. In his study, (Maio et al, 2017)
specifically examined China's endeavours efforts in this
field, with a special emphasis on the development and
execution of policies related to cleaner industrial
systems. These studies emphasize the significance of
both domestic and global legal matters in promoting
resource efficlency and environmentally friendly
industries. The European Union (EU) has been leading
the way in advocating for resource efficiency and the
circular
manufacturing and industrial symbiosis. Cainelli et al.
(2017) emphasize that environmental policy has a crucial
role in promoting the adoption of eco-innovations
focused on resource efficiency. Meanwhile, Camilleri
(2020) underscores the importance of sustainable
production and consumption behaviours within the
circular economy. Van Berkel and Fadeeva (2020)

economy, specifically emphasizing cleaner

emphasize the advantages for businesses and the whole
economy that come from resource efficiency and
circularity. Ewijk (2018) examines the economic benefits,
obstacles, and policies associated with these ideas. These
studies emphasize the significance of resource efficiency
in the European Union's attempts to shift towards a
circular economy. Resource efficiency, especially within
the framework of the circular economy, is a crucial
catalyst for achieving both economic and environmental
advantages (Muller, 2012). This is emphasized by the
necessity for an efficiency
diminishing consumption and generating competitive
advantages (Bilgen and Sarikaya, 2016). Optimizing
energy use is essential, since a comprehensive strategy
for meeting future energy needs should prioritize the
adoption of energy-efficient technologies to minimize
environmental harm and enhance economic benefits
(Hanley et al., 2006). Nevertheless, the effects of a
stimulus aimed at improving energy efficiency on both

revolution aimed at

the economy and the environment are intricate, since it
may lead to unforeseen outcomes such as heightened
energy usage and pollution (Hepbasli and Ozalp, 2003).
Several studies have investigated the level of resource
efficiency in the industrial sector of Tiirkiye. But TR83

was behind it. Hepbasli and Ozalp (2003) and Utlu and
Hepbasli (2007) emphasize the significance of energy
efficiency, with Utlu and Hepbasli (2007) especially
examining the energy utilization efficiencies in different
subsectors. Ozbilen et al. (2019) expands upon this
discourse by examining the forecast of resource-efficient
capacity within the Turkish manufacturing sector,
highlighting the importance of implementing cleaner
production practices. Onut et al. (2008) adds to this
discourse by assessing the optimal energy sources for the
industrial sector using the analytic network approach.
These studies emphasize the importance of resource
efficiency in the Turkish industrial sector and offer useful
insights for future studies and policy development. An
extensive literature review has been carried out to
emphasize the importance of requirement analysis in
business, specifically in relation to resource efficiency
(Lieder, 2014). The original data has been gathered from
much scientific research, reports, news stories, and other
sources. The survey and expert integration have
generated secondary data. Moreover, the study has
highlighted the necessity of using a methodical
assessment strategy to measure resource efficiency and
cost effectiveness in production systems, especially in
small and medium-sized companies (Lieder, 2014). The
results of this study are anticipated to have a favorable
influence on the cost-benefit ratio within each industry,
as they establish a foundation for the formulation of
resource-efficient strategies and pricing policies
(Shmygol et al,, 2023).

2. Materials and Methods

An exhaustive examination of resource efficiency in the
TR83 region was carried out in three stages. In TR83
Region a total of 76 company, 6553 personal, and 103
industrial area has been surveyed. The initial stage
encompassed the information, a
comprehensive examination of existing literature, and a
survey. Subsequently, the stage
gathering expert perspectives and evaluating the efficacy
of available resources. The concluding stage involved
conducting interviews and engaging in field research,
specifically emphasizing the SWOT analysis and on-site
consultations. This study highlighted the significant
influence of resource efficiency on both the economy and
the environment.

2.1. Field Survey

2.1.1. Annexe-I

This study examined the aspects of waste, water,

distribution of

second entailed

wastewater, energy, and emissions inside the organized
industrial zones (OIZ's) of the TR83 region. The
questionnaire was converted into a set of 57 questions
that pertain to these specific subjects. Participants were
instructed to select either "positive”, "negative" or
"uncertain” in response to each subject matter in the
current and forthcoming periods. The responses were
gathered in a manner that allows for statistical reporting.
The OIZ administration was thereafter requested to
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prioritize three needs from the listed ones to address the
most important needs within the region and provinces.
The sufficiency percentages for
compared to assess their respective influence.

2.1.2. Annexe-II

This part specifically addressed the utilization of raw
materials, the optimization of resource efficiency, and the
management of waste. The analysis encompassed the
evaluation of labor force proficiency and employment,
selection, and utilization of raw materials, as well as their
management, water and energy consumption and their
management, and waste management. The questionnaire
also encompassed inquiries regarding the augmentation
of capacity, research, and development (R&D),
innovation, efficiency studies, and future endeavours of
enterprises operating within the OIZ.

2.2, SWOT Analysis

The sustainability and adoption level of resource
efficiency studies in these developer OlZs were evaluated
with SWOT analysis.

2.3. Expert Integration

The TR83 Region Resource Efficiency Needs Analysis
emphasized the collaboration,  skill
development, and environmentally friendly production
techniques (Ardali, 2020). The findings align with
Comtois, 2007 which underscored the imperative of
integrating sustainable development methods in the
maritime transportation industry. Boden et al. (2016)
emphasized the importance of stakeholder gatherings
and mutual learning to implement in the regional smart
specialization programs. Welfens et al. (2017) and
Jaegersberg et al. (2007) highlighted the significance of
sustainable development, friendly
production, and inventive approaches in eco-industrial

each need were

need for

environmentally

networks and regional supply chains. Collective data that
backs the integration of experts and the focus on
collaboration, enhancement of skills, and adoption of
sustainable manufacturing methods in the TR83 Region.
2.4. Data Analysis

A remarkable guidance has been discovered that
provides both value and quantity, enabling every sector
to ascertain the precise actions required to enhance their
resource efficiency in waste, wastewater, energy, and
emissions. This course of action was identified after the
completion of data collection, with the purpose of
generating the demand for the resource efficiency sector
in the TR83 region. Several software programs, such as
SPSS, were employed to do the study, and the findings
were percentages to
understanding. Charts and tables can be useful for
diagram-based analysis in specific situations, facilitating
people's understanding of numerical issues.

transformed into enhance

3. Results and Discussion

In Annex-I, research has been conducted to evaluate the
resource efficiency potential and structure of the region
in the TR83 region for the purpose of cooperation. The
survey covered corporate organizations from different

sectors, especially companies that make significant
contributions to the economy, exhibit high employment
rates and actively conduct research and development
activities. According to the survey, some companies in
the region had 100% foreign capital, while some had
domestic capital. Businesses utilized varying levels of
workforce, utilized energy, natural gas and water
services, and handled waste management efficiently.
They established quality control systems, monitored the
inputs and outputs of production, and were aware of
developing technology. 60% of companies collaborated
with universities or research centers and received
government funding for research and development. Many
businesses have committed to increasing their workforce
without making formal agreements with stakeholders.

