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BIOMECHANICAL PERFORMANCE AND
SUSTAINABILITY OF CRANIAL IMPLANTS:
FROM FINITE ELEMENT ANALYSIS TO
CLINICAL PRACTICE

Sinan KOSE!

1. INTRODUCTION

Cranioplasty — the surgical restoration of skull defects — is
a critical procedure for protecting the brain and restoring cranial
anatomy after trauma, surgery (e.g., decompressive craniectomy),
or congenital defects (Shash, 2024). Each year, hundreds of
thousands of patients require cranial bone repair worldwide
(Vallittu, 2017). Traditionally, the missing skull section (bone
flap) can be replaced with the patient's own bone (autograft) or an
alloplastic implant made of metal, ceramic, or polymer (Shash,
2024). Among materials, titanium metal emerged as a gold-
standard for cranial implants because of its high strength,
biocompatibility, and corrosion resistance (Coyle et al., 2025).
However, titanium is far from perfect — it is much stiffer than
bone (potentially causing stress-shielding of the surrounding
skull) and produces CT/MRI artifacts that hinder postoperative
imaging. Moreover, metal implants can release wear particles and
ions over time, which may trigger inflammation and local bone
resorption. These limitations have catalysed the search for
advanced biomaterials that more closely mimic bone’s
mechanical behaviour and biological performance (Msallem et
al., 2022). In parallel, engineers are leveraging mechanical
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modelling tools like finite element analysis (FEA) to virtually
design and optimize cranial implants for better stress distribution
and safety margins before they are ever manufactured (Haque et
al., 2023). The convergence of novel materials (e.g., bioactive and
composite biomaterials) with computational modelling and
experimental mechanics is reshaping cranial implant design in
pursuit of stronger, safer, and more biologically integrated
reconstructions. This chapter provides a comprehensive overview
of cranial implant design from both a materials perspective and a
mechanics perspective. We review the landscape of biomaterials
used in cranial repair — from traditional titanium and
polymethylmethacrylate (PMMA) to newer alternatives like
bioactive glasses, fiber-reinforced polymers, and sustainable bio-
based composites. We then discuss modern finite element
modelling approaches for simulating skull-implant systems,
including how FEA informs implant geometry and predicts stress
distributions and failure modes. To bridge simulation with reality,
we examine experimental validation techniques for cranial
implants, highlighting studies that measured mechanical strength,
impact resistance, and fatigue life of implant prototypes. We also
devote sections to the tribological and fatigue behaviour of cranial
implants — how friction, wear, and cyclic loading can affect long-
term performance - and to sustainability perspectives,
considering biodegradable or “green” material innovations that
reduce environmental impact. A section on clinical relevance
links engineering insights to surgical outcomes, discussing
biocompatibility, infection, imaging, and regulatory
considerations. Finally, we summarize key findings and future
directions in the conclusion. Throughout the chapter, emphasis is
placed on integrating experimental mechanics data with
computational simulations to guide the design of cranial implants
that are mechanically robust, fatigue-resistant, biologically
active, and clinically effective.
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2. MATERIALS USED IN CRANIAL IMPLANTS
2.1. Metals

The metallic materials used in cranial implants have
historically held an important place due to their high mechanical
strength and long-term biocompatibility profiles. In modern
cranioplasty applications, titanium and Ti-6Al-4V alloy are the
most commonly used metals. Titanium and Ti6Al4V alloy have
been used for many years as standard materials in skull
reconstruction due to their high strength-to-weight ratio,
biocompatibility, and corrosion resistance. With an elastic
modulus of approximately 110 GPa, which is much higher than
that of human cortical bone (15-20 GPa), it is effective in
carrying stresses but can cause resorption in the surrounding bone
tissue. Finite element analyses indicate that local stress
concentrations in titanium implants may lead to long-term
loosening and micro-movement of screws (Jindal et al., 2023).
Nevertheless, titanium is still preferred by surgeons due to its
malleability during surgery and mechanical stability (Kayhan et
al.,, 2024). Stainless steel (316L), while widely used in
orthopaedic implants, currently lags behind titanium and its alloys
in cranioplasty. The most important reasons for this include the
steel's higher density, the risk of creating MR artefacts due to its
magnetic properties, and potential hypersensitivity reactions due
to its nickel content. Although stainless steel has good corrosion
resistance, its long-term stability in biological environments is not
as high as that of titanium. Therefore, while steel implants are
used to a limited extent in modern cranioplasty protocols,
examples of older series of cranial reconstructions made from
316L steel plates can be found in the literature (Mani et al., 2007).
Cobalt-chromium-molybdenum (Co-Cr-Mo) alloys are a widely
used material group in orthopaedic joint prostheses and dental
implants due to their high hardness, wear resistance and excellent
mechanical stability. However, when evaluated from a
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cranioplasty perspective, the elasticity modulus of Co-Cr alloys
(~220-230 GPa) is much higher than that of bone and even
titanium. These high elasticity values can lead to a significant
stress shielding risk, reducing the load-bearing capacity of the
surrounding bone tissue. Furthermore, Co-Cr alloys create
significant radiological artefacts, complicating postoperative
imaging, and their high density increases implant weight. For
these reasons, although Co-Cr alloys are not considered
technically suitable for cranioplasty, they should be evaluated
within the scope of cranial implant materials as they are an
important part of the metal implant family from a materials
science perspective (Vaicelyte, 2020). While metal implants offer
high static strength, the mismatch in elasticity modulus between
bone tissue and metal materials brings disadvantages such as
artefact formation and weight. Current research has shifted
towards polymer and composite-based implant materials.
Nevertheless, considering titanium's clinical success rate and
long-term stability, the metal category remains one of the
cornerstones of cranioplasty materials science.

2.2. Polymers

Polymer-based implant materials—particularly
polymethyl methacrylate (PMMA) and polyetheretherketone
(PEEK)—have come to the fore in recent years due to their
balance of mechanical and biological performance. Although
PMMA offers low cost and surgical flexibility, it has a brittle
structure. In addition to the risk of cracking under impact loads,
the polymerisation processes that generate heat can cause
necrosis in nearby tissues (Msallem et al., 2022). PEEK with an
elastic modulus in the range of 3—4 GPa, is compatible with bone
tissue and enables post-operative imaging with its radiolucent to
its radiolucent property. However, its bioinert structure results in
low osteointegration potential. Therefore, modification with
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hydroxyapatite or titanium coating is recommended (Thien et al.,
2015; Moncayo-Matute et al., 2023).

2.3. Bioceramics (HA, Zirconia, Alumina)

Bioceramics are widely discussed in the field of
cranioplasty due to their osteoconductive properties and surface
chemistry that supports cellular adhesion. Hydroxyapatite (HA)
facilitates the osseointegration process thanks to its composition,
which is close to that of the bone mineral phase. However, the
brittle structure and low impact toughness of the material limit its
use alone in large defects. Zirconia (Y-TZP (tetragonal zirconia
polycrystal)) offers high flexural strength and wear resistance, but
there are concerns regarding brittle fracture risk and long-term
stability. Although alumina provides superior hardness and
chemical inertness, it is highly susceptible to crack propagation
under impact. For these reasons, bioceramics are often preferred
as a coating (e.g., HA or BG-coated PEEK) or composite system
(polymer-ceramic) component. Thus, osteoconductivity is
preserved while structural toughness and impact resistance are
supported by the polymer matrix (De Santis et al., 2021; Hench,
2006).

2.4. Bioactive Glasses (BG, 45S5 and Derivatives)

Bioactive glasses (BG) (e.g., 45S5) can form a chemical
bond with bone through Ca-P ion release in body fluids and the
formation of an apatite layer on the surface. These properties
make bioactive glasses advantageous for cranial defect repair.
The antibacterial effect associated with ion release and surface
bioactivity reduce the risk of early-stage infection while offering
users the potential to accelerate osteointegration processes. In
recent years, it has become possible to produce BG at low
temperature and low energy costs using 3D printing and gel-based
‘green’ printing techniques, thereby strengthening the perspective
of sustainable manufacturing. The integration of the BG phase
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into polymer matrices (PEEK, PLA, PCL) or fibre-reinforced
composites has been shown to optimise both mechanical
toughness and biological efficacy (Hench, 2006; Nogueira et al.,
2024; Cannio et al., 2021; Dou et al., 2025).

2.5. Fibre-Reinforced Composites

Fibre-reinforced composites (FRCs) can increase impact
toughness and fatigue life by limiting crack propagation in the
polymer matrix through fibre bridging and energy absorption
mechanisms. Carbon fibre-reinforced PEEK (CF-PEEK) offers a
higher elastic modulus and fracture toughness compared to pure
PEEK, while maintaining its radiolucent structure. Glass fibre
reinforced composites (LFC-BG) functionalised with bioactive
glasses (BG) impart osteoactivity and antibacterial effects,
reporting rapid mineralisation at the bone-implant interface.
Clinical case studies report that LFC-BG implants demonstrate
stable integration and satisfactory mechanical performance.
Furthermore,  bionic/topology-optimised lattice-structured
reinforcements increase impact resistance without adding mass
and distribute stress homogeneously throughout the body (Posti
et al., 2015; De Santis et al., 2021; Coyle et al., 2025).

2.6. Bio-based and Sustainable Materials (PLA/PCL
Composites, Mg/Polymer Hybrids)

Biopolymer-based polymers (PLA, PCL) and composites
of these polymers reinforced with inorganic phases such as
HA/BG offer a temporary structural scaffold approach for
regenerative cranioplasty. In these material groups, as the implant
biodegrades over time, the transfer of load within the structure is
transferred to the newly formed bone tissues throughout the
degradation process. Mg/polymer hybrid systems initially possess
high mechanical load-bearing capacity, while their controlled
biodegradability offers the potential to reduce permanent implant
loads and long-term material footprints. In terms of sustainability,
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3D printing at the point of use reduces logistics and stock costs,
while low-temperature ‘green’ processes decrease energy
consumption. When evaluated using life cycle assessment (LCA)
metrics, these materials and application methods can offer lower
environmental impact profiles compared to traditional metal
solutions (Jindal et al., 2023; Mani et al., 2007; Kayhan et al.,
2024).

3. FINITE ELEMENT  ANALYSIS (FEA)
APPROACHES

Finite Element Analysis (FEA) is one of the most reliable
and widely used engineering tools for evaluating the mechanical
behaviour of cranial implants. This method numerically
determines stress distribution, deformations and safety factors by
analysing the interaction of the implant material's elastic
modulus, Poisson's ratio, density and geometry with the applied
loads, boundary conditions and contact properties. FEA has
become a mechanical validation unit that directly influences
clinical decisions, particularly in patient-specific implant designs.
Although it currently provides the operator with patient-specific
information through pre-application scenarios, error rates from
numerical calculations are a concern in this method. The
hardware used and operator influence are parameters that directly
affect the magnitude/size of these errors (Mejia Rodriguez et al.,
2024). The main reasons for the widespread use of FEA in
cranioplasty are;

i) The implant geometry can be modelled with
anatomical accuracy by deriving it from CT or MRI
data,

i) Material models can be precisely defined according
to their linear-elastic, elastoplastic or composite
structure,
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iii) The ability to simulate different loading scenarios
(impact, compression, screw tightening, intracranial
pressure changes) prior to surgery,

iv) Enabling optimisation studies (screw placement,
selected implant thickness, topology optimisation).

3.1. Geometry and Modelling Approaches

Patient-specific three-dimensional skull models are
typically created through the segmentation of high-resolution CT
data. Following segmentation, a surface mesh is derived, and the
implant geometry is designed to fit the defect area. Due to the
complex structure of the skull, both cortical and trabecular bone
can be defined as separate regions in the model. Increasing the
mesh density, particularly at the contact surfaces of the screws,
directly affects the accuracy of the results. Although an increased
number of meshes is important for accurate modelling, it can
negatively affect the total error/deviation ratios resulting from
rounding errors in mathematical equations due to longer
processing times. The literature reports that tetrahedral elements
are commonly preferred in models used for skull reconstruction,
while hybrid mesh structures with shell elements yield more
accurate results in thin-walled implants (Moncayo-Matute et al.,
2023).

3.2. Material Modelling

The materials used in cranioplasty implants are generally
modelled as linear elastic isotropic. However, while bone tissue
exhibits orthotropic properties, CF-PEEK or glass fibre
reinforced composites exhibit anisotropic material behaviour.
While it is recommended that these properties be introduced into
the software used in the analysis processes of the materials, the
entire model can be represented using the linear elastic isotropic
material group with acceptable assumptions in order to shorten
the processing times and simplify the overall model. However,
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the modelling of the brittle structures of bioactive glass and Mg-
based structures necessitates their representation using a damage
model. In FEA studies, defining material properties with values
found in the literature is particularly important in stress
behaviour, deformation, and fatigue analyses (Coyle et al., 2025;
De Santis et al., 2021).

3.3. Boundary Conditions and Loading Conditions

For cranioplasty implants to be modelled correctly, the
boundary conditions must represent physical reality. In most FEA
studies performed on the skull;

i) Rigid fixation performed in the basal regions,

i)  Where frictional contact is defined at the screw and
implant interface,

ili) The intracranial pressure scenario is applied,

iv) It stands out as a system in which analyses are
performed and results are evaluated under impact
loads.

Load scenarios are particularly important in interpreting
traumatic events, determining the risk of implant fracture and
deformation limits.

3.4. Output Parameters: Stress, Displacement,
Deformation and Safety Factors

FEA outputs are generally evaluated in three main groups;

1) Stress distribution (von Mises, maximum tensile-
compressive stress)

i) Deformation and displacement

v) Safety factor
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In some advanced models, fatigue life estimation, failure
criteria, screw pull-out resistance and micro-movement analyses
can also be performed (Moncayo-Matute et al., 2023).

4. EXPERIMENTAL MECHANICS AND
VALIDATION STUDIES

Finite element analysis is a powerful predictive tool for
cranial implant design, but it must be validated with experimental
data during the transition to clinical application. Experimental
mechanical studies reveal the behaviour of the implant under real
loading conditions, fracture modes, fatigue life, and stability at
the implant-bone interface. This allows the reliability of FEA
models to be tested and numerical design decisions to be validated
in a laboratory setting (Msallem et al., 2022; Coyle et al., 2025).
Static tests are used to determine the load-deformation behaviour,
rigidity, and ultimate load-bearing capacity of cranial implants.
In these tests, implants are typically mounted on synthetic skull
models or cadaver bone, and a controlled compressive load is
applied from a specific point or area. The resulting load-
displacement curves provide the operator with information about
the rigidity of both the implant and the implant-bone system.
Cranial implants are expected to be safe not only under static
loads but also under impact and traumatic loads. Therefore, drop
tests, impact tests, or collision experiments at specific impact
energy levels are used. The objective of these experiments is to
characterise the implant's damage behaviour, microcrack
initiation and propagation mechanisms, and its energy absorption
capacity, which will not traumatise the skull and brain tissue a
second time. Skull implants may be subjected to repeated low-
amplitude loads over their long service life. Chewing, speaking,
muscle contractions and minor traumas create a high-cycle
fatigue effect on the implant and screws; therefore, fatigue

10
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strength is a critical design criterion, not just a single-use ‘load-
bearing capacity’. In fatigue tests, implant samples or implant-
bone simulation systems are subjected to hundreds of thousands
or even millions of loading cycles at a specific stress level.
Studies have shown that PEEK and CF-PEEK composites have a
much higher fatigue life compared to PMMA, with delayed
microcrack initiation and a lower crack propagation rate (Jindal
et al., 2023). While metal implants (titanium) are advantageous
due to their high yield strength, they can harbour critical areas for
fatigue cracks, particularly in bone tissue, due to stress
concentration around screw holes. Mechanical tests demonstrate
the structural safety of the implant, while animal models are used
to evaluate the implant's biological integration, osteointegration
rate, and tissue response. At this stage, not only the load-bearing
capacity of the implant but also the following parameters are
observed histologically and radiologically:

i) New bone formation,

i) Vascularisation,

iii) Inflammatory response,

vi) Interaction of bioactive phases with bone
are observed histologically and radiologically.

In the literature, the study by Posti and colleagues (2015)
evaluating a cranioplasty implant containing glass fibre
reinforced composite - bioactive glass clinically and
experimentally is cited as an example. This study demonstrated
that bioactive glass-enriched fibre-reinforced composites support
long-term success from both mechanical and biological
perspectives. In the context of regenerative cranioplasty, He and
co-workers’ (2024) study reviewed regenerative implant concepts
utilising bio-based polymers and bioactive phases, demonstrating
that resorbable scaffolds support new bone formation in animal

11
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models (He, 2024). Such studies are important in demonstrating
the potential for implants, whose mechanical design is optimised
using FEA, to adapt to load transfer scenarios that reshape over
time in living tissue. These studies reveal the limitations of
numerical modelling in living tissues.

5. TRIBOLOGY AND FATIGUE

Although cranioplasty is not a classic ‘joint tribology’
problem, the concept of tribology becomes important due to
micro-movements, wear and tribo-corrosion in metals occurring
in the implant-bone, screw-bone and screw-implant regions.
Titanium and Cr-Co alloys, in particular, can cause ion release
and local pH changes under repeated loads, leading to an
inflammatory response in the surrounding bone tissue and
loosening in the long term (Runa & Mathew, 2021). The
imbalance between screw tightening torque, rigidity, and bone
quality in cranial implants creates conditions conducive to
micromotion in the interstitial space. FEA studies have shown
that stress concentrations and contact pressures around the screws
are particularly pronounced in metals with high elasticity moduli
(Jindal et al., 2023). These micro-movements can result in:

i) Fretting wear and tribocorrosion in metal implants,

ii) Surface wear and particle formation in polymers and
composites.

Polymer-based materials such as PEEK and CF-PEEK are
advantageous in this regard because they do not release metal ions
and do not produce tribocorrosion. However, depending on
surface roughness, local damage caused during screw insertion,
and bone thickness, wear products may also form in polymers.
Although the results of biological studies on these particles are
limited in the literature, it is appropriate to evaluate them within

12
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a framework similar to the polymer particle-related osteolysis
mechanisms familiar from orthopaedic applications. Metal ions
and particles released as a result of fretting and tribo-corrosion in
metal implants can lead to undesirable biological processes in
surrounding tissues, such as:

i) Macrophage activation,
i) Local inflammation,
iii) Osteolysis around the implant in the long term.

Cr-Co alloys are one of the most critical groups in this
regard. For these reasons, they are not currently preferred in large-
surface applications such as cranioplasty (Mathew & Pourzal,
2021). Although the wear products generated in polymer-based
implants are chemically inert, cellular responses related to
particle size and morphology are still an active area of research.
Particles formed in composite implants, where phases such as
bioactive glass (BG) and hydroxyapatite (HA) are integrated into
the surface, can often be considered biocompatible when they are
within the appropriate size range, as they are similar in structure
to the bone mineral phase (Hench, 2006; Cannio et al., 2021).
Fatigue is particularly critical in screw holes, sharp geometric
transitions, and thinned areas for adaptation to the skull contour.
Although titanium implants stand out for their high
static/dynamic strength, they are susceptible to fatigue-induced
microcracks under high cyclic loads due to stress concentration
around screw holes. In contrast, PEEK and especially CF-PEEK
composites exhibit behaviour that delays crack propagation due
to their low elastic modulus and fibre effect (Coyle et al., 2025;
De Santis et al., 2021). Fibre-reinforced composite structures can
now compete with metallic solutions in terms of toughness and
fatigue resistance, as the fibres absorb tensile and fracture energy
at the crack tip.

13
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6. DESIGN AND OPTIMISATION STRATEGIES

The ultimate goal in cranial implant design is not merely
to produce a plate that covers the defect. It is also to create a
structure that improves stress distribution, reduces micro-
movement and stress concentrations, and optimises material and
weight. At this point, FEA is integrated into parametric design
and optimisation processes in conjunction with experimental
data. The Taguchi design approach allows for the systematic
investigation of numerous parameters (e.g., implant thickness,
material type, number of screws, screw diameter, friction
coefficient of the contact area) with a limited number of
experiments or analyses. Taguchi and Response Surface Methods
(RSM) are widely used, particularly in optimising performance
criteria such as tribological behaviour and wear rate. Dzierwa et
al. (2023) optimised the effect of parameters such as load, speed,
and counter material on wear behaviour in polymer-based
tribological systems using the Taguchi technique. Thus, they
determined the combination with the lowest friction coefficient
and wear rate. A similar statistical optimisation approach can also
be adapted to select suitable thickness—material-screw placement
combinations in cranial implants. The number of screws and their
placement regions are critical parameters in terms of both
mechanical stability and surgical application time. FEA studies
typically test different combinations of 3-8 screws, examining the
stress distribution at the screw—bone interface and the maximum
displacement of the implant. Various simulation and
experimental studies report that four screws placed in appropriate
positions (symmetrically positioned around the defect) can
provide stability similar to six or eight-screw systems (Jindal et
al., 2023; Mejia Rodriguez et al., 2024). These studies aimed to
optimise both cost and surgical time. Principles to consider in
screw placement optimisation:

14
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i) Distance of screws from the defect edge,
i) Cortical bone thickness and bone quality,
iii) Implant thickness and regional rigidity,

iv) Friction conditions on the contact surface and screw
tightening torque.

Recent advances in topology optimisation and 3D printing
technologies, cranial implants are now designed as hollow,
biogenic lattice or cage-like reinforced structures instead of solid
plates of uniform thickness. Such structures:

1) Reduce implant mass,
if) Increase rigidity in selected directions,

iii) Reduce the risk of fracture by distributing impact
energy.

7. CLINICAL APPLICATIONS AND PRACTICAL
APPROACHES

The clinical success of cranial implants depends not only
on the mechanical and biomechanical properties of the material
but also on the implant's biocompatibility, infection risk,
compatibility with imaging methods, and surgical feasibility. In
clinical practice, when FEA, experimental mechanical data, and
sustainability principles are combined, a multidimensional
decision-making process emerges that affects both the patient's
quality of life and the long-term stability of the implant (Thien et
al., 2015; Kayhan et al., 2024). Biocompatibility at the implant—
bone interface is one of the key determinants of cranioplasty
success. Although titanium implants are considered
biocompatible, the rate of osseointegration may vary due to
factors such as surface roughness and chemical inertness. PEEK
implants, on the other hand, are chemically inert and therefore not

15
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osseoactive. Surface modifications (HA coating, BG coating,
plasma oxidation) are applied to this material to enhance
osseointegration during use (Thien et al., 2015). While the
infection rate in cranioplasty operations is reported in the
literature to be between 5-20%, the surface properties of the
material, porosity, and surgical duration directly affect the risk of
infection. PMMA may increase the risk of infection due to its
porosity and heat-releasing polymerisation. Although PEEK is
advantageous in terms of bacterial adhesion due to its lower
surface energy, completely smooth surfaces may be prone to
biofilm formation. Bioactive glasses offer a significant advantage
in infection control as they can exhibit antibacterial effects
through ion release (Cannio et al., 2021). Hybrid composite
implants containing bioactive glass (45S5) offer superior
integration potential due to their ability to form chemical bonds
with bone (Posti et al., 2015). The compatibility of implants with
postoperative imaging methods plays a critical role in treatment
planning. While titanium implants create significant artefacts in
CT and MRI, PEEK and fibre-reinforced composites are
radiolucent and do not create artefacts, making them particularly
preferred in oncological patients (Thien et al., 2015). Composite
and bio-based implants allow for the homogeneous passage of
radiotherapy beams, facilitating treatment planning. Therefore,
polymer and composite implants can be considered the most
advantageous group in terms of imaging compatibility. When
evaluating the surgical applicability of the implant, it involves
multifaceted criteria such as surgical duration, implant
mouldability, ease of fixation, post-operative care, cost, and
accessibility. Titanium implants are surgically practical because
they can be moulded in the operating theatre. However, high cost,
long production times, and the risk of artefacts constitute
disadvantages. PEEK implants may be costly, despite being
superior in terms of aesthetics and biomechanics. Nevertheless,
with the proliferation of in-hospital 3D printer infrastructure,

16
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PEEK production is becoming more economical and rapid.
Composite implants, particularly FRC-BG systems, offer an
optimised middle ground in terms of both cost and biological
performance (Posti et al., 2015).

8. RESULTS

In this chapter of the book, cranial implant materials have
been evaluated in terms of mechanical performance,
biocompatibility, sustainability, and clinical applicability. The
combined presentation of Finite Element Analysis (FEA) and
experimental mechanical studies demonstrates that implant
design is not merely a theoretical engineering approach but also a
scientific process that directly influences clinical decisions.
Although titanium provides high static strength and long-term
stability, its high elastic modulus results in stress shadowing and
imaging artefacts, which are significant disadvantages (Thien et
al., 2015). Although PMMA has the advantage of low cost, it is
secondary in modern cranioplasty due to its brittle fracture
behaviour and biocompatibility limitations (Msallem et al.,
2022). PEEK is highly advantageous due to its elasticity modulus
close to that of bone tissue and its radiolucent properties.
However, the lack of osseointegration necessitates surface
modifications (Thien et al., 2015; Coyle et al., 2025). Fibre-
reinforced composites (CF-PEEK, FRC-BG) stand out as the
most balanced and technologically advanced solutions in terms of
impact resistance, fatigue life, and osteoactivity (Posti et al.,
2015; De Santis et al., 2021). Bio-based and biodegradable
implants offer significant potential in terms of sustainability;
however, their mechanical stability must be supported by long-
term clinical data (He et al., 2024; Wang et al., 2024). FEA is an
effective tool for optimising implant-bone interface stresses,
screw stability, implant thickness, and topology design.
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Experimental static loading, impact tests, and fatigue studies have
shown high agreement with FEA outputs and supported the
clinical accuracy of numerical optimisation (Jindal et al., 2023;
Coyle et al., 2025). Green manufacturing techniques (particularly
colloidal BG 3B printing), bio-based polymers, and Mg-based
hybrid structures reduce the environmental footprint of implant
materials throughout their life cycle (Dou et al., 2025; Wang et
al., 2024). This demonstrates that the environmental dimension is
now as important as clinical success in medical device
engineering. Implant selection is a multi-dimensional decision for
clinicians. The modern trend is towards composite-based
solutions that are biomechanically robust, provide radiolucency,
reduce the risk of infection, and are aesthetically pleasing.
Overall, fibre-reinforced composites and bioactive hybrid
implants appear to strike the most successful balance between
mechanical performance and biological sustainability.
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TURKIYE’DE ELEKTRIKLI ARAC
EKOSISTEMI

Huseyin GURBUZ!