Table 1 presents a concise overview of the results
pertaining to waste management, water and wastewater
management, energy consumption, and knowledge of
emissions among the participants. Concerning waste
management, most participants had information
regarding the specific sort of waste generated and the
corresponding Most participants
additionally protect storage sites from
influences.  Regarding
management, a considerable number of people have

costs  involved.
external
water and  wastewater
information regarding their monthly water usage,
upkeep, sanitation, and methods for disposing of sludge
in their personal treatment facilities. Nevertheless, a
significant proportion of individuals lack awareness in
these areas. Concerning energy consumption, most
participants demonstrate awareness of their monthly
energy usage and express a desire to install motion
sensor lighting systems. Regarding emission awareness,
most participants have information about the sources of
emissions but lack understanding of how emissions are
categorized and measured. Certain participants do not
possess adequate infrastructure for controlling and
managing air pollution emissions. In Annex-1I, the TR83
area has implemented initiatives to foster competitive
manufacturing and expedite productivity and industrial
development. A
assessment study was done with Central Black Sea
Development Agency - Ondokuz Mayis University to
analyze the potential for resource efficiency and enhance

collaborative resource efficiency

the organizational framework of enterprises in the TR83
region. The poll focused on organizations that make
significant contributions to the economy, maintain a high
level of employment, and actively participate in research
and development projects. The survey had 45 inquiries
pertaining to general information, sector-specific
information, raw materials, resource utilization, and
waste  production.  The questions
encompassed a range of areas, including general metrics

assessment
and uses, workforce excellence and employment,
resource choice, water and energy usage and control,
wastewater and solid waste control, waste gas control,
and research and development, innovation, and
productivity investigations.
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Table 1. Summary of the Annex-I, survey report

Parameter Findings
1. Most participants had knowledge regarding the specific type of waste that is produced
inside their respective companies.
2. A substantial proportion (59.1%) of participants possess awareness regarding the
monthly expenses associated with waste removal, storage, and treatment in their respective
Waste businesses.
3. A significant majority (72.7%) of participants indicated that both product and waste
storage locations are safeguarded against external influences.
4. A minority (9.1%) of participants reported that storage facilities lack protection.
5. A fraction (18.2%) of participants expressed no discernible viewpoint or knowledge on
the posed inquiries.
1. 68.2% of individuals possess knowledge regarding their monthly water consumption.
2. 27.3% of individuals lack awareness of their monthly water usage.
3. 4.5% of individuals are completely unaware of their monthly water consumption.
4. 27.3% of individuals are well-informed about maintenance, cleaning, and sludge disposal
Water and procedures if they possess their own treatment facility.
Wastewater 5. 45.4% of individuals lack information regarding maintenance, cleaning, and sludge
disposal for their personal treatment facility.
6. 27.3% of individuals possess knowledge about maintenance, cleaning, and sludge
disposal for their personal treatment facility.
7. Most respondents answered "no" to both questions.
1. Approximately 77.3% of the participants are aware of the exact amount of energy they
consume monthly.
2. 13.6% of participants are unaware of their monthly energy consumption.
3. According to the survey, a significant majority of participants, specifically 86.4%, hold the
belief that the walls are not enclosed and are adorned with various colors.
4. 13.6% of participants hold the belief that the walls are not open and adorned with colors.
Energy 5. Approximately 59.1% of the participants either currently utilize or have intentions to
install a motion sensor lighting system.
6. A total of 27.3% of the participants either do not use or have no intention of installing a
motion sensor lighting system.
7. A total of 13.6% of the interviewees expressed uncertainty over the utilization or
installation of a motion sensor lighting system.
1. Most participants, namely 59.1%, were aware of the origins of both direct and indirect
emissions that affect water, soil, and air within their organization.
2. Out of the participants, 18.2% responded negatively when asked if they were aware of
the sources of emissions.
3. A total of 22.7% of participants expressed neutrality towards the issue.
4. Half of the participants expressed interest in the categorization and volume of emissions.
5. A total of 31.8% of participants exhibited a lack of awareness regarding the physical and
Emission chemical properties, as well as the amount, of emissions.
6. 18.2% of participants expressed neutrality towards the subject.
7. A total of 36.4% of the participants possessed an appropriate outlet system and
monitoring equipment to regulate the release of air pollution from the boiler room.
8. 36.4% of participants lacked an appropriate infrastructure for an outlet system or
monitoring equipment.
9. 27.2% of participants expressed neutrality towards the subject.
In the study assessed and visually displayed the criteria throughout several provinces. Samsun has the
responses provided by the businesses based in the biggest proportion of enterprises, accounting for 42.8%
provinces of Amasya, Corum, Samsun, and Tokat. of the total. Amasya follows with 28.6% and Corum with

Table 2 illustrates the prevalence and viability of key 14.3%. With a workforce and employment ratio of 37.3%,

BS] Eng Sci / Mohammad Safayat HOSSAIN et al. 898



Black Sea Journal of Engineering and Science

Samsun leads Corum by 31.4%. With a rate of 34.5%,
Amasya has the highest feasibility for selecting, using,
and managing the raw materials, while Tokat comes in
second with a rate of 26.4%. Corum comes in second with
18.2% of water management applications, while Samsun
has 36.4%. Like this, Samsun has the highest percentage
of energy consumption and management applications
37.2% with Corum coming in second at 14.7%. Samsun
has the greatest proportion of wastewater management
with 38.7%, while Corum follows with 12.9%. Samsun
has the biggest proportion of solid waste handling with
36.4%, while Corum follows with 12.1%. Regarding
waste gas management, Samsun has the biggest
proportion, accounting for 35.5%, while Corum follows
closely with 15.4%.

Figure 2 illustrates the resource efficiency potential of
the TR83 region, focusing on the specific regions of
Amasya, Corum, Samsun, and Tokat. The data offers
information on several elements that contribute to
resource efficiency in these locations. Amasya has a
significant potential of 36% in terms of technological
levels, whereas Corum demonstrates a comparatively

29%. Regarding industrial symbiosis relations, Amasya
and Corum each had a 50% share, while Tokat and
Samsun both had a 50% share. Interestingly, Tokat had a
significant and astounding 33% share of industrial
symbiosis ties, which is comparatively higher than other
indicators. Amasya and Samsun provided a more
favorable atmosphere inside the innovation ecosystem
compared to the other two.