1. GIRIS

Son yillarda geleneksel motorlu araglardan Elektrikli
araclarda (EA) gecis diinya 6lgeginde pozitif yonde ivme kazandi.
Iklim degisikligi ile miicadele etmek igin en énemli ayaklarindan
olan fosil yakitli araglarin kullanimini azaltmak o6nemli bir
secenek Kkarsimiza c¢ikmaktadir. Avrupa birligi tlkelerinin
genelinde 2030 ve 2035 yillar1 sonrasi i¢ten yanmali motorlu
araglarin iretimi ve kullanimi ciddi oranlarda kisitlanmasi
planlanmaktadir. Hiikiimetler de bu kisitlamay1 hizlandirmak ve
kolaylastirmak icin tesvikler vermektedir. Icten yanmali motorlu
ara¢ kaynakli zararli emisyonlar ile miicadele etmek igin
elektrikli araglar verilen tesvikler ¢cok Onemli olsa da arag
tasarimi, teknolojik yenilik sunmasi ve sarj alt yapisi ¢ok daha
onemli cazip gelmektedir. Avrupa’da kamu kurumlarinin, Temiz
Araclar Direktifi (Clean Vehicles Directive) ile elektrikli
araclarin kullanimini yayginlagmasi i¢in elektrikli araclarin satin
almasi tegvik edilmektedir. Dolayisiyla arag treticileri de ¢esitli
tasarimsal yenilikler sunarak elektrikli ara¢ ekosistemini
guclendirmektedir.

Elektrikli araglar sivi ve gaz yakith araglardan ayiran en
Oonemli yan1 bu yakitlara muhta¢ olmamasi ve elektrik motoru ve
batarya teknolojisi olarak ifade edilebilir. Elektrikli araglarin ana
tasit ozellikleri igten yanmali motorlu araglar ile ayni1 olmasina

1 Dog. Dr., Sirnak Universitesi, Makine Miihendisligi Boliimii, ORCID: 0000-0002-
3561-7786.
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ragmen dijitallesme ve elektroniklesme Ozellikleri agisindan
olduk¢a farkli olanaklar sunmaktadir. Ayrica bu araglar tam
elektrikli (Sarj edilebilir) ve hibrid araclar olarak secenek
sunmaktadir. Hibrit araglar seri paralel ve yakit hiicreli araglar
olarak c¢esitli segenekleri bulunmaktadir (Renewable Energy,
2020).

Elektrikli araglar %100 olarak elektrikli olmasi, elektrik
motorun ihtiyaci olan elektrigi sadece sarj edilebilir bataryadan
saglamas1 anlamina gelmektedir. Sifir emisyonlu olan bu araclar
batarya teknolojisinin sundugu imkanlar dogrultusunda menzil
sunmaktadir. Hibrid araglar ise i¢ten yanmali bir motor ile
dogrudan araci hareket ettirme veya bataryay1 besleme maksatli
kullanilmaktadir. Aym1 zamanda plug-in hibrid araclarda
mevcuttur. Bu araglar icten yanmali motorun bataryayi sarj
etmesinin yan1 sira prize takilarak ta bataryay1 sarj
edebilmektedir.

2. ELEKTRIKLi ARACLARIN iCTEN YANMALI
MOTORLU ARACLARLA KIYASI

Dizel ve benzinli motorlu araglar petrol tiirevli sivi yakit
kullanirlar. Elektrikli motorlar ise elektrik motoru kullanirlar.
Elektrik motorlar1 besleyen yliksek kapasiteli bataryalar kullanir.
En belirgin farki Sekil 1 de goriildiigii iizere igten yanmali motor
ve sivi yakit deposu ile elektrikli motor ve batarya kullanimidir.
Icten yanmali motorlara sahip binek araglarin yakit tankin
doldurmak i¢in 3 ile 4 dakika yeterli iken, aynm giigteki tam
elektrikli bir aracin bataryasini tamamen doldurmak i¢in ev
sebekesi (220 Volt) ile yaklasik 10 saat ve 420 V sarj istasyonu
ile yaklasik 30 dakika da dolmaktadir. Bunun yan1 sira, deposu
dolu bir konvansiyonel motorlu aracin menzili, bataryasi tam dolu
elektrikli araclarin menzilinden ¢ok daha uzundur.
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Resim 1. Elektrikli arag ve i¢ten yanmali motorlu arag

Elektrikli Aracin (EA) performansi ve elektrik motorunun
verimi Icten Yanmali Motorlu araglara gore daha yiiksektir.
Ayrica, bakim maliyetlerinin minimuma inmesinin nedeni olan
elektrikli araglarin daha az hareketli parcasi olmasi ile diisiik
bakim maliyetleri ve elektrikli araclarin sagladig1 sessiz siiriig
konforu kullanicilar igin cazip hale gelmektedir.

Iklim degisikli ve atmosfer kirliligi ile miicadele sera gazi
emisyonlarinin azaltilmasi ¢ok 6nemlidir. Sera gazlar1 arasinda
en onemlileri NOx ve CO2 gazidir. Atmosferin kirlenmesinin
azaltilmas1 bu zararli emisyonlarin azaltmasi ile miimkiindiir.
Icten yanmali motorlu araglar petrol tiirevi yakitlar kullandig1 igin
egzoz gazindan HC, C, CO, CO2, NOx Partikul madde ve kikurt
bilesenleri gibi zararli emisyonlar1 atmosfer salmaktadir.
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Elektrikli araclar temiz enerji kullandig1 i¢in bu zararh
emisyonlart yaymazlar. Boylelikle karbon saliiminin biiyiik
boliimiiniin nedeni ulagim kaynakli oldugu icin EA’lerin
yayginlagmas1 ile Oonemli oranda azalacaktir. Fakat elektrikli
araclarin ihtiya¢ duydugu elektrigin yenilebilir enerji kaynag ile
elde edilmesi ¢ok dnemlidir. Fakat Batarya Uretiminden gelen
toplam CO2 miktar1 EA’larin %100 temiz enerjili ara¢ imajini
olumsuz etkilemektir. Yapilan arastirmalar, batarya iiretiminde
her 1 kilovat-saatlik (kWh) kapasite i¢in yaklasik 150 kilogram
karbondioksit ~ (CO:)  emisyonu  meydana  geldigini
gostermektedir. Ortalama bir elektrikli aracin, sarjlar arasinda
makul bir menzile (yaklasik 500 km) ulasabilmesi i¢in en az 60
kWh’lik bir batarya kapasitesine ihtiyag duydugu goz oOniine
alindiginda, bu yalnizca batarya iiretimi siirecinde yaklasik 9 ton
ek CO: salimi anlamina gelmektedir. Dolayisiyla, bir elektrikli
aracin toplam liretim siirecinde ortaya ¢ikan CO: emisyonu 16 ile
19 ton arasinda degismektedir. Fakat giines paneli ve ruzgar
tiirbini ile iiretilen elektrik kWh basina saldigi CO2 (36 gr) miktari
cok diisiikk seviyelerde oldugu i¢in insan ve g¢evre sagli igin
olumsuz etkisi oldukga azdir (EPA, n.d.).

3. ELEKTRIKLI ARACLAR VE SARJ
ISTASYONU

Elektrikli araglarin menzil batarya giicline bagli olarak
degismektedir. EA’larda hem motor hem de batarya segenekleri
olduke¢a ¢oktur. Boylelikle bir markanin bir modelinde ¢ok sayida
secenek sunulabilmektedir. Tablo 1°’de batarya giici ve yol
verilerine gore ortalama menzili verilmistir (Electric Vehicle
Database, 2025). Tablo incelediginde batarya giiciine bagli olarak
menzil artmaktadir. Fakat baz1 marka modellerde rejeneratif sarj
sistemleri oldugu i¢in batarya giicii kiigiik olsa da menzil daha
uzun olabilmektedir.
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Tablo 1. Bazi elektrikli ara¢ markalarinin batarya giicii ve
gidebilecegi menzil

Marka Model Batarya Gucil, KWh | Menzil, km
Lucid Air Grand Touring 123 720
Mercedes-Benz EQS 450 4AMATIC 118 655
BMW iX3 50 xDrive 109 610
TOGG T10F Long Range RWD 88 600
Audi A6 Sportback e-tron 95 600
performance

Tesla Model S AWD 95 590
Volvo ES90 Twin Motor Performance | 102 530
TOGG T10X Long Range RWD 88 520
Hyundai IONIQ 9 Long Range RWD | 106 500

Elektrikli araclarin yayginlasmasi ve islevini gerekli
Olclilerde yapabilmesi icin sarj istasyonu alt yapisina ihtiyag
vardir. Bu altyapiyr sivi yakit istasyonlar1 agi kullanilarak
yapilarak bir gelisim hiz1 saglanabilmektedir.

Elektrikli araglar ve gerekli sarj altyapist birbirlerini
tamamlayict bir ag ekonomisini olugturmaktadir. Fakat elektrikli
araglarin zararli emisyonlar ve bu emisyonlarin zararlari ile
miicadele etkin rol oynayacagi diigiiniildiigii i¢in tiim diinyada
sarj alt yapisinin daha hizli yayilmasi politikalar1 giidiilmektedir.
Bu yayilma ile tlkelerin karbon salinimini azaltma hedeflerine
ulagmasinda etken faktor olmaktadir. Elektrikli araglar ile sarj
istasyonu paralel bir sekilde birbirini destekleyici sekilde gelisme
gostermesi kullanict ig¢inde tesvik edici durum olmaktadir. Sarj
istasyonu sayinin kritik esige ulasmadigi siirece elektrikli arag
sayisi da istenilen diizeyde olmamaktadir (Zhou & Li, 2018).
Elektrikli ara¢ ekosisteminin gelismesi sarj istasyonu pazarinin
gelismesini saglamaktadir.

Elektrikli  araclarin  yayilmasi,  elektrikli  arag
ekosisteminin olugsmast ve kolay ulasabilir olmasi ile
hizlanacaktir. Kullanicinin, evde, ofiste ve is yerlerinde bireysel
ticari olmayan sarj alt yapisina sahip olmasi veya ortak kullanim
imkanina ulasmasi EA’larin kullanimin tesvik edecek Onemli
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motivasyon olmaktadir (Hardman et al., 2018). Kullanicilar
bireysel arazilerde Sekil 2 ‘de gosterildigi gibi kuracaklar1 park
alan1 ve sarj istasyonu ayni anda kullanimi, kullanicinin farkl bir
motivasyonu haline gelmistir. Bireysel ve ortak kullanim sarj
istasyonlarinda  Alternatif akim (AC) sarj yontemi ile
calismaktadir. Avrupa kitasinda 240 volt sebeke giiciine bagl
olarak kullanilmaktadir. Araglar kendi inverteri (doniistiiriicii) ile
AC’yi dogru akima (DC) doniistiirerek sarj olmaktadir.

AR 25

Sekil 2. Giines paneli destekli park sarj istasyonu

Ticari sarj istasyonlarinda dogru akim (DC) yontemi
kullanilmaktadir. Sarj istasyonlar1 sebekeden aldiklar1t AC akimi1
DC akima doniistiir ve 50 kW, 150kW, 350 kW ve 420 kW giicte
ve ara giiglerde hizli sarj imkani sunmaktadir. Hizli sarj
istasyonlarmin biiyiik giiclerde olmasi ve bir¢ok aracin ayni anda
sarj olmasi sebekeye ayrica belirli bir yiik bindirmektedir. Bu
neden dolay: ticari sarj istasyonlarinin konumu sarj taleplerinin
yogun oldugu bolge ve saatleri gdzeterek alt yapiya uygun sekilde
ayarlanmas1  gerekmektedir. Ticari yiikksek hizli  sarj
istasyonlarinin maliyetleri sarj istasyonlarinin sayisini ve
konumunu da etkilemektedir. Sarj istasyonlarini kullanici kendisi
deneyimlese de bakim, onarim, sigorta giderleri internet
baglantilar1 ve Odeme sistemleri kurulum maliyetlerini
etkilemektedir (Koksal, Ardiyok, & ikiler, 2024; Lee & Clark,
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2018). Bu maliyetler ve bolgenin alt yap1 sartlari sarj
istasyonlarinin  daha wulasilabilir ve korunakli alanlarda
konumlandirmasini tercih ettirebilmektedir.

Sekil 3’te Tirkiye’nin 2025 Ekim aymna ait TOGG-
TRUGO, ZES, Volturn ve Tesla gibi en ¢ok tercih edilen sarj
istasyonu markalarin da yer aldig1 yaklasik 185 farkli markanin
Tiirkiye sarj istasyonlart yogunluk haritasi gosterilmistir (Charge
1Q, 2025). Sekil 4’te goriildiigii tizere EPDK verine gore Tiirkiye
geneli Eyliil 2025 tarihi itibari ile 35.000 adet sarj noktasi (soket)
seviyesine, Sekil 5’de gosterildigi lizere elektrikli arag sayisi da
321.710 adet seviyelerine ulasilmistir (EPDK, 2025). Bu sarj
soketlerinin 19.992°si daha diisiik hiz sunan AC portlardan
olusuyor. 15.010 adet ise hizli sarj imkam saglayan DC
soketlerden olusuyor. Mevcut ara¢ elektrikli ara¢ sayis1 dikkate
alindiginda, yaklasik her 9 araca 1 sarj soketi diisliyor. Bu
durumda sarj noktasi ve elektrikli arag sayilar1 1/10 kritik
seviyesinin agmis oldugu goriilmektedir (Cakmak & Turan,
2022).

Bulgaristan Al > B
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Sekil 3. 2025 Ekim ayina ait sarj istasyonlar1 yogunluk haritasi
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Toplam Sarj Noktasi (Soket) Sayisi

40000
e 35.002

33.502
=000 - 3058031033 070 .
25,070 28717 22496 00T e
.

30000 26.941
25.006 26-046 . *
22977 2433 .
25000 - Y ]
.

20000

15000
10000
50
0
& & @ﬁ‘ o“;? L?""P ‘»”‘?? & @f‘"':} «@“’i’ «é“@ v?«"& &

Sekil 4. Aylik bazda son bir yilin sarj soket sayilari
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Ayhik Bazda Elektrikli Arag Sayilan
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Sekil 5. Son bir yilin aylik bazda elektrikli arac sayilari

EA’lerin sayist Sekil 5’da goriildiigii iizere son bir yila
icinde yaklasik %133 oraninda artis meydana gelmesi,
Tiirkiye’de TOGG basta olmak iizere elektrikli araglarin hizla ilgi
odagi oldugunu gostermektedir. Bu yonelimin artmasinda sarj
istasyonlarinin yayginlasmasinin etkisi ¢ok fazladir. Toplam sarj
noktas1 aginin etkili seviyede oldugunu gostermektedir.

Tiirkiye’de en ¢ok goriilen sarj istasyonu markalarinin AC
ve DC soket sayilar1 Sekilde 6’da verilmistir. Bu grafige gore
toplamda 4971 soket sayis1 ile ZES birinci, 2447 soket sayisi ile
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TRUGQO ikinci ve 2348 soket sayist ile ESARJ tigilincii siradadir
(EPDK, 2025).

Sarj A Isletmeci Lisans: Sabiplesinin Soket Saylan (Eylal 2025)
(ilk On Marka)
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Sekil 6. Turkiye’de ilk on markanin AC ve DC sarj soket sayisi

Sekil 7°de ilk ondaki sarj istasyonu markalarinin elektrik
tiketimi gosterilmistir (EPDK, 2025). Grafige gore en fazla
elektrik tiiketen sarj istasyonu TOGG markasinin {irlinii olan
TRUGO sarj istasyonlar1 olarak goze carpmaktadir. Elektrik
tiketimi TRUGO %23.53 ile en fazla paya sahiptir. Bu tiketim,
Tiirkiye’de en fazla elektrikli aracin TOGG oldugun ve TRUGO
sarj istasyonlarinin da giivenin fazla oldugu anlamina
gelmektedir.

gar] Istasyonlarindaki Elektrik Tuketimi (MWh) [Eyldl 2025)
(il On Marka)

11.043

3173

138

Laze 1856 1584
l . . . i sw
. |

aot  WalMobite ok 5 Otojet

Sekil 7. Sarj istasyonlarin markalara elektrik tiiketimi
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4. ELEKTRIKLI ARAC EKOSISTEMINDE
PAZAR PAYI VE YEDEK PARCA

Geleneksel motorlu araglarda yaklasik 20 bin gesit parca
bulunmaktadir. Bu pargalarin bir¢ogu icten yanmali motorun
verimli sekilde ¢alismasini saglayacak yakit sistemi, sogutma
sistemi, egzoz sistemi parcalar1 ve bunlari1 destekleyici sensorler
takimi olusturmaktadir. Bu araglar ile EA’ler arasinda motor
aksami ve ilgili parcalar1 haricinde tasit kismi neredeyse ayni
teknolojidir. Parga tedarigi aym1 asamalardan evrilmektedir.
Tiirkiye’de EA’lerin satis1 ve trafikteki EA’larin sayisi belirgin
hizla artmaktadir. Son verilere gére 2024 yilinda toplam arag
satisinin  %35°1  hibrit elektrikli ve elektrikli ara¢ satisi
olusturmaktadir. Bu oranin gelecek yillarda kisa vade i¢in ¢ok
daha artacagi ongoriilmektedir.

Tlrkiye; stratejik konumu nedeniyle, blnyesinde
bulundurdugu uluslararas1 markalara ait otomotiv fabrikalar1 ve
bu fabrikalarin ihtiyact olan gelismis tedarik zinciri altyapisi,
yedek parga kalitesinde standartlar kaliteye ulagmasi ve rekabetci
maliyet avantajlar1 gibi faktorlerin etkisiyle dnemli bir iiretim
uissiidiir. Tiirkiye hafif ticari arag, otomobil, agir is makineleri
iretimi i¢ pazar talebinin yami sira ihracat taleplerini de
karsilamaktadir. Uluslararasi alanda Tiirk otomotiv endiistrisinin
rekabet guct, yuksek kalite ve Oretim kabiliyetleri ile oldukca
guclenmektedir.

Tarkiye otomotiv  endustrisi en fazla ihracat
gergeklestirilen endiistrisidir. Otomotiv endiistrisi 2023 yilinda
35 milyar $’lik ihracat gergeklestirilmistir. Bu ihracatin i¢inde
EA’larin pay1 yillar i¢inde artmaktadir. Tiirkiye’de 2025 Ekim
yil1 otomobil pazar1 %19.87 oraninda artis saglamistir. Bu artisin
motor tipine gore Sekil 8’de Pazar pay1 gosterilmistir. Bu verilere
gore dogrudan elektrikli araclarin 2025 yili Ocak-Ekim aylar
aras1 pazar payl diger tipli motorlara gore %17.80 oraninda
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gerceklesmistir (Erce, 2025). Motor tipine gore Ekim 2024 tarihi
ile Ekim 2025 tarihlerinin satis durumlar1 karsilattirildiginda
Tablo 2°de goriildiigii gibi dogrudan elektrikli araglarda da hibrit
elektrikli araclarda onemli oranlarda artis meydana gelmistir

(Erce, 2025).

Motor Tipine Gore Dagilim

17,5%

OBenzin
'.I ODizel
FL ) O0togaz
K O Hiborit
o Elektrik

Ocak-Ekim 2025

Sekil 8. Ocak- Ekim 2025 tarihleri aras1 arag satis oranlari

Tablo 2. Ekim 2024 ile Ekim 2025 tarihlerinin arac satis icinde

elektrikli araclarin oram

Degisim

o g Ekim 2024

MOTOR TIPI Adet Pay
Benzin 44.637 59,0%
Dizel 5.787 7,6%
Otogaz 315 0,4%
Hibrit 16.017 21,2%
Hibrit 3.937 52%

Plug-In Hibrit 1.757 2,3%
Mild Hibrit 10.323 13,6%
Hekirik 8.906 11,8%
Saf Elektrik 8.341 11,0%

Uzartilmis Menzil 565 0,7%
Toplam 75.662 100%

Ekim 2025
Adet Pay
47.561 52,4%
6.106 6,7%
950 1,0%
21.555  23.8%
6.783 7.5%
1.309 1,4%
13.463 14,8%
14.523 16,0%
14,427 15,9%
96 0,1%

90,495  100%

6.6%
3,9%
201,6%
34,6%
72.3%
-25,5%
30.4%
63,1%
73.0%
-83,0%
19.9%
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5. SONUC

Elektrikli arac ekosistemi Turkiye igin ilk yerli marka olan
TOGG ile yerlesik hayata ge¢mesi hizlandi. T10X modeli ile
elektrikli ara¢ diinyasi ile daha fazla hemhal olan Tiirkiye, milli
duygular ile elektrikli araclar1t meyli beklenenden daha hizli oldu.
Icten yanmali motorlu araglar ile karsilattirildiginda geleneksel
motorlarin ve bununla beraber yakit sistemi, sogutma sistemi,
egzoz sistemi ve diger destekleyici sistemlerinin kaldirilmasi ile
daha sorunsuz ve arizasiz bir otomotiv ekosistemi ile elektrikli
araglarin daha fazla kabul siirecine girmistir.

Elektrikli araclar ile sifir emisyon hedeflerine bir adim
daha yaklasilmistir. Icten yanmali motorlu araglarm yaydiklar
zararli emisyonlar1 oldukg¢a azaltsa da sifirlanmasi anlamina
gelmemektedir. EA’lar icin gerekli olan elektrigin iiretilme
sekline gore emisyon degerleri de degismektedir. Elektrik,
yenilenebilir enerji kaynaklar ile iiretildiginde sifir emisyonlu
ara¢ olarak kabul edilebilir degerlerde emisyonlar iiretir. Ancak
fosil kaynakli yakitlar ile elektrik {iretildiginde emisyon degerleri
istenilen diizeylere gelmemektedir. Bu sebeple elektrikli araglarin
as1l hedef i¢in 6nemli bir esik olmasindan dolay1 yayginlagsmasi
i¢cin 6nemli bir tesvik olarak goriilmektedir.

Elektrikli ara¢ ekosisteminin en 6nemli parcasi bataryalar
ve sarj istasyonlaridir. Elektrikli araglarin menzil sorunu batarya
kapasitesine bagli olarak degismektedir. Son yillarda batarya
boyutu ve agirligi fazla degismeden batarya kapasitesinin artmast
ile arag menzilleri bir 650 km seviyelerine ulagsmistir. Fakat daha
fazla menzil igin su an ki teknoloji ile batarya boyutu ve agirlig
da paralelinde artmak durumundadir. Bu durum EA’larin kendine
has bir ekosistem olusturmaktadir. Sarj istasyonlar1 bu
ekosistemin yerlesik hale gegmesi ve elektrikli araglarin
yayginlagsmasinin oniinde iki seviye sorun olarak durmaktadir.
Tiirkiye olarak elektrikli araglarin artis hizina bagl olarak

34



Makine Miihendisligi

elektrik sarj soketi artmaktadir. Biiylik sehirlerde yogunlagmis
olsa da Tirkiye geneli bir¢ok rotada istasyon bulunmaktadir.
Turkiye’de Ekim 2025 tarihi itibari ile 321 bin EA varken, 35 bin
de sarj soketi bulunmaktadir. Boylelikle 10 araca bir sarj soketi
diismesi kritik oran1 gegilerek yaklasik 8 arag i¢in bir sarj soketi
diismektedir.

Bu ihracatin i¢inde EA’larin payr yillar icinde
artmaktadir. Tiirkiye’de 2025 Ekim y1li otomobil pazart %19.87
oraninda artig saglamistir. Bu verilere gore dogrudan elektrikli
araglarin 2025 yil1 Ocak- Ekim aylar1 aras1 pazar pay1 diger tipli
motorlara gore %17.8 oraninda gerg¢eklesmistir. Bu veriler
gosteriyor ki Elektrikli araclarin ekosistemi Tiirkiye igin kritik
esigi gecmek iizeredir. 2030 yilinda diinya genelinde yaklasik
olarak 40 milyon adet elektrikli ara¢ satis1 olacagi
diigiiniilmektedir. Sadece Tiirkiye’de bu tarihlerde 2 milyon
elektrikli arag olacagi sdylenebilmektedir.
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AN INTRODUCTORY ASSESSMENT OF
ARTIFICIAL INTELLIGENCE IN
MECHANICAL ENGINEERING: APPROACHES,
APPLICATIONS, AND FUTURE DIRECTIONS

Pasa YAMAN!

1. INTRODUCTION

Mechanical engineering (ME) education is undergoing a
fundamental change fueled by the rapid development of artificial
intelligence (Al) and data-centric engineering techniques. In the
past, ME curricula emphasized analytical modeling, physical
testing, and deterministic reasoning grounded in mathematical
formulas. Today, with the advent of Industry 4.0 and cyber-
physical manufacturing systems, engineers regularly interact with
intelligent machinery, sensor-rich environments, and autonomous
systems. These innovations demand that mechanical engineers
expand their skill set to include not only traditional engineering
fundamentals but also computational intelligence, algorithmic
reasoning, and data-informed decision-making (Akolekar et al.,
2025; Kocsis et al., 2025; Rani et al., 2025).