In Figure 3, it illustrates the sequential resource
efficiency financing process that industries in the TR83
area of Tirkiye might use. The figure is partitioned into
four distinct portions, each corresponding to a separate
geographical region: Amasya, Corum, Samsun, and Tokat.
The figure provides data on the levels of technology, the
job market, the relationships of industrial symbiosis, and
the innovation ecosystem in each region. The
percentages for each aspect are further supplied, offering
a distinct picture of the resource efficiency potential in
these areas. To achieve resource efficiency, it is necessary
to have a thorough grasp of the possible advantages and
tactics for putting it into practice. The TR83 region
acknowledges the importance of cooperation and

lower potential of 16% for implementing these assistance in assisting enterprises in efficiently
technologies. Amasya and Samsun have higher implementing resource efficiency.

employment rates, with Amasya at 36% and Samsun at

Table 2. Summary of Annex-lI, survey report

Parameters Amasya (%)  Corum (%)  Samsun (%)  Tokat (%)
Distributions of Businesses 28.6 14.3 42.8 14.3
Distribution of Workforce and Employment 37.3 13.7 31.4 17.6
Feasibility of Raw Material Selection, Use and 345 146 345 26.4
Management

Applicability of Water Management 36.4 18.2 30.9 14.5
Energy Consumption and Management Applicability 37.8 14.7 32.8 14.7
Wastewater Management 38.7 12.9 32.2 16.2
Solid Waste Management 36.4 12.1 33.7 18.2
Waste Gas Management 355 15.4 331 16
R&D, Innovation and Efficiency Studies 31.3 16.8 37.7 14.2

40

30

20

10

Technology levels

B Amasya (%)

Employment Market

B Corum (%)

Industrial symhiosis Innovatian
relations ecosystem
Samsun (%) B Tokat (%)

Figure 2. Resource efficiency potential of the TR83 region Black Sea in Tiirkiye.
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Resource efficiency financing sample model
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Figure 3. Resource efficiency financing sample model for TR83 region Black Sea in Tiirkiye.

By fulfilling these requirements, companies can achieve
cost reductions, higher environmental sustainability,
increased competitiveness,
advantages. Among the nine indicators, Samsun and
Amasya exhibit superior performance compared to Tokat

and a range of other

and Corum. Hence, to enhance the present situation in
Tokat and Corum, they might emulate the practices of
Samsun and Amasya and establish a partnership with
their respective local industrial authorities. In summary,
the resource efficiency assessment study of the TR83
region emphasizes the significance of implementing
resource-efficient practices in the industrial sector. It
highlights the capacity of enterprises to attain economic
prosperity while also safeguarding the environment and
fostering sustainable development. By implementing
strategic planning, providing education, and fostering
collaboration, the area can establish a production
environment that is both more efficient and sustainable.
3.1. SWOT Analysis

This study provides a brief overview of the sensitivities
and conditions related to waste management, water and
wastewater management, energy use and emission
awareness (Table 3). The information provided covers
container use, segregation processes, transformations of

hazardous waste, storage conditions for both products
and waste materials, impacts of water consumption,
impacts of energy consumption and sensitivity to
emissions. The issues that attracted our attention in this
study are summarized in Table 4.

The data analysis uncovers discrepancies in average
values pertaining to several facets of waste management
and sensitivity in TR83 region (Ardali, 2020). These
discrepancies disparities in
sensitivities among urban areas.

reflect customs and

Areas requiring
enhancement encompass waste management, utilization
of raw materials, methodologies for product packaging,
utilization of equipment, prevention and cleansing of
chemical waste, provision of an appropriate working
environment for staff, and storage conditions for both
products and waste. There is potential for improvement
in sensitivities to emissions. Still, the data shows that
scenarios for reducing waste and reusing it, breaking
down and changing the condition of hazardous wastes,
water  consumption  sensitivities, and  energy
consumption sensitivities have higher average values.
This suggests that good practices should be used in these

areas.
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Table 3. Summary of SWOT analysis in TR83 region in the Black Sea in Tiirkiye

Strengths

Weakness

Opportunities

Threats

The urban staging plan exhibits a favorable combination of universities, natural resources, and
economic capability.

Authority and impact on decision-making

A city located on a port that connects with Central Anatolia

Policies that promote the relationship between universities and industries

The presence of a trained workforce that is eager to work in the region

Adoption of policies that promote sustainable development

Active involvement in research and plans related to resource efficiency

Inadequate sample size and unclear source

Ambiguous techniques and legislation

Insufficient collaboration and lack of a standardized technique for comparison

Limited accessibility to resource efficiency tools

Insufficient knowledge and absence of technological adaptability in optimizing resource efficiency.
Lack of meaningful standards for improving resource efficiency

Slow implementation of legislative measures and political reform

Disparity in the assessment of resource efficiency and the comparison of outcomes

The lack of promptness in decision-making procedures at the national level

Gathering and organizing data; constructing and enhancing databases

Legislation and governmental tactics

Potential for investment

Facilitating cooperation between institutions and businesses

Enhancing recognition of respective capabilities

Embracing and advocating for the adoption of change and the implementation of the circular
economy.

Conducting training sessions for newly hired individuals in the field of KV vehicle development
Enlisting the participation of local governments

Undertaking research to foster cooperation with nearby universities; optimizing the use of
incentive possibilities

Increasing acknowledgment of sustainable economic development and the circular economy

Expensive operations without incentives or strategic assistance
Limited influence of small and medium-sized businesses
Reluctance to adapt production methods

Depletion of trained labor

Insufficient investment in human resources

Elaborate procedure for transitioning applications

Insufficient pool of skilled persons

Lack of strategic assistance and uniform procurement terminology
Failure to adhere to universities without supported mechanisms
Limited understanding of the benefits of industrial collaboration
Incapacity to keep a highly qualified workforce
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Table 4. Compressional value table in TR83 on different indicators

Amasya Corum Samsun Tokat
Parameters (%) Mean StdDev  Mean StdDev  Mean StdDev Mean StdDev
Knowledge level about waste 6.00 - 4.67 2.30 5.21 0.89 5.33 1.15
Knowledge level about raw material
5.00 1.41 5.00 1.00 4.29 1.49 3.33 1.15

usage
Waste reduction and reuse situations 17.00 - 14.33 1.76 16.71 3.04 13.00 6.92
Product packaging methods 5.00 1.41 3.67 1.52 4.14 1.29 4.33 0.57
Knowledge level about equipment usage 3.50 2.12 4.67 1.15 4.57 1.39 4.33 1.52
p . .

revention and cleaning of 500 141 433 152 493 099 467  1.15
chemical wastes
Suitable working environment for 500 141 567 057 529 091 467 115
employees
Sensitivities shown in container use 4.00 2.82 5.00 1.00 4.64 1.64 4.00 -
Decomposition and changing states of 500 282 767 115 714 161 867 057
hazardous wastes
Productand waste storage 6.00 - 533 115 443 139 533 115
situations
Water consumption sensitivities 24.00 2.82 23.33 5.77 22.43 4.34 24.00 7.21
Energy consumption sensitivities 38.50 9.19 40.33 3.05 36.14 5.77 37.67 6.11
Sensitivities to emissions 17.00 5.65 12.33 2.51 13.64 391 14.00 6.24

Table 5. TR83 region, according to the field research results, the industries in the region approaches

Activities hasbeen  Opportunities can

done (%) be created (%)
Develops and implements new business and/or production processes, 69 31
Makes significant improvements to existing business and/or production 71 29
processes and implements them,
Implemented new marketing/service delivery methods, 59 41
Developing new products/services and introducing them to the 60 40
market/use,
Making significant improvements in existing products/services and
bringing 69 31
them to market/use,
Makes significant changes in the design or packaging of its products. 50 50
services,
Conducts studies on environmental protection, energy efficiency, and/or c3 47
use of renewable energy resources,
It has been determined that organizational changes have been made to 69 31

increase corporate efficiency and effectiveness and reduce costs.