Around the world, universities are incorporating Al
concepts into design courses, robotics labs, and simulation-based
learning environments. Al tools such as machine learning-driven
design optimization, deep learning-based defect detection, and
natural language coding assistants are now accessible even to
undergraduates. Additionally, Al-powered platforms allow
instructors to automate assessments, tailor learning materials, and

1 Research Assistant, Kirklareli University, Faculty of Engineering, Department of
Mechanical Engineering, ORCID: 0000-0003-2079-5800.
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pinpoint student learning challenges in real time (Arslan et al.,
2024; Zhang et al., 2025).

In this context, adding Al to ME education is now a
necessity for graduates to remain competitive in contemporary
engineering. This chapter covers fundamental technical concepts,
pedagogical considerations, application domains, ethical
concerns, and future outlooks of Al in ME education. Its purpose
Is to provide instructors, curriculum designers, and academic
institutions with a structured guide for responsible and effective
Al inclusion.

2. FUNDAMENTALS OF Al FOR ENGINEERING

Artificial intelligence encompasses a wide field of
algorithms and computational models that allow machines to
perceive, analyze, learn from, and interact intelligently with data.
For students in mechanical engineering, mastering Al does not
demand extensive computer science knowledge; rather, it
requires understanding the fundamental principles that impact
real-world engineering systems (Collins et al., 2021).

Machine learning (ML) involves teaching computers to
identify patterns in data rather than relying solely on explicitly
programmed rules. In mechanical engineering, ML is
increasingly employed to forecast material behaviors, detect
anomalies in rotating machinery, predict energy consumption,
and facilitate predictive maintenance. Supervised learning
techniques, such as decision trees, support vector machines, and
random forests, are utilized when labeled datasets are available.
Unsupervised methods, like k-means clustering, are used to
uncover hidden structures within data, such as grouping similar
manufacturing defects (Benhanifia et al., 2025; Chen et al., 2021;
Mohammed & Ismail, 2021).

39



Makine Miihendisligi

Deep learning (DL) employs layered artificial neural
networks to identify complex, highly non-linear patterns. It
proves particularly effective with image-related or high-
dimensional engineering datasets, including SEM micrographs,
infrared thermography, vibration spectrograms, and fluid flow
visualizations.  Convolutional neural networks (CNNSs)
automatically extract visual features, which aid in manufacturing
defect detection and microstructural analysis. Recurrent neural
networks (RNNs) and transformer models are suited for
analyzing time-dependent phenomena like thermal cycling and
system dynamics (Edmunds & Thomas, 2025; Palma-Ramirez et
al., 2024; Qin et al., 2022).

Natural language processing (NLP) helps understand and
produce human language. In engineering education, NLP is
applied to assess student reports, translate technical texts, extract
equations, and support code debugging. Large language models
(LLMs) facilitate conversational exchanges and offer instant
explanations of engineering ideas (Ayaan & Ng, 2025; Bernabei
et al., 2023; Lee et al., 2024).

Reinforcement learning (RL) involves training agents to
identify optimal actions through repeated interactions with their
environment. In mechanical engineering, RL finds use in robot
navigation, automated manufacturing, dynamic process
adjustments, and smart climate control systems. Its educational
value lies in offering hands-on, simulation-based experiences
where learners can see how systems respond to different control
approaches (Ravi, 2025; Vespoli et al., 2025).

Expert systems encode human knowledge in rule-based
structures. Although older than machine learning and deep
learning, they remain vital in engineering design automation,
process planning, and troubleshooting. They assist students in
understanding logical reasoning and structured decision-making.
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Together, these Al foundations form the basis for integrating Al
into mechanical engineering classroom activities, laboratory
experiences, and project-based learning.

3. APPLICATIONS OF Al IN MECHANICAL
ENGINEERING

Al applications in ME education go beyond simple
computational tools; they transform how students understand
engineering systems, analyze data, and develop solutions. The
following sections demonstrate how Al improves vital areas of
ME education.

Al-enabled generative design tools enable students to
automatically explore thousands of design variations, taking into
account constraints such as strength, weight, manufacturability,
and material efficiency. This empowers students to move from
traditional “design by intuition” to “design by optimization.” In
CAD education, Al-powered assistants verify geometrical
constraints, identify potential assembly problems, and offer real-
time suggestions to enhance manufacturability. In CAM
education, machine learning algorithms refine tool paths, surface
finishing techniques, and feed/spindle speeds. As a result,
students develop a deeper understanding of modern intelligent
machining systems employed in advanced manufacturing
(Minker & Schmitt, 2022; Rangasamy & Yang, 2025).

Al improves our grasp of the fundamental relationship
between structure, properties, and process in materials
engineering. It enables the classification of microstructures,
prediction of hardness or tensile strength, estimation of porosity,
and optimization of process parameters for casting, welding, and
additive manufacturing. For instance, deep learning models can
analyze micrographs to determine grain size, alleviating manual
efforts for students and supporting larger experiments. In additive
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manufacturing, Al forecasts how factors like layer thickness,
exposure time, resin viscosity, or powder composition influence
the quality of the final product. These insights deepen students'
understanding of parametric sensitivity in fabrication (Durmaz et
al., 2021; Johnson et al., 2020; Liu et al., 2024; Tan & Spear,
2024).

Finite element analysis (FEA) requires substantial
computational effort, particularly when dealing with nonlinear or
multiphysics scenarios. Artificial intelligence-driven surrogate
models enhance the speed of simulations, enabling students to
carry out real-time design modifications. These machine learning
models can estimate stress patterns, displacement fields, or
potential failure points with considerably less computational
demand. Students have the opportunity to compare Al-generated
predictions with traditional FEA results, thereby deepening their
comprehension of both numerical techniques and the constraints
inherent in surrogate Al models (Huang et al., 2025; Shao et al.,
2023; Suttakul et al., 2024).

Al enhances simulation and experimentation in these
domains through real-time prediction of heat flow or pressure
distribution in complex geometries; intelligent sensor fusion for
thermal or flow experiments; data-driven modeling of heat
exchangers, combustion systems, or pumps; Al-driven CFD
acceleration techniques (reduced-order modeling). These
applications make traditionally abstract concepts more
observable and interactive for learners (Cortvriendt et al., 2025;
Etminan et al., 2025; Petrich et al., 2021; Wang et al., 2025).

Robotics education significantly benefits from artificial
intelligence. Vision-based navigation, object detection, and path
planning depend heavily on machine learning and deep learning
techniques. Reinforcement learning offers an experimental
platform for students to test control algorithms in virtual or
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physical robots. Additionally, control systems education is
enhanced through Al-driven PID tuning and predictive control
strategies, which highlight the limitations of traditional linear
control methods (Fombona et al., 2025).

4. ETHICAL CONSIDERATIONS

Integrating Al into ME education introduces ethical and
operational challenges that require meticulous planning and
policy formulation.

Al tools now have the ability to produce highly polished
assignments, lab reports, design projects, and coding solutions
that may appear technically sound at first glance but conceal a
lack of genuine understanding from the student. These tools can
automatically generate equations, create simulation plots,
perform finite element analysis, and even produce experimental
datasets that seem plausible enough to pass superficial inspection.
Sometimes, students rely on Al not just to complete their tasks
but also to craft elaborate explanations or justifications for results
they haven't actually obtained or verified themselves. This
presents a significant challenge in courses where deep conceptual
thinking, hands-on experimentation, and iterative problem-
solving are essential components of learning. Al may also be used
to “rationalize” or explain outputs from simulations or
experiments that the student neither understands nor can
reproduce, leading to a disconnect between reported work and
actual skills. As a result, traditional assessment methods,
specially those reliant solely on written submissions or automated
grading, are no longer sufficient to ensure academic integrity or
the development of core engineering competencies. Educators
must adapt their approach by incorporating assessment elements
that make it more difficult to rely on Al-generated content without
comprehension. These could include structured oral examinations
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where students verbally explain their methodology, interpret key
results, or derive fundamental equations; process documentation
such as design logs, simulation records, and step-by-step
reasoning notes that demonstrate the student’s actual workflow;
and verification checkpoints where students reproduce parts of
their analysis under supervision. By integrating these methods
into mechanical engineering courses, instructors can more
accurately determine whether students truly grasp the
fundamental principles and can apply them independently to new
or complex problems. Ultimately, rethinking assessment
strategies is vital to maintaining the rigor of engineering
education while responsibly enabling the beneficial use of Al
tools (Balalle & Pannilage, 2025; Fan et al., 2025).

Many Al systems, especially deep learning models,
function as “black boxes,” producing outputs that do not reveal
the intermediate reasoning, mathematical structure, or decision
pathways leading to those results. While this opacity might be
acceptable in some consumer applications, it poses a significant
challenge in engineering education—which depends on clear
logical derivation, transparent reasoning, and strong physical
intuition as the foundation of meaningful learning. When students
rely on Al-generated predictions without understanding the
underlying principles, they risk developing only superficial
familiarity with engineering problems instead of the analytical
depth required for real-world practice. In fields like mechanics,
thermodynamics, finite element analysis, or fluid dynamics,
results must always be grounded in fundamental laws of physics,
conservation principles, and domain-specific constraints. Black-
box Al systems can sometimes produce outputs that appear
plausible numerically but are physically impossible, such as stress
fields that violate equilibrium or flow predictions that break
continuity or energy conservation. Without proper training in
critical evaluation, students might accept these outputs
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uncritically, assuming correctness because they seem
professional or computationally advanced. To address this,
engineering students need explicit instruction on scrutinizing Al-
generated results. This includes systematically verifying outputs
against known boundary conditions, material laws, dimensional
consistency, and expected qualitative behavior. Students should
also be encouraged to validate Al predictions through analytical
approximations,  simplified calculations, or controlled
experiments when feasible. Including comparison exercises,
where students contrast Al solutions with classical methods, can
help identify inconsistencies or limitations. By fostering a culture
of skepticism, verification, and physics-informed reasoning,
educators ensure Al functions as a tool that enhances, not
replaces, engineering judgment. Cultivating these habits
preserves the integrity of engineering education and prepares
students to use Al responsibly in their careers, where unverified
results could have serious consequences (Song & Zhang, 2025).

Al-driven learning analytics systems continually collect
and analyze a wide range of student data including quiz scores,
assignment submission patterns, attendance and participation
rates, time spent on digital platforms, and detailed behavioral
metrics such as clickstream logs or navigation paths through
course materials. While these data streams can offer valuable
insights into student learning processes by helping instructors
identify misconceptions, customize instruction, or detect early
signs of academic difficulties, they also raise important ethical
and legal concerns around data privacy, ownership, and informed
consent. Educational institutions have a duty to ensure that all
collected data are stored, processed, and shared in strict
accordance with national data protection laws and international
privacy standards. Sensitive student information must be
protected through secure data management practices, including
encryption, restricted access, and clear data retention policies.
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Furthermore, using Al for educational monitoring requires
transparency: students must be fully informed about what data is
being gathered, how it will be used, who will have access, and
their rights to delete or correct their information. Without this
transparency, learning analytics can erode trust and provoke
concerns about surveillance or unfair profiling. By establishing
robust data governance frameworks and maintaining open
communication with students, educational institutions can
leverage Al-enhanced analytics responsibly while preserving
ethical standards and safeguarding individual privacy (Alfredo et
al., 2024; Balogh, 2024).

Al should not replace the essential skills that define
competent mechanical engineers, such as analytical problem-
solving, performing hand calculations, designing and conducting
experiments, interpreting data, and clearly communicating
technical findings. These fundamental skills form the basis for
engineering judgment, professional practice, and lifelong
learning. Relying excessively on Al tools to automate these tasks
can lead to dependence, where students produce seemingly
correct results but lack the ability to evaluate, interpret, or
troubleshoot independently. Such overdependence may cause
long-term issues, making it difficult for engineers to perform
basic estimations, derive key equations, or analyze physical
phenomena accurately. This can hinder their ability to identify
errors in Al outputs, understand unexpected system behaviors, or
innovate in unfamiliar circumstances. Moreover, many
engineering responsibilities such as safety evaluations, design
verification, or failure analysis; require human reasoning
grounded in physical laws, ethics, and contextual judgment that
Al cannot fully replicate. Therefore, Al should be integrated
thoughtfully into engineering education to enhance learning by
providing quick feedback, supporting extensive design
exploration, or automating repetitive calculations while students
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continue developing core skills necessary for sound engineering
judgment. A well-designed curriculum encourages viewing Al as
a helpful tool rather than a substitute for intellectual effort. By
maintaining this balance, educators can ensure Al complements
learning and preserves deep understanding and problem-solving
abilities vital to engineering excellence (Akolekar et al., 2025;
Albert, 2025; Fan et al., 2025).

Al tools, despite their technical sophistication, can
unintentionally introduce biases into student evaluation, project
feedback, or performance prediction systems. These biases may
originate from various sources, such as imbalances in training
data, inappropriate feature selection, historical grading patterns
that reflect human subjectivity, or algorithmic assumptions that
do not fully account for the diversity of student backgrounds and
learning styles. Consequently, Al-generated assessments might
favor certain groups of students, misinterpret learning behaviors,
or unfairly penalize students whose work deviates from the
patterns seen in prior data. In high-stakes educational settings,
even slight biases can accumulate over time, impacting course
grades, academic progress, or perceptions of student ability.
Therefore, it is essential for educators and institutions to
continuously monitor, validate, and audit Al-driven systems used
in mechanical engineering education. This includes regularly
reviewing algorithmic outputs for signs of systematic errors,
analyzing differences between human and Al evaluations, and
applying fairness metrics to detect potential bias or unequal
treatment. Educators should also ensure that Al models are
trained on representative, high-quality datasets and that their
decision-making aligns with course learning objectives rather
than unintended statistical artifacts. By actively managing these
systems and maintaining transparency with students, educational
programs can promote equitable outcomes and prevent Al from
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reinforcing or amplifying existing biases in the learning
environment (Idowu et al., 2024; Win Myint et al., 2024).

5. FUTURE DIRECTIONS

The future of Al in ME education involves a strong
integration of automation, personalized learning, and seamless
technological blending across both physical and digital classroom
environments. As Al capabilities advance, engineering programs
will increasingly depend on intelligent systems not only to
support instruction but also to fundamentally transform how
students explore engineering concepts, conduct experiments, and
develop professional skills.

Next-generation Al platforms are anticipated to
independently evaluate complex student work such as CAD
models, FEA simulations, thermodynamic cycle calculations, and
laboratory reports. These systems will be capable of identifying
modeling errors, unrealistic constraints, inconsistent material
properties, or deviations from expected boundary conditions.
They may offer line-by-line feedback, point out discrepancies
between simulation results and physical principles, or
recommend redesigns and optimizations. By guiding students
through iterative improvement cycles, often in real time, Al
platforms can help create a more dynamic and responsive learning
environment without relying exclusively on instructor
availability. This capability is especially beneficial in large
engineering courses where providing personalized feedback can
be difficult (Jaakma & Kiviluoma, 2019; Jianwu et al., 2024).

Digital twins, high-fidelity virtual replicas of physical
engineering systems, are expected to become prevalent
educational tools. Students may interact with digital twins of
wind turbines, manufacturing cells, internal combustion engines,
hydraulic systems, or heat exchangers. These environments allow
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students to observe system behavior under various operating
conditions, perform virtual experiments that might be too risky or
expensive in reality, and analyze processes such as degradation,
wear, or component failures over time. By engaging with these
immersive digital platforms, students can develop a deeper
understanding of system dynamics, maintenance strategies, and
performance optimization, thereby enriching traditional
laboratory learning (Kumar Karanam & Hartman, 2025).

Al-driven analytics will enable universities to deliver
highly personalized learning pathways. Instead of a one-size-fits-
all curriculum, students will receive adaptive problem sets,
customized pacing, and difficulty levels tailored to their mastery
of foundational concepts. The system may detect early signs of
confusion in areas such as nonlinear dynamics, vibrations, or
multiphysics simulations and respond by offering additional
examples, targeted tutorials, or scaffolded derivations.
Conversely, students who demonstrate advanced proficiency may
be presented with more challenging design tasks or open-ended
optimization problems. This level of personalization promotes
deeper conceptual understanding and allows learners to advance
at an optimal pace. Physical engineering laboratories will
transform into hybrid intelligent environments featuring
computer vision systems, automated measurement tools, and Al-
assisted grading mechanisms. Cameras and sensors embedded in
lab setups can monitor student actions, confirm correct
experimental steps, detect measurement errors, and automatically
record data. These systems may also assess safety compliance,
ensuring that machine guarding and operational procedures are
followed and flag unsafe practices instantly. Automated lab
assessment tools can then compare collected data with expected
theoretical values, pinpoint potential errors, and deliver structured
feedback to enhance experimental technigues.
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Instructors will increasingly collaborate with Al co-
instructors to manage routine academic tasks such as grading
assignments, developing instructional materials, generating
example solutions, tracking student performance, and identifying
students who may need additional support. These Al systems can
analyze extensive data patterns to identify misconceptions, gaps
in prior knowledge, or emerging challenges in understanding
course content. By delegating time-consuming administrative
duties to Al, educators can devote more attention to mentoring,
discussion facilitation, supervising practical projects, and guiding
advanced conceptual learning. This integrated human-Al
teaching approach has the potential to significantly enhance
instructional efficiency while preserving the essential elements of
direct human engagement.

Overall, incorporating advanced Al technologies into ME
education will create more interactive, adaptable, and efficient
learning environments. When implemented thoughtfully, these
innovations can boost student engagement, improve learning
outcomes, and better prepare future mechanical engineers to
address the complex, data-driven challenges of modern industry.

6. CONCLUSION

Artificial intelligence has the potential to significantly
transform mechanical engineering education by improving design
exploration, accelerating simulations, enriching laboratory
experiences, and changing assessment methods. Its applications
span fields such as CAD/CAM, manufacturing, materials science,
robotics, thermodynamics, and fluid mechanics. Al-based
learning platforms offer personalized guidance, simplify
instruction, and provide deeper insights into student performance.
However, successful integration requires careful attention to
ethical issues such as academic honesty, transparency, fairness,
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and data privacy. Al should support, not replace, the fundamental
skills of mechanical engineering: mathematical reasoning,
physical intuition, and hands-on experimentation. Educational
institutions need to balance leveraging Al to enhance learning
while preserving essential engineering competencies. As Al
evolves, it will open new opportunities for immersive learning,
intelligent assessments, personalized teaching, and cyber-
physical labs. By adopting these advancements responsibly,
mechanical engineering programs can prepare future engineers to
succeed in a technologically advanced and rapidly changing
world.
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METAL MATRISLi KOMPOZIT
MALZEMELER!?

Fevzi KELEN!

1. GIRIS

Miikemmel elektrik ve 1s1l iletkenlik, nispeten yiiksek
mukavemet, yliksek rijitlik, kolay sekillendirilebilirlik ve ytliksek
darbe ile korozyon direnci gibi karakteristiklere sahip metaller
endiistriyel uygulamalarda son derece yaygin kullanilmaktadir.
Magnezyum, aliiminyum, titanyum, nikel, ¢inko ve bakir gibi pek
cok metal nadiren saf halde tiiketilmektedir. Saglik, uzay,
havacilik, otomotiv, tarim, insaat, gida, elektrik, elektronik,
enerji, kimya ve savunma sektorlerin modern malzeme
gereksinimi monolitiklere gore daha ustin spesifik 6zellikler
sergileyen farkli tiir kombinasyonlar ile saglanmaktadir. Metal
esasl1 yeni yapilar ya belirli bir nitelikte gelisme elde etmek ya da
daha iyi fiziksel veya mekaniksel davraniglara ulasmak amaci ile
tasarlanmaktadir. Bu o6zel dizaynlar seramik ve polimerlere
kiyasla daha fazla tercih edilmelerine neden olmaktadir. Ayrica
yap1 ve yuk tagima kullanimlarina oldukga elverisli olmalari
metalleri bunlara kars1 daha da cazip kilmaktadir. Diger taraftan
metaller, seramik, polimer ve yar iletkenlere nazaran daha
yiiksek elektrik iletkenligine haizdir. Bu sebeple tiiketim
hacimleri ¢ok daha yuksektir (Mott 1951, Kramer and Demer
1961, Paquin 1995, Kurzydtowski 1999, Ashby and Jones 2012,
Bhaduri 2018). Alasim kompozisyonlar genellikle mukavemet ve
sertlik gibi karakteristikleri iyilestirmek i¢in gelistirilmektedir.

! Do¢. Dr., Van Yiiziincii Y1l Universitesi, Van Meslek Yiiksekokulu, Motorlu
Araglar ve Ulagtirma Teknolojileri Boliimii, Van, Tiirkiye, ORCID: 0000-0003-
3900-4503.
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Bu malzemeler genis kullanim alanina sahip olmasina karsin
cagdas malzeme taleplerini karsilayabilecek yeterlilikte degildir.
Zira pahali element igerigi ve sinirli mekanik 6zellikler ciddi
dezavantaj olusturmaktadir. Diisiik agirhik, diisiik termal
genlesme, yiiksek sertlik, miikkemmel dayanim, yiiksek kirilma
direnci ve 1yi 1s1l ve elektriksel iletkenlik gibi 6zellikler ile metal
matrisli kompozit malzemeler pek¢ok sektdriin arzu ettigi
kompleks nitelikleri bir arada barindirmaktadir. Bu malzemeler
gerek alasim gerekse de diger kompozit tiirlerine gore yliksek
sicakliklarda yeterli dayanim ve nispeten iyi siineklilikleri ile
onemli avantaj sunmaktadir. Metal matisli kompozit
malzemelerde temel yap1 metal veya alagimlarindan meydana
gelir iken guclendirici materyal olarak ise ¢ogunlukla metal,
oksit, karbiir, boriir ve nitriirlii bilesiklerden olusmaktadir.
Boylece matris ve takviye elemaninin {istiin yonleri kombine
edilerek ylksek elastik modul, mikemmel sertlik, yiiksek tokluk,
yiikksek darbe dayanimi, yiiksek spesifik mukavemet, iyi
korozyon direnci, yiiksek asinma ve yorulma dayanimi ve iyi
stneklilik gibi karakteristikler elde edilebilmektedir. Bu
malzemeleri alagimlara, seramik ve polimer matrisli kompozitlere
kars1 essiz kilan 6zellik iistlin avantajlar1 ile birlikte goreceli
diisiik yogunluklaridir. Zira hafiflik enerji verimliliginde kritik
rol oynadigindan pek ¢ok fakli alan i¢in vazgeg¢ilmez hayati bir
parametredir. Metal matrisli kompozitler yuksek mukavemet ve
diisiik yogunluklar1 ile sirarst ile seramik ve polimer esaslilarin
ayrt1 ayrt haiz oldugu hususiyetleri tek yapida ihtiva
edebilmektedir. Asagida metal matrisli kompozitlerin genel
Ozellikleri hakkinda kisaca bilgi verilmistir.

2. MATRIS MALZEMELERI

Bu malzeme tiirlinde matrisin siirli karakteristikleri daha
iyl nitelikler sergileyen takviye materyali ile gelistirilmektedir.
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Temel yap1 her ne kadar miikemmel korozyon dayanimi, yliksek
elastik modiil, yiiksek akma mukavemeti, iyi ¢ekme dayanimu,
yliksek asinma ve silirinme direnci ve iyi stlineklik gibi
karakteristiklere sahip olsa da yenilik¢i pratikler agisindan
yetersiz kalmaktadir. Metal matrisli kompozit malzemelerde esas
bilesen olarak genellikle magnezyum, aliiminyum, titanyum,
nikel, bakir, c¢inko veya alasimlari kullanilmaktadir. Bunlar
spesifik yonleri ile endustriyel dallar icin kritik avantajlar
sunmaktadir.

2.1. Magnezyum

Matris malzemeleri igerisinde magnezyum esaslilar diigiik
yogunluklar1 ile dikkat c¢ekmektedir. Sekil 1'de verilen
hegzagonal siki paket kristal yapilart ciddi bir dezavantaj
olusturmaktadir. Altigen kafes sistemi oda sicakligi koti
sekillendirilebilirlige yol agarak tiiketim miktarlarini son derece
kisitlamaktadir. Ayrica diisiik akma mukavemeti, zayif elastik
modiil ve yliksek sicakliklarda yetersiz mukavemet diger dnemli
sakincalaridir. Bu olumsuzluklar1 ortadan kaldirmak amaci ile
farkli tiir malzeme gruplan ile glglendirilmektedir. Takviye
elemanlar dayanim, sertlik, rijitlik, korozyon direnci gibi
Ozelliklerde iyilesme saglasa da siineklik genellikle pekcok
sektorel kullanim i¢in zayif kalmistir. Bu durum kotii matris
takviye etkilesimi, yiiksek gézenek miktar1 ve gili¢lendirici fazin
olduk¢a yiiksek mekanik karakteristiklerine dayandirilmistir
(Mordike and Ebert 2001, Czerwinski 2011, Jayasathyakawin et
al. 2020). Deneysel ¢aligmalar hibrit yonteme yogunlasmis hem
mukavemet hem de siinekligin ayni anda iyilestirilmesi
hedeflenmistir. Diger taraftan yeni ve modern metotlar denenerek
arayuzey 0zelliklerine tesiri incelenmektedir.

2.2. Aliminyum

Temel yapt malzemesi olarak yagin kullanima sahip
alliminyum ve alasimlar1t magnezyum esaslilara kiyasla daha iyi
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sekillendirilebilirlik sergilemektedir. Yogunluklart magnezyum
kokenlilere kars1 yaklasik olarak tigte bir oraninda daha fazladir.

Sekil 1. Hegzagonal kristal yap1 (www.substech.com,
www.imetllc.com).

Kiibik geometrili kristal yap1 yiiksek stineklik saglayarak
kolay sekillendirilebilmelerine olanak tanimaktadir. Sekil 2'de
gosterilen yiizey merkezli kristal sistem nispeten yuksek tokluk
karekterde olup birden fazla kayma dizlemine haizdir. Bu
malzemeler her ne kadar magnezyuma kiyasla daha yiiksek
yogunlukta olsa da matris materyaller arasinda digerlerine gore
cok daha hafiftir (Richards 1890, Aluminum Association 1984,
MacKenzie and Totten 2003, Kaufman and Rooy 2004,
Mondolfo 2013, Lumley 2018).