3.2. Environmental, Economic, and Social Benefit
Analysis

Integrating sustainable practices in organizations can
result in substantial environmental, economic, and social
benefits (Chan et al., 2022). Implementing these practices
can mitigate pollution, enhance manufacturing efficiency,
and enhance an organization's reputation, among other
advantages.  Nevertheless, the  significance of
environmental management in manufacturing strategy
differs among companies (Crowe and Brennan, 2005).
According to Jafari (2017) environmental practices that
focus on internal operations and socially sustainable
practices have the greatest influence on both
environmental financial performance. The
toward understanding and
the methodical

and
organization's attitude
pursuing community requirements,

identification and control of sustainability, and the
consideration of staff needs all have an impact on the
execution of sustainability initiatives (Fonseca, 2015).
Based on an in-depth analysis of the data, this study
suggests that the TR83 region may successfully adopt
circular economy strategies by carefully adhering to
industry-specific procedures. Moreover, by recognizing
TR83 as an Economic Potential Zone (Ardali, 2020), the
implementation of joint endeavours to adopt circular
techniques might result in significant
advantages. Although several indicators have displayed

economy

promising signals due to the adopted measures, it is
essential to focus on improving the speed at which the
establishment is being carried out, since it is currently
below the desired levels. Several chances are waiting to
be utilized, given the unexplored potential that exists. By
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accelerating the rate of implementation, TR83 can
generate several possibilities and promote a more
enduring and robust economic environment.

Table 5 presents a concise overview of the activities and
possibilities associated with the enhancement and
advancement of business in the TR83 region. Based on
the findings of the field research, industries in the region
have undertaken many initiatives to improve their
operations. These activities encompass the creation and
execution of novel business and production procedures,
substantial enhancements to current procedures, the
implementation of innovative marketing and service
delivery approaches, the development and introduction
of fresh products or services to the market, and
substantial modifications to product or service design or
packaging. In addition, enterprises in the area have
undertaken research on environmental conservation,
energy conservation, and the use of sustainable energy
Organizational adjustments have been
implemented to enhance business efficiency and

sources.

effectiveness while also decreasing expenses.

According to the World Business Council for Sustainable
Development (WBCSD), sustainable production and
consumption quality
through the efficient production and use of natural

contribute to environmental
resources, waste minimization, and optimization of
products and services. The sustainable production
approach is a production strategy that not only provides
environmental benefits but also economic returns. The

widespread adoption of resource efficiency practices,
which can be considered a prerequisite for sustainable
production, is highly important and effective. However,
when resource efficiency practices remain within the
boundaries of a firm, these practices can only enhance
environmental performance to a certain extent.
Therefore, to achieve further gains, a comprehensive
regional approach that goes beyond the boundaries of
individual firms and often facilitates inter-company and
inter-sectoral collaboration is crucial for amplifying the
multiplier effect of resource efficiency practices. Efficient
and sustainable use of raw materials, energy and water,
reducing the impact on the environment and increasing
competitiveness by producing more value by using fewer
inputs, will contribute to the sustainability of production
and therefore the economy, awareness has been raised
among the regional producers. Today,
importance of resource efficiency has become clearer, the
development and effective implementation of policies,

strategies and actions in this field has emerged as a

when the

necessity in Tiirkiye. Investments in resource efficiency
practices enhance the environmental performance of
industrial organizations, positively influencing their
economic performance and corporate prestige,
contributing to growth, and increasing productivity.
Resource efficiency will contribute greatly not only to
sustainability and environmental improvement, but also

economically.

Table 6. Proposals for enhancing resource efficiency in the TR83 region based on the discovered results

Strategic consumption markets allow for the use of products produced with resource efficiency can be directed.
Requests from public institutions should be supportive of resource efficiency must be provided.
Awareness should be raised - training should be provided. Welding-related communication and training process It

should become a part of daily life.
Awareness campaigns should be carried out.

Explain the requirements and benefits of resource efficiency with best practice examples
Visualization is necessary to initiate learning processes. Entry of products into the market should be supported.
In accordance with the eco-design directive, the standards have improved the average mass market products. It should

be directed towards resource efficiency.

New region-specific resource efficiency requirements should be included.
A study on appropriate clustering in Organized Industrial Zones and industries. Integrated programs should be

planned in these areas.

Resource efficiency scales should be developed in industries and existing scales should be adapted according to

industry branches.

For resource efficiency, the current burden of the industry will be alleviated through support, incentives and grants.

New production-consumption approaches should be adopted.

Resource efficiency will be effective in solving existing problems in the TR83 region.

4. Conclusion

In conclusion, the study identified a wide range of
strategies that can be implemented to increase resource
efficiency in the TR83 region. These initiatives span many
sectors and methodologies. The proposed measures,
which include promoting the use of resource-efficient
goods, establishing environmentally friendly design
standards, and implementing comprehensive programs

in industrial areas, highlight the complex and diverse
aspects of resource efficiency. This research highlights
the possible circular economic and environmental
advantages of investing in efficiency,
particularly in optimizing the use of natural resources

resource

such as raw materials, electricity and water. Although
there are obstacles and hurdles, the article puts a positive
perspective on the joint efforts of the European Union
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and Turkiye to gradually adopt resource efficiency
programs. Solving the current problems and utilizing the
significant potential for resource-efficient practices in the
TR83 region will create a positive chance for economic
growth and making significant contributions to the
protection of the global climate. While the concept of
resource efficiency and circular economy in the region is
associated only with energy, awareness of the need to
manage raw material, water, energy and chemical inputs
has been created. In addition, the importance of waste,
wastewater and waste emission control as outputs was
also emphasized. By providing a significant data
accumulation for green production, it has become
important in determining the road map for the future. In
summary, the article supports the idea of a deliberate
and coordinated effort to achieve a future that is both
sustainable and efficient in the use of resources in the
TR83 region. With the approach of "doing more using
less resources” to achieve the goal of sustainable
production in our region; The aim is to raise awareness
about the potential economic gains as well as the
environmental benefits that resource efficiency practices
will provide to institutions and companies, to encourage
industrial enterprises in the region to use resources
efficiently by creating good practice examples, and to
disseminate industrial symbiosis practices. To implement
green industrial practices in industries in the region.
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Abstract: Widening the processing capabilities of an inductively coupled plasma (ICP) etch tool by “preventing wafer breakage” during
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1. Introduction

Prices of state-of-the-art inductively coupled plasma
(ICP) etch tools for deep reactive ion etching (DRIE) of
silicon wafer at research laboratories may easily start
from 1 million USD, and go up to 1.5 million USD or even
more per tool, depending on the purchased technical
capabilities of the tool (SPTS, 2024), (Plasma-Therm,
2024), (Oxford Instruments, 2024), (Corial, 2024),
(Sentech, 2024). However, such large amounts of money
may not be easily obtained or may not be immediately
available for purchasing state of the art plasma etch tools
for deep reactive ion etching (DRIE) processing needs of
cleanroom users. Instead, to satisfy some of the critical
needs (such as wafer breakage prevention or through
wafer silicon etching) of ICP etch tool users, novel
techniques that are very low-cost, may be developed for a
very small fraction of the total price of state-of-the-art
plasma etch tools.