Sekil 2. YUzey merkezli kubik Kkristal kafes sistemi
(www.substech.com, www.imetllc.com).
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2.3. Titanyum

Dimorfik 6zellik sergileyen titanyum oda sicakliginda
magnezyum ile aym kristal yapi1 olan hegzagonal siki paket
formdadir. 1619 °F sicaklikta hacim merkezli kiibik yapiya
dontismektedir. Sekil 3'te yiiksek sicaklik yapisi (B) verilen
allotrop metal celiklerinkine yakin yiiksek dayanimi ile dikkat
cekmektedir. Titanyum, magnezyum ve aliiminyum gibi diigiik
agirliga sahiptir. Fakat bunlara karsin daha fazla tercih
edilmektedir. Ozellikle reaktif karakter korozyona kars: platin ile
mukayese edilebilecek diizeyde iyi koruma saglamaktadir. Ayrica
yiiksek sertlik, antimanyetik ve oldukga diisiik 1s1l iletkenlik gibi
Ozellikler gostermektedir. Diger taraftan yiiksek erime noktasi
kimyasal ve fiziksel yapimnin deforme olmadan islevselligini
artirmaktadir. Bu spesifik nitelikler titanyum ve alagimlarini
matris olarak son derece cazip kilmaktadir. Bu karakteristik
davranislar monolitik veya alagimlarin kafi gelmedigi tip, uzay,
havacilik, otomotiv, savunma ve iletisim teknolojisi gibi
alanlarda temel yapi1 malzemesi olarak kullanimina olanak
tanimistir (Welsch et al. 1993, Leyens and Peters 2006, Motyka

2021, Najafizadeh et al. 2024).

! 9’ 8

Sekil 3. Dimorfik matrisin yiiksek sicaklik (1619°F) kristal formu
(B) (www.substech.com, www.imetllc.com).
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2.4. Nikel

Magnezyum, aliiminyum ve titanyuma kiyasla yuksek
yogunluga sahip nikel yiizey merkezli kubik kristal formdadir.
Endiistride genellikle alasim materyali sekinde sarf edilmesine
karsin yiiksek erime noktasi matris malzemesi olarakta tercih
edilmesini saglamaktadir. Geg¢is metali siiper alasim ve
paslanmaz celik eldesinde oldukca populerdir. Atmosferik
korozyona kars1 gosterdigi miitkemmel diren¢ giinlik yasamda
kullanilan metalik paralardan 6zel gereksinim gerektiren
havacilik uygulamalari gibi ulagim dallarina kadar pek¢ok farkl
alanda tliketimini miimkiin kilmigtir. Bu malzemeler her ne kadar
yuksek sicaklik tatbikleri i¢in vazgecilmez olsa da enerji
dopolama kapasiteleri ile yeni nesil akiimdalatorler icin buyuk
umut vadetmektedir. Zira nikel esasli piller cevrim omrii yliksek
potansiyel kapasiteleri ile fosil kokenli yakitlara olan bagimlilig
asgari duizeye indirgemede son derece kritiktir. Yiksek gic
kaynagi ihtiyact olan is kollarinda bunlar segilerek yenilikei,
stirdiiriilebilir ve rakabetgi teknoloji gelisimi desteklenmektedir.
Ozellikle sifir emisyonlu yesil inovasyon donanimli araglarda
sarfiyatlar yiiksek enerji verimliligine ve dogal rezervlerin etkin
tikketime olanak tanimaktadir (Mankins and Lamb 1990, Deevi et
al. 1997, Parkinson 1997, Everhart 2012, Kumar et al. 2016,
Tabrez et al. 2023).

2.5. Bakir

Nikel ile hemen hemen ayni yogunluga sahip bakir yiizey
merkezli kubik kristal yapidadir. Bu metal yiiksek termal ve
elektriksel iletkenlik ile dikkat ¢ekmektedir. Ayrica miikkemmel
stineklilik son derece yumusak bir yap1 sergilemesini saglayarak
yogruk bi¢imde sekillendirilebilmesini miimkiin kilmaktadir.
Sayisiz alagim tiirii bulunan metalin piring ve ¢inkolu olanlari
oldukga popiilerdir. Nikel ihtiva eden alagimlar diisiik degerli
madeni paralarin oksidayson direncini gelistirmede tercih
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edilmektedir. Yarim asirdan fazla tedaviilde olan alasim dortte ti¢
oranda saf bakir geriye kalan kisimda ise nikel icermektedir.
Aliminyum katisikli olanlar ise genellikle dekoratif islemlerde
sarf edilmektedir. Bunlarda katki miktar1 ortalama yiizde yedi
civarindadir. Diger taraftan ¢ok diisiik oranda altin barindiran
tiirleride bulunmaktadir. Matris malzeme miikemmel 1s11 ve
elektriksel iletkenlik, iyi korozyon direnci, yiiksek yorulma
mukavemeti, super slneklik ve kolay Gretim gibi Ustin
karakteristiklerinden dolay1 sayisiz sektdrde kullanim gosterse de
yiiksek sicaklik dayanimi pek ¢ok uygulama ig¢in son derece
yetersizdir. Kompozit yaklagimi ile bakirin kalitsal diigiik
mekaniksel 6zellikleri gelistirilmeye ¢alisilmaktadir (Brownsdon
1939, Davis 2001, Kundig and Cowie 2006, Collini 2012, Li and
Zinkle 2012, Sundarkrishnaa 2015).

2.6. Cinko

Nikel ve bakira kiyasla daha hafif olan ¢inko hegzagonal
sitki paket kristal formdadir. Bu malzeme magnezyum ve
titanyuma nazaran daha diisiik biyouyumluluk sergilemesine
karsin tibbi uygulamalarda ¢ok fazla sarf edilmektedir. Ayrica
korozyon direnci nispeten yiiksektir. Rezerv kaynak bollugu ile
dikkat ¢ceken matris genellikle ¢elikleri galvanizleme isleminde
kullanlilmaktadir. Bunun yani sira magnezyum ve aliiminyum
esaslilarda alasim elementi olarakta tercih edilmektedir. Diger
taraftan ilag endustrisi, kimya sanayi, tarim sektorii ve gida
teknolojisi gibi alanlarda da pratikleri mevcuttur. Cinko saglik
dallarinda oldukga popiiler olan magnezyum ve demire 6nemli bir
altertatif teskil etmektedir. Magnezyum ve aliiminyum gibi
¢inkonunda erime sicakligi diisiiktiir. Mekanik Kkarakteristikler
yuksek sicaklik uygulamalari i¢in oldukga yetersizdir.
Yaslandirma 1s1l islemi vasitasi ile sertlik ve mukavemette
gerceklesen iyilesme istenilen diizeyde degildir. Kristal yap,
yiiksek yogunluk ve diisiikk mukavemet kullanimini ciddi oranda
kisitlamaktadir. Cinkonun bir¢ok alasim tiirli bulunsa da spesifik
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nitelikleri nedeni ile sarfiyat1 diistiktiir. (Ledbetter 1973, Pola et
al. 2020, Kong et al. 2023, Singh at al. 2025).

2.7. Digerleri

Metal matrisli  kompozit eldesinde magnezyum,
alliminyum, titanyum, nikel, bakir ve ¢inko gibi malzemelerin
disinda demir, celik, altin, giimiis, kobalt, platin vb. materyaller
matris olarak kullanilmaktadir. Demir ve c¢elik esasli olanlar
cogunlukla yapisal yiik tasimalar1 ve yiiksek dayanim ihtiyaci
gereken alanlarda tercih edilmektedir. Fakat yiliksek yogunluklari
ciddi bir dezavantaja yol agmaktadir. Altin bazlilar biyosensor,
giimiis kokenliler ise elektronik gere¢ ve ekipman imalatinda sarf
edilmektedir. Kobalt matrisliler nikleer santraller ve ylksek
sicaklik tatbikleri igin gelistirilirken platin esashilar saglik ve
otomotiv uygulamalarinda sirasi ile protez ve egzoz parcalari
yapiminda tiiketilmektedir.

3. TAKVIiYE MATERYALLERI

Metal matrisli kompozit imalatinda her ne kadar matris
malzemeleri Ustlin spesifik karakteristiklere haiz olsalar da
glinimiiz malzeme gereksinimini  karsilamada yetersiz
kalabilmektedir. Ozellikle saglik, havacilik, otomotiv ve insaat
gibi sektorlerde tiketilen malzeme tiirlerinin karmasik nitelikleri
bilinyesinde barindirmast son derece zordur. Bu alanlarda sarf
edilen materyal gruplarinin modern ihtiyaglara uygun olarak
dizayn edilmesi ve secilmesi oldukga Onemlidir. Zira
stirdiiriilebilir tiretim, ¢evresel kosullar, enerji verimliligi, dogal
kaynaklar ve maliyet gibi unsurlar monolitik veya alasim
serilerinin  fiziksel veya mekaniksel &zelliklerinin  Kkafi
gelmemesine neden olmaktadir. Bu baglamda gelistirilen metal
matrisli kompozitlerde guclendirici materyal olarak metal,
seramik ve polimerler gibi malzemeler siklikla sarf edilmistir.
Elastik modiil, cekme mukavemeti, yogunluk, erime noktasi,
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termal kararlilik, 1s1l genlesme katsayisi, geometrik yap1 ve boyut,
matris ile etkilesim ve maliyet gibi faktorlerin goz Oniinde
tutularak yapilan takviye elemani kullaniminda seramik esaslilar
bliyiik cogunlukla tercih edilmistir. Diger taraftan, bol rezerv
kaynaklar1 ve kolay wulasilabilir olmalar1 kritik avantaj
saglamaktadir. Tablo 1'de karakteristik o6zellikleri verilen
giiclendirici smifinin ciddi bir bolimiini aliimina, aliiminyum
nitriir, berilyum oksit, bor karbur, karbdr, hafniyum karbir,
magnezyum oksit, molibden disilisit, molibden karbdr, niyobyum
karbur, silisyum, silisyum karbir, silisyum nitrar, silika,
tantalyum karbdr, tantalyum silisit, toryum dioksit, titanyum
oksit, titanyum diborlr, tatanyum karblr, uranyum dioksit,
tungsten karbir, tungsten disilisit, zirkonyum Kkarbir ve
zirkonyumdioksit olusturmaktadir. Bu materyaller ile yapilan
metal esasli kompozit g¢aligmalarinda dayanim artmis ancak
sekillendirilebilirlik kotii etkilenmistir. Deneysel yaklagimlarin
bazilarinda mukavemetin dahi diisiik oldugu tespit edilmistir.
Takviye elemanlarinin matris malzemeye kiyasla oldukga ytiksek
mekanik oOzellikleri ne yazik ki nihani yap1 karakteristigine
negatif tesir etmistir. Bu nedenle zayif 1slatilabilirligin
tyilestirilmesi ve porozite i¢eriginin azaltilmasi amaci ile seramik
kokenlilere nazaran nispeten daha makul fiziksel ve mekaniksek
nitelikler sergileyen malzeme gruplarina yonelinmistir. Metal
esaslilar goreceli yiiksek dayanim ve diger yakin karakteristikleri
ile 6n plana ¢ikmistir. Boylece sadece mukavemet degil ayni
zamanda siineklikte gelistirilmeye c¢aligilmistir (Ibrahim et al.
1991, Ramnath at al. 2014, Dey and Pandey 2015, Sharma et al.
2020, Bahl 2021, Velmurugan et al. 2022, Seikh et al. 2025, Pooja
etal. 2025). Bu yeni yontem vasitasi ile metalik matrisin sakincali
kisimlar1 daha i1yi diger bir metal tiirii ile elimine edilir iken
siinekliginde rejim degerler arasinda kalmasi planlanmstir.
Dolayisiyla pek cok sektorel uygulama igin yeterli akma
mukavemeti, ¢cekme dayanimi, elastik modiil, sertlik, rijitlik ve
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basma dayanimi gibi mekanik 6zelliklerin yani sira birim sekil
degisim arzulanan degerlerde olacaktir.