Over the years, wafer breakage has been identified as a

critical problem that has taken attention of engineers and

scientists to find solutions to prevent wafer breakage to

decrease manufacturing costs, and increase production
rates (McLaughlin and Willoughby, 1987), (Chen et al,,

2010), (Brun and Melkote, 2009), (Chowdhury et al,

2020), (Zhou et al.,, 2015), (Chen et al., 2007), (Liu et al,,

2022), (Saffar et al,, 2015). Causes of the wafer breakage

can be classified under three major branches such as:

1. Wafer breakage during manufacturing of the wafers
(Wafer World Inc., 2021), (Silyb Wafer Services Inc.,
2023), (Chen etal,, 2010), (Liu et al., 2022),

2. Wafer breakage during transportation and handling
of the wafers (Wafer World Inc., 2021), (Silyb Wafer
Services Inc, 2023), (Brun and Melkote, 2009),
(Chowdhury et al., 2020), (Saffar et al., 2015),

3. Wafer breakage during processing of the wafers in
the relevant processing equipment (Chowdhury et al.,
2020).

According to (Chowdhury et al., 2020), to minimize wafer

BS] Eng Sci / Mehmet YILMAZ

907

@ This work is licensed (CC BY-NC 4.0) under Creative Commons Attribution 4.0 International License



Black Sea Journal of Engineering and Science

breakage inside a dry etch tool, “clamping force
adjustment and chuck curvature control” should be
optimized. Furthermore, considering that
clamping” at the beginning of a process or “wafer
clamping” during processing a wafer can be considered

“wafer

as “wafer handling”, appropriate wafer handling
approaches presented in (Brun and Melkote, 2009), and
(Saffar et al, 2015), may be used to minimize wafer
breakage events. For example, both (Brun and Melkote,
2009), and (Saffar et al., 2015), suggest that, the wafers
should be handled such that the propagation of cracks or
initiation of cracks should be avoided to prevent the
wafers from breakage. In order to minimize crack
propagation or crack initiation, it is important to
minimize the stresses or stress concentrations on the
wafers. This research paper aimed to minimize stresses
or stress concentrations on wafers to prevent undesired
crack propagation or crack initiation.
According to the available literature, there are at least
three different approaches to handle a wafer during etch
processing. These three approaches are listed below:
1. Using electrostatic chucks to clamp the wafers
(Bonfim et al., 1993), (Izyumov, 2009),
2. Using carrier wafers to adapt the wafer under
process to the clamping conditions of the etch
equipment (Noori et al, 2024), and (Meyer et al,

2022),

3. As in the etch tool used in this research study,
wafers can be clamped by using symmetrically
arranged clamping fingers.

One of the silicon wafers that has been processed with
the original wafer clamping system of the etch tool used
in this study is shown in Figure 1. As can be seen in
Figure, the wafer is broken during the etch processing of
the wafer. Based on the experimental studies performed
in this research, two optimization opportunities on the
design of the original wafer clamping system of the etch
tool are identified that cause wafer breakage as the depth
of the features etched into silicon become deeper and
deeper:

1. Point from equally separated 8 points
(clamping fingers) are applied on the wafer. Such
point loads (clamping fingers)
concentrations that cause wafer breakage especially
after sufficient amount of depth of silicon is etched,

2. Due to the location of the applied point loads (i.e.
misaligned from the top of the “bottom o-ring (helium
cooling gas (HCG) gasket)”), bending moments are
formed on the wafer. These bending moments cause
wafer breakage especially after sufficient amount of
depth of silicon is etched.

loads

cause stress

Clamping fingers
(point loads)
e

Broken wafer
pieces

Bottom o-ring
(HCG gasket)

Figure 1. Top-down view of the inner side of the ICP etching tool process chamber that has a broken wafer. For the
demonstration of the possible issues, broken wafer pieces are still clamped under the 8 clamping fingers (8 point loads)
of the ICP etch tool. (HCG: helium cooling gas to cool the wafer from the back side of the wafer).
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To achieve “breakage-free” wafer production approaches
(explained in method #1), two modifications has been
done to:

1. Uniformly distribute the clamping force that is

applied on the designated region of a wafer,
2. Minimize or completely remove the bending moment
that is applied on the wafer.

In this research article, two novel techniques that are
aiming two different improvements to significantly
extend the breakage” processing
capabilities of an inductively coupled plasma (ICP) deep
silicon etch tool are presented. The first novel method is
about preventing wafer breakage during “deep silicon”
etching (deeper than 50 microns) using the inductively
coupled plasma (ICP) tool that has 8 clamping fingers to
clamp a 4-inch diameter silicon wafer during ICP etch
processing. The second novel method is about achieving
“through-wafer” silicon etching using the same ICP tool
with 8 clamping fingers. In other words, this research
paper demonstrates development of 2 novel techniques
to be able to perform deep silicon etching (method #1),
and through-wafer silicon etching (method #2) using
wafer scale microfabrication approaches, without
causing breakage of the wafers.

“without wafer

2. Materials and Methods

2.1. Materials

2.1.1. Silicon wafers (substrates)

4-inch diameter single crystal silicon wafers with the
standard crystallographic orientations and at least 500
+/- 25 micrometers wafer thickness are tested for deep
silicon etching (method #1) and through-wafer silicon
etching (method #2). Silicon wafers that are thinner than
500 +/- 25 micrometers may also be used with these two
novel methods. However, thinner wafers have not been
studied extensively while the results for silicon wafers
that are at least 500 +/- 25 micrometers thick are very
repeatable with the ICP etch processing tool available at
our cleanroom facilities.

2.1.2. Aluminium alloy ring (AAR) with an o-ring
channel for uniform load distribution

Main purpose of using an aluminium alloy ring (AAR)
(Figure 2) with an o-ring between the 8 clamping fingers
and the wafer is to provide a mechanical element that is
sufficiently rigid, that can easily receive a set of point
loads coming from the 8 clamping fingers of the ICP
etching tool (Figure 2 for the 8 clamping fingers that are
capable of applying point load only), can easily distribute
these 8 point loads as uniformly distributed load, and
transfer the uniformly distributed load to the wafer with
minimal bending moment on the wafer. The minimal
bending moment application on the wafer would be
satisfied by making sure that the bottom o-ring (HCG
gasket) below the wafer is well aligned with the o-ring
that is between the AAR and the top side of the wafer.
This way, the wafer would be clamped on the bottom o-
ring (gasket) (Figure 1) surface of the helium cooling gas
(HCG) chamber with uniformly distributed force rather
than the point loads applied directly by the clamping

fingers of the ICP tool. Furthermore, because the o-ring
above the wafer, and the bottom o-ring (gasket) below
the wafer are well aligned, there would be minimized or
no bending moment on the wafer. Furthermore, due to
formation of native alumina (Al203) on the outer surface
of the aluminium alloy materials when aluminium alloy
surface is exposed to oxygen (Nabavi et al., 2023) in the
air, the aluminium alloy ring becomes very selective to
plasma etch processes that have only SFs, or SF¢ and O2
gas plasma that may be used in deep etching of silicon
wafers.

2.1.3. Circular cross-section o-ring to prevent
scratches on the silicon wafer (substrate) surface

To make sure that there is no direct hard contact
between the AAR surface and the silicon wafer (or the
photoresist on the silicon wafer) surface, it is planned to
have a circular cross-section o-ring material (NBR 70
SHORE) to provide soft contact between the aluminium
alloy ring, and the wafer. To safely position the circular
cross-section o-ring (NBR 70 SHORE), a channel is
manufactured into the aluminium alloy ring that is facing
the plasma exposed side of the silicon wafer and well
aligned with the bottom o-ring (HCG gasket) to minimize
the bending moment on the wafer while the wafer is
clamped during plasma processing (Please see Figure 3
for the position of the o-ring with respect to the
aluminium alloy ring and wafer surface). Hence, the
purpose of the circular cross-section o-ring is twofold:
First, to eliminate the possibility of direct hard contact
between the AAR and the wafer surface, and second, to
align the distributed force with the bottom o-ring such
that the bending moment on the clamped wafer is
minimized.

2.1.4. Dicing tape at the back side of the wafer to
prevent the helium cooling gas (HCG) from entering
into the ICP process chamber

In this study, a type of dicing tape (ADWILL D-841) that
is UV light sensitive and that has very strong adhesion
properties before being exposed to UV light, and very
weak adhesion properties after being exposed to UV
light, is successfully used to prevent the helium cooling
gas (HCG) from entering into the plasma process
chamber (PPC) once there is a micro opening though the
thickness of the wafer during through-wafer silicon
etching.

According to the representative cross-sectional geometry
of the ICP etching tool as shown in Figure 1 at (Yang et
al, 2006), to keep the temperature of the wafer at
constant temperature when the wafer is under plasma
processing conditions, the wafer needs to be cooled with
HCG that is continuously cooling the wafer from the back
side (i.e. the side of the wafer that is not exposed to the
plasma processing) of the wafer. As long as the wafer
does not have any “etched holes or channels through the
entire wafer thickness”, between the cooling side below
the wafer and the plasma processing chamber side above
the wafer, the wafer under plasma processing conditions
is safely cooled while the entrance of the HCG leakage
into the plasma chamber is also prevented.
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Clamping fingers
(point loads)

Aluminum alloy
ring (AAR) with
o-ring channel

wafer
under process

Figure 2. Aluminium alloy ring (AAR) with an o-ring channel. The o-ring channel (not visible in this view) is between
the top surface of the wafer and back side of the AAR. O-ring channel is well aligned with the bottom o-ring (HCG
gasket) shown in Figure. Well alignment between the o-ring channel and the bottom o-ring is important to minimize
bending moment formation on the silicon wafer.

o-ring filling the
o-ring channel

Clamping fingers

(point loads) Aluminum alloy

ring (AAR) with

o-ring channel

Figure 1. Aluminium alloy ring (AAR), and circular cross-section o-ring. The red colored circles in each image show the
boundaries of AAR. a) To be able to see the position of the bottom o-ring (HCG gasket) with respect to the wafer and
AAR, a transparent glass wafer is clamped with the 8 fingers of the ICP tool. b) AAR and the o-ring in the o-ring channel
are positioned above the Pyrex glass wafer and below the 8 clamping fingers to uniformly distribute the point loads
applied by the clamping fingers. c) At the back side of the AAR there is an o-ring channel for positioning of a circular
cross-section o-ring.

However, after sufficient amount of plasma processing material (Please see Figure 4 for the partially etched
time of the silicon wafer, once a small through hole or a through wafer holes), the cooling gas can easily leak into
small through channel between the plasma processed the plasma process chamber and significantly affect the

(i.e. front) side and helium gas cooled (i.e. back) side of process conditions in an undesired way, if this gas
the wafer are not separated with a thickness of silicon leakage is not prevented. To prevent the passage of HCG
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into the PPC, or to prevent the process chamber pressure
from changing due to the small through holes or small
through channels between the front side and back side of
the wafer, a layer of material that can block the cooling
gas from entering the plasma processing chamber may be
prepared at the back side of the wafer. This layer of
material must be strong enough to resist rupture of the
layer of material. Furthermore, the layer of material must
also be a reasonable conductor of heat (i.e. must have

jal through- t
ling gas w

reasonably good thermal conductivity to allow the
cooling of the wafer while the layer of material prevents
the passage of HCG into the PPC). Good candidates for
such purpose would be types of dicing tapes that can be
safely removed from the wafer, after the completion of
the through silicon wafer etching process. Hence, UV light
sensitive dicing tapes such as ADWILL D-841 are good
candidates for HCG leakage prevention.

prough-wafer cleh
B ocess side)

—Sbapiviun slioy g ¥

Figure 2. Partially completed though-wafer silicon etch. Black arrows show several of the fully etched locations. a) View
from the cooling gas side (back side) of the wafer. This side of the wafer is covered with a dicing tape (UV sensitive
ADWILL D-841) to prevent HCG from entering the PPC side. b) View from the PPC side (front side) of the wafer. This
side of the wafer has patterned photoresist that is used to etch the plasma exposed silicon surface. AAR that is proposed
in Section 2.1.2,, is used to obtain minimized bending moment and uniformly distributed force on the edges of the wafer

to prevent the breakage of the wafer.

2.1.5. Photoresist and HMDS for photolithography

Before plasma etching, for patterning of the silicon
wafers various types of photoresists may be used. For
example, for shallow depth silicon etching, AZ 5214E
photoresist may be used, while for deep silicon etching or
AZ 4562
photoresist may be used. Here it is important to

through wafer silicon etch processes,
emphasize that before spinning the photoresist, an
adhesion layer between wafer and photoresist material,
such as HMDS (hexamethyldisilazane), must be used to
enhance the adhesion between photoresist and substrate
surface.

2.2. Methods

2.2.1. Dimension determination and manufacturing
of the aluminium alloy ring (AAR) with a channel for
circular cross-section o-ring

The dimension determination approach for the
dimensions of the AAR is based on the known diameter
dimension of the silicon wafers that are used during the
plasma etching process. It is well known that silicon
wafers that are used in our research studies with the ICP
etch tool in our cleanroom laboratory are either 4-inch
diameter or 10 cm diameter. This wafer diameter
information is used to calculate and obtain the rest of the
dimensions for the AAR and the o-ring channel.

For clarity, Figure 5 a), b), and c) show the unedited
versions of the images that are edited in Figure 5 d), e),
and f). In Figure 5, red colored circles in d), e), and f)
show the inner diameter and outer diameter on the AAR.

In Figure 5, yellow colored circles in d), €), and f) show

the inner diameter and outer diameter on the o-ring

channel where the circular cross-section o-ring is

planned to be assembled.

Starting from the diameter dimension (10 cm diameter)

of a silicon wafer, the inner diameter and outer diameter

of the AAR are calculated based on dimension scaling to

calculate the dimensions given below:

1. Outer diameter of the AAR piece: 100 mm

2. Inner diameter of the AAR piece: 80 mm

3. Thickness of the AAR piece: 2.5 mm

Similarly, starting from the diameter dimension of a

silicon wafer, the inner diameter and outer diameter of

the o-ring channel inside the AAR are calculated based on

dimension scaling to calculate the dimensions given

below:

1. Outer diameter of o-ring between wafer and AAR
piece: 88 mm

2. Inner diameter of o-ring between wafer and AAR
piece: 84 mm

3. Depth of the o-ring channel: 1.3 mm

While determining the dimensions of the o-ring channel,

it is paid attention to make sure that o-ring channel

inside the AAR is well aligned with the bottom o-ring

(gasket) that is used to seal the HCG from entering into

the plasma processing chamber (Please see Figure 3 to

remember where the bottom o-ring is located). To

minimize the costs, it is also paid attention to make sure

that the o-ring channel inside the AAR is easy to fill with
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a commercially available circular cross-section o-ring
which would not require customized o-ring material
manufacturing. Furthermore, based on the careful
measurements done of the ICP etch tool (i.e. maximum
allowable wafer thickness inside the ICP process
chamber is 9 mm) it is calculated that a thickness of 2.5

mm for the thickness of the AAR is sufficient to obtain
uniformly distributed force distribution that is coming
from the 8 point loads that are normally applied directly
on the wafer surface by the alumina clamping fingers of
the ICP etch tool.

Figure 5. Description of the method used for the determination of the dimensions for the AAR, and o-ring channel. Sub
figures a), b), and c) show the unedited versions of sub figures shown in d), e, and f). Red colored circles in sub figures
d), e), and f) show the inner diameter and outer diameter on the AAR. Yellow colored circles in d), e), and f) show the

inner diameter and outer diameter on the o-ring channel.

2.2.2. Integrating the aluminium alloy ring (AAR),
circular cross-section o-ring, wafer (substrate), and
dicing tape

After the preparation of the AAR with the o-ring channel,
circular cross-section o-ring, wafer, and dicing tape,
initially the dicing tape and the wafer are attached to
each other. To attach the dicing tape to the back side of
the wafer, well known protocols for the assembly of
wafer and dicing tape are followed. After the assembly of
wafer and dicing tape, the AAR with o-ring channel and
circular cross-section o-ring are assembled as well. Next,
these two assembled pairs are assembled to each other
by aligning the AAR and the wafer till a good contact
between the o-ring (NBR 70 SHORE) and the wafer is
done. Finally, to keep the assembled components
together, Kapton tape pieces are used to connect the top
side of the AAR and bottom side of the wafer that has the
dicing tape (Please see Figure 6 for the components
assembled with Kapton tape pieces).

The o-ring (NBR 70 SHORE) with circular cross-section
that is normally used for sealing purposes is used as a
cushioning (i.e. spring and damper) material between the
hard surfaces of the o-ring channel inside the AAR, and
photoresist coated silicon wafer surface to prevent direct
mechanical contact between the AAR and the photoresist
coated silicon wafer surface. The o-ring inside the o-ring
channel is also well aligned with the bottom o-ring (HCG

gasket) to make sure that the bending moment on the
clamped wafer is minimized to prevent wafer breakage.
In addition, because of the manufacturing technology
differences between the AAR and the very high precision
manufacturing of a wafer compared to CNC milling, the o-
ring is expected to help with uniform force balancing
between the silicon wafer surface and the o-ring contact
surface.

Furthermore, as stated before, to make sure that AAR and
wafer do not move (i.e. slide) relative to each other,
hence to prevent sliding of the AAR and the o-ring on the
photoresist coated wafer surface, Kapton tape pieces that
do not affect the plasma etch process are used to fix the
AAR relative to the wafer edges (Figure 6).

Because of the manufacturing processes used for the
manufacturing of the AAR and the o-ring channel at the
AAR (i.e. regular CNC milling), it is assumed that there
may be microscale aluminium alloy chips at the edges or
milled surfaces of the AAR due to chip formation (i.e.
chipping) during CNC milling. These chips are manually
removed by medium grade sand paper processing of the
sharp edges and surfaces of the AAR. Then, to remove
any dust particles originating from sand paper
processing, the AAR is washed multiple times in acetone
and DI water while the AAR is kept inside a sonication
bath.
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etched silicon
wafer

Figure 6. Aluminium alloy ring prevents wafer breakage during deep etch of silicon wafers. a) Using Kapton tape, the
wafer, o-ring, and AAR are assembled together to prevent wafer breakage during deep silicon etching. b) Features that
are significantly deeper than 50 micrometers are etched into the silicon wafer.

Figure 7. Demonstration of through-wafer silicon etch using the AAR to prevent wafer breakage and UV sensitive dicing
tape to prevent HCG entrance into the process chamber side. a) black arrows show the through-wafer etched regions
from the aluminium alloy side of the wafer at an early phase of the through-wafer etch process, b) black arrows show
the through-wafer etched regions from the dicing tape side of the wafer, c) black arrows show the through-wafer etched
regions from the aluminium alloy side of the wafer, d) black arrows show the through-wafer etched regions from the
dicing tape side of the wafer.
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3. Results

3.1. Applicability of the Aluminium Alloy Ring (AAR)
for the Prevention of Wafer Breakage

Method #1 is successfully used to etch more than 50
micrometers deep or deeper features into silicon wafer
as shown in Figure 6. With method #1, a rigid AAR that
may significantly reduce the stress concentrations
coming from individual clamping fingers is proposed.
This way, the 8 clamping fingers from above are in direct
contact with the AAR, and then the AAR is initially in
contact with the o-ring and then the o-ring made from
NBR 70 to prevent scratch formation and minimize
bending moment is in contact with the wafer that needs
to be etched.

Because the strength (i.e. bending stiffness) of a silicon
wafer that is at least 500 +/- 25 micrometers thick is
sufficient to withstand the point loads that are applied by
the 8 clamping fingers of the original equipment
manufacturer of the ICP tool, usage of the aluminium
alloy ring may not be required for shallow silicon etching
of about 50 micrometer deep features. However, silicon
wafers with features that are etched deeper than 50
micrometer into the silicon wafers may need the usage of
the aluminium alloy ring to prevent local stress
formation at the sharp corners of the etched geometries
on the surface and inside the wafer. Furthermore, when
the etched features become deeper and deeper, the
etched into behaving as
concentrated stress raiser regions. Furthermore, the 8
clamping fingers of the etch tool also behave as point-

features silicon start

load stress inducers because the clamping force on the
silicon wafer is not sufficiently uniformly distributed
when only the 8 clamping fingers are used to clamp the
wafers. Hence, when the stress inducers in the etched
silicon wafers are combined with the point loads from
the 8 clamping fingers, the wafers break prematurely
inside the ICP chamber (Figure 1) hindering the
completion of the microfabrication of the wafers with
deep silicon etched features.

3.2. Applicability of the Combination of Aluminium
Alloy Ring (AAR) and Back Side Dicing Tape for
Prevention of Wafer Breakage and Allowing Through
Wafer Etch At the Same Time

Method #2 is successfully used to etch through the
thickness of a silicon wafer as shown in Figure 7. With
method #2, different than what is proposed in method
#1, addition of a layer of dicing tape is proposed to
prevent HCG to enter into the PPC after there are features
that are etched through the wafer.

While using method #2, 8 clamping fingers from above
are in direct contact with the AAR, and then the AAR is
initially in contact with the o-ring and then the o-ring
made from NBR 70 is in contact with the wafer that
needs to be etched. Additionally, the back side of the
silicon wafer is coated with the dicing tape (ADWILL D-
841) that prevents HCG from entering into the PPC after
there are features that are etched through the wafer.

4. Discussion

As can be seen from the obtained results, the proposed
methods that prevent wafer breakage (method #1, and
method #2), and allow through-wafer etch (method #2)
are very useful to extend the capabilities of an ICP tool if
the resources to purchase a state-of-the-art equipment
do not exist. Although, wafer breakage is prevented by
adapting an AAR, using the AAR brings a limitation to be
aware of: Normally, the wafer is 4-inch in diameter and
this is the total workable area of a wafer if the
capabilities of an ICP etch tool allows. However, because
AAR also behaves as a mask during etching process, it is
important to understand that not all the surface area of
the wafer will be exposed to ICP etch process after
adapting the AAR to the ICP etch process. Hence, there is
a reduction in the total workable area of a 4-inch
diameter wafer. In other words, the regions that are
under the AAR would not be expected to have functional
process results. According to the geometry of the AAR,
the workable area of a 4-inch diameter wafer is reduced
by 48%. Nevertheless, even if there is 48% reduction in
the workable area of a 4-inch diameter wafer, by using
the AAR, the process is safely completed on the silicon
wafers to obtain the needed results or progress with the
rest of the processes. So, rather than looking this 48%
reduction in workable area, the researchers should be
focused on available 52% workable area to obtain good
process results. This 48% reduction in workable area
may be unacceptable if the expected goal from the ICP
tool is to increase throughput for high profit production
studies. In such case, the ICP tool could be replaced with
a state-of-the-art ICP etch tool that will cost extremely
significant amount of money compared to the amount of
money consumed to be able to use 52% workable area of
a 4-inch diameter wafer with the already available ICP
etch tool.

After the completion of a process that is using only AAR
and o-ring (method #1) to have deep, but not through-
wafer etch, features patterned into silicon wafer, AAR
and o-ring are easily separated (disassembled) from the
processed silicon wafer. From the other side, after the
completion of a process that has the dicing tape at the
back side of the wafer, it is important to do UV light
exposure on the UV light sensitive dicing tape (ADWILL
D-841) to be able to easily peel the dicing tape from the
back side of the wafer. No wet etching process, or no
other plasma processing is needed for the removal of the
UV light exposed dicing tape. Simple mechanical peeling
after UV light exposure is sufficient for the removal of the
dicing tape from the wafer. If only mechanical peeling is
not possible for reasons that may be related with the
limitations of the wafer or the microfabrication process,
the dicing tape may also be removed with oxygen plasma
processing without exposing the wafer to wet processing
conditions (A manuscript is in preparation about
explaining the details of this process).

For applications where through wafer etch is performed,
instead of using dicing tape types for the prevention of
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HCG leakage into the PPC, a “carrier wafer” may be used
instead of a dicing tape. However, using a “carrier wafer”
may not be as effective as using a dicing tape unless good
thermal contact between the “carrier wafer” and the
wafer under through-wafer etching is satisfied. Hence,
using dicing tape is advantageous compared to working
with a “carrier wafer” that may serve the same purpose
of preventing the leakage of HCG from the cooling
chamber into the PPC.

Finite element modelling (FEM) may be done for more
precise calculations. However, FEM modelling was not
needed and was not performed for this study after
observing that the encountered wafer breakage problems
are resolved even without performing FEM modelling for
the aluminium alloy ring, and o-ring structure that are
used for uniform distribution of the point loads that are
applied by the 8 clamping fingers of the ICP etching
equipment.

5. Conclusion

Novel and capability enabling 2 different techniques that

are extremely low-cost compared to purchasing a state-

of-the-art ICP etch tool are presented to extend the

processing capabilities of the ICP etch tool for deep

silicon etching (method #1), and through wafer silicon

etching (method #2).

These novel methods can be used, or adapted for use,

with confidence on the ICP etch tools that have wafer

clamping fingers to fix the position of wafers. Major

advantages of the presented methods are:

1. to prevent wafer breakage by preventing crack
initiation or crack propagation,

2. to enable process chamber cleanliness of ICP etch
tools,

3. to allow using the already available process
equipment without making significant
investment for a new process tool.
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Abstract: Hydrokinetic turbines are mechanisms designed for the purpose of utilizing the kinetic energy present in the movement of
water bodies like rivers, tidal currents, or ocean currents, and transforming it into electrical power. These turbines’ function based on a
principle akin to that of wind turbines; however, they are positioned underwater to harness the energy of the water flow. This study
focuses on the fundamentals of hydrokinetic turbines and presents existing research. Additionally, simulations have been conducted to
observe how the hydrokinetic turbine responds hydrodynamically inside a pipe. A three-bladed vertical-axis helical hydrokinetic
turbine was installed within a circular conduit and subjected to analysis under varying flow conditions. The k-w SST turbulence model
was employed in the analyses. The results indicated that increasing the turbine's angular velocity initially raises the torque and the
power coefficient until a peak is reached, after which the power coefficient decreases. The highest power coefficient was observed at a
flow velocity of 2 m/s. Moreover, consistent with previous studies, the hydrokinetic turbine within the pipe surpassed the Betz limit.
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1. Introduction

Renewable energy is energy that is generated from
natural and replenishable sources such as sunlight,
geothermal heat, wind, water, and biomass. For the last
decades, renewable and sustainable energy conversion
systems have been wunder investigation by many
researchers. Since the most prevalent energy source is
fossil fuel, increasing energy demand,
environmentally hazardous effects, and high prices of
fossil fuel have demanded to find new, healthy,
renewable, and sustainable energy sources. Renewable

therefore

energy sources generate more economical energy in
comparison with fossil and nuclear energy sources
(OECD/IEA, 2024). The management planning and
prioritization of energy resources should be decided well
(Kantoglu and Argun, 2022). This issue is important in
terms of commissioning different energy sources from
day to day (such as aquifer thermal energy), for future
energy consumption and meeting demand (Ertugrul et
al., 2018). Hydropower energy sources are the most
utilized one, with 53.6 %, among renewable energy
sources (Cuming et al, 2015). The reasons for this are
reliability, availability, cost, and payback period of
hydroelectricity.

Water, which covers about 70% of the Earth's surface,
contains significant potential energy in the form of
flowing water, ocean currents, and waves. This energy
can be harnessed for various applications, highlighting

the vast potential of water as an energy source.
Hydropower, or hydroelectric power,
generated by constructing dams to store the flowing

is primarily

water of rivers or streams. However, dam projects are
extensive and costly, with substantial environmental
impacts, including local climatic variations, and
inundation of agricultural land, historical sites, and
residential areas.
On the other hand, scientists and experts have been
clean and
energy
investment costs and shorter installation times. (Al-
Dabbagh, 2017). Through examining the historical
evolution of h