Tablo 1. Seramik Guglendirici Materyallerin Genel
Karakteristikleri

Takviye Yogunluk Genlesme Dayanim Elastik
elemam (10*kgm-3) (106 °CY (MPa) modiil
(GPa)
Al203 3.98 7.92 221 (1090°C) 379 (1090°C)
AIN 3.26 4.84 2069 (24°C) 310 (1090°C)
BeO 3.01 7.38 24 (1090°C) 190 (1090°C)
B4C 2.52 6.08 2759 (24°C) 448 (24°C)
o 2.18 -1.44 -- 690
Ce0 7.13 12.42 589 (24°C) 185 (24°C)
HfC 12.20 6.66 -- 317 (24°C)
MgO 3.58 11.61 41(1090°C) 317 (1090°C)
MoSi2 6.31 8.91 276 (1090°C) 276 (1260°C)
MozC 8.90 5.81 - 228 (24°C)
NbC 7.60 6.84 -- 338 (24°C)
Si 2.33 3.06 -- 112
sic 3.21 5.40 - 324 (1090°C)
SizN4 3.18 1.44 -- 207
SiO2 2.66 <1.08 -- 73
TaC 13.90 6.46 -- 366 (24°C)
TaSiz -- 10.80 -- 338 (1260°C)
ThO:2 9.86 9.54 193 (1090°C) 200 (1090°C)
TiB2 4.50 8.28 -- 414 (1090°C)
TiC 4.93 7.60 55 (1090°C) 269 (24°C)
U0, 10.96 9.54 - 172 (1090°C)
VvC 5.77 7.16 -- 434 (24°C)
wC 15.63 5.09 -- 669 (24°C)
WSi2 9.40 9.00 -- 248 (1090°C)
ZrB2 6.09 8.28 -- 503 (24°C)
ZrC 6.73 6.66 90 (1090°C) 359 (24°C)
ZrO2 5.89 12.01 83 (1090°C) 132 (1090°C)
Kaynak: Ibrahim, I. A., Mohamed, F. A., Lavernia, E. J. (1991).
4. URETIM METODOLOJILERI
Metal matrisli  kompozit malzemelerin  mekanik

karakteristikleri Uzerinde kritik rol oynayan pek ¢ok dretim
metodolojisi bulunmaktadir. Geleneksel olarak addedilen dokiim
yontemleri ekonomik olmalar1 ile dikkat c¢ekmektedir. Bu
metotlar diisiik maliyetlerinin yani1 sira basit imalat siireci ve
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karmasik geometrik yapilarin kolay eldesi gibi 6nemli avantajlara
sahiptir. Fakat ana materyalin ergime sicaklig1 veya iizerindeki
degerlerde meydana gelen matris takviye etkilesimi koti
arayiizey ozelliklerine yol agmaktadir. Sekil 4'te metodun yaygin
kullanim sergileyen tiiriiniin tipik akis semasi verilmistir. Bu
prosesler sirasinda tesekkiil eden kimyasal tepkimeler diger ciddi
bir sakincadir. Reaksiyon vukular: istenmeyen sert ve kirilgan
ikincil fazlarin hasil olmasina neden olmaktadir. Ayrica zayif
temel ilave malzeme bagi yiiksek gozenek miktart ile
sonuclanmaktadir. Diger taraftan sivi fazda gergeklestirilen
tretimlerde takviye materyalde olusan kritik Olcekteki
deformasyon orani, matris yap1 igerisinde yiiksek topaklanma
egilimi ve heterojen dagilim nihai malzemede diisiik fiziksel ve
mekaniksel davraniglara sebebiyet vermektedir. Dokiim
tekniklerinde ikincil islemlere olan yiiksek gereksinim, sinirh
sayidaki parca imalatinda yiliksek maliyet, kisith uygulama
yelpazesi, yiiksek kalip sarfiyati, biiyiik pargalarda nispeten
tiretim zorlugu, kalip tasarmmi glgliikleri, yiliksek ergime
sicakligina sahip metallerin dokiim zorluklari, yogunluk
farkindan dolay1 kaynaklanan yiiksek segragasyon egilimi, bazi
tiirlerinde ilk yatirim maliyetlerinin son derece pahali olmasi gibi
farkli diger dezavantajlarida mevcuttur (Srinivasan 2012,
Campbell 2015, Cantor and O'Reilly 2016, Mills and Dacker
2017, Abdallah and Aldoumani 2021, Chakrabarti 2022).
Literatiir ¢calismalar1 basingli, sikistirmali, karistirmali, hassas,
stirekli ve vakumlu gibi dokiim yontemlerinin Gstun yonlerinden
dolay1 proses degiskenlerini gelistirmeye odaklanmistir.
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Sekil 4. Geleneksel dokiim teknigi akis semasi (www.
igsdirectory.com).
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Sekil 5. Toz metalurjisi imalat metodolojisi (Harrigan 1998).
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Dokiim prosesinde karsilasilan giligliikler arastirmacilart
degisik tekniklere yonlendirmistir. Bunlar igerisinde ergime
sicakliginin altindaki degerlerde iiretime olanak taniyan toz
metalurjisi teknikleri 6n plana ¢ikmistir. Bu yontemlerde matris
ve takviye fazlar1 kati fazda sinterlenerek metal esash
kompozitler imal edilmektedir. Sekil 5'te verilen proseste
nispeten digiik sicakliklarda yapilan imalatlarda dokiim
yontemlerine kiyasla daha temiz arayiizey elde edilmektedir.
Ayrica kimyasal tepkilemelerin olusmasi i¢in gerekli olan
sicaklik miktar1 yetersiz oldugunda dolay1 istenmeyen fazlarda
tesekkiil etmemektedir. Toz metalurjisi teknikleri metal matrisli
kompozit malzemelerin iiretiminde sagladigi 6nemli avantajlar
ile yayginhigi kritik mertebelere ulagsmistir. Soguk izostatik
presleme, vakumlu sinterleme ve sicak presleme gibi metotlar ile
fiziksel ve mekaniksel karakteristiklerde pek ¢cok uygulama igin
yeterli degerler elde edilmektedir (Upadhyaya 1997, Harrigan
1998, Kondoh 2012, Kuhn 2012, Angelo et al. 2022). Fakat toz
metalurjisi tekniklerinin ylksek maliyeti ciddi bir dezavantaja
neden olmaktadir. Ayrica matris ve takviye malzemelerin toz
parcaciklart halinde kullanimi igin gerekli olan ileri teknoloji
nispeten pahalidir. Sekil 6'da goriilebilecegi lizere yedi farkli
siifta kategorize edilen eklemeli imalat yontemleri malzeme
tasarrufu acisindan biiyiilk 6nem arz etmektedir. Bu imalatta
dogrudan {iretim baglayici piiskiirtme, toz yatak fiizyonu, lavha
laminasyonu ve yonlendirilmis enerji biriktirmeden olusur iken
endirekt ise kip fotopolimerizasyon, malzeme puskirtme ve
malzeme ekstriizyondan meydana gelmektedir. Eklemeli teknik
ile nihai malzeme sekline olduk¢a yakin geometrilerin elde
edilmesi talasli imalata olan ihtiyaci ortadan kaldirmistir. Boylece
hammadde rezervlerinin verimli sarf edilmesi mumkin
olmaktadir. Proses {i¢ boyutlu tasarimlar vasitasi ile metal matrisli
kompozit malzemelerin tabaka tabaka halinde nihai (riine
doniistiiriilmesini kapsamaktadir. Eklemeli imalat motodu genis
tasarim yelpazesi ve par¢a yapiminda ¢oklu malzeme sarfiyati
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gibi Ustlin yoOnlere sahiptir (Molitch-Hou 2018, Wong and
Hernandez 2012, Pragana et al. 2021). Metal matrisli
kompozitlerin dretiminde nispeten yeni olan sire¢ biyik parca
eldesi, montaj isleminin olmamasi, diisiik enerji gereksinimi ve
attk miktarinin son derece az olmast gibi kritik spesifik
karakteristikler ile dikkat cekmektedir.

" Yatak Yénlendirilmis
. Fizyonu | Enerji
\ Biriktirme
Yo
Levha © Baglayial
Laminasyvonu Piiskiirtme
EKLEMELI IMALAT
Direkt: Endirekt:
@ 00 , %
Kiip @ 3]
Foto- Malzeme
Polimerizasyon _ _ Ekstriizvon

{  Makeme
Piiskiirtme

Sekil 6. Eklemeli Uretim Yontemleri (Pragana et al. 2021).

5. SEKTOREL UYGULAMALAR

Hava, kara ve deniz gibi ulagim dallar1 i¢in 6nemli
potansiyel olusturan metal matrisli kompozit malzemeler giinliik
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yasam pratiklerinden diger endiistriyel uygulamalara kadar pek
cok farkli alanda sarf edilmektedir. Bu malzemeler yiiksek darbe
mukavemeti, milkemmel asinma ve siirtlinme direnci, yliksek
tokluk, yiiksek termal ve elektrik iletkenligi, diisiik yogunluk,
kolay islenebilirlik, yiiksek asinma dayanimi, yiiksek sicaklik
degerlerinde iyi mukavemet, yiiksek spesifik dayanim, yiiksek
sertlik, 1yi rijitlik ve nispeten iyi siineklik gibi karakteristik
Ozellikeri ile dikkat ¢ekmektedir. Metal matrisli kompozit
malzemeler ilk olarak havacilik sektoriiniin ihtiya¢ duydugu
farkll Ustlin spesifik nitelikleri kargilamak igin gelistirilmesine
karsin sonrasinda otomotiv sektoriinde artan giivenlik, konfor,
yakit ekonomisi, uzun omiir, diisilk emisyon {iretimi ve yliksek
verimlilik gibi talepler tliketimi karayolu tasitlarina sevk etmesine
yol agmistir. Polimer matrisli kompozit malzemelerin akabinde
en cok sarf edilen mataryal tiirii olan metal esaslilar otomobillerin
hemen hemen tiim aksamlarinda tercih edilmektedir (Sekil 7). Bu
malzemelerin polimer grubuna yakin disiik yogunluklari ve
yilksek dayanimlart ara¢ aksamlari i¢in olduk¢a popiiler
kilmaktadir (Friedrich and Schumann 2001, Singh et al. 2020,
Mussatto et al. 2021). Ozellikle hibrit ve elektirkli tasitlarm diisiik
menzil sorunu agisindan kritik 6nem arz etmektedir. Metal
matrisli kompozitlerin hafifliginden faydalanilarak yiiksek arac
tonaj1 diisiiriiliip birim motor giicii i¢in sarf edilen enerji miktar1
minimize edilebilir. Bu malzemeler yliksek dayanimlari ile diger
materyal tiirlerinin  yetersiz kaldigt uygulamalarda da
tiketilmektedir. Metal matrisli kompozit malzemeler her ne kadar
polimer esaslilara kiyasla otomotivlerdeki tiikketim hacimleri
diisiik olsa da iistiin avantajlar1 ve bilhassa diisiik yogunluklari ile
ciddi bir alternatif teskil etmektedir. Otomotiv uygulamalarinda
genel olarak yliksek dayanim gerektiginden matris materyaller
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Sekil 7. Otomotiv endiistrisinde MMK kullanin (Mussatto et al.
2021).

nadiren saf halde kullanilmaktadir. Tasit parca ve aksamlarinin
imalatinda c¢ogunlukla alagimlarinin matris malzemesi olarak
tercih edildigi metal matrisli kompozitler direksiyon sistemi, i¢
konsept, piston ve segmanlarda yiiksek dayanim, miikemmel
asinma mukavemeti, iyi 1s1l iletkenlik ve diisiik yogunlunluk gibi
ozellikleri nedeni ile sikg¢a sarf edilmektedir. Sekil 8'de verilen
pratiklerde silindir blogu gémleklerinde, fren rotorlarinda, emme
ve egzoz supaplarinda ve kardan mili imalatinda tiiketilmektedir.
Alliminyum ve alagimlarinin temel yapi1 olarak secildigi bu
gereclerde matrisin zayif fiziksel ve mekaniksel karakteristikleri
daha giicli siireksiz takviye materyalleri vasitast ile
gelistirilmektedir. Bdylece servis sartlart igin yeterli olan
ozellikler saglanmaktadir (Ajay et al. 2020, Reddy et al. 2020).
Otomobil 6n alani ara¢ agirligmin 6nemli bir kismini teskil
ettiginden metal matrisli  kompozit malzemeler burada
kullanilarak agirlik dnemli miktarda azaltilabilir. Ozellikle motor,
ust kapak, karter, kam ve krank mili, volan, kavrama diski, vites
ve direfansiyel kutusu, akslar, tekerlek diski ve diger gii¢c aktarma
organlar1 bilesenlerinde tiiketimleri artirilmalidir.  Servis
kosullarinda yiiksek gerilmelere maruz kalan aktarma organi
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parcalart metal matrisli kompozitler i¢in dnemli bir uygulama
bolgesi olusturmaktadir. Ayrica calisma sirasinda hasil olan
yuksek 1s1 parcalar1 siirekli deformasyona zorlamaktadir.
Dolayisiyla metal matrisli kompozit malzemeler yiiksek
sicakliklarda sergiledikleri nispeten iyi mukavemet ile bu
aksamlarin imalatinda sarf edilen agir ve hantal malzemelerin
yerine kullanilabilir. Bu malzeme tiirlinlin otomotivlerde tiikketim
yelpazesi devamli genisletilmelidir.

Fren Bilesenleri

Supaplar (emme ve egzoz) (rayh sistemler) I Kardan Mili

Sekil 8. Ulasim sektoriinde metal matrisli kompozitler (Ajay et
al. 2020).

Metal matrisli kompozit malzemeler Gstlin karakteristik
Ozelliklerinden dolay1 sadece otomotiv degil ayni zamanda
saglik, havacilik, ingaat, savunma, gida, tarim, -elektrik,
elektronik, deniz, petrol, kimya ve mobilya gibi pek ¢ok farkli
alanda kullanilmaktadir (Sekil 9). ). Bu malzemeler polimer esasl
materyallere yakin diisiik yogunluklari, yiiksek spesifik
mukavemetleri ve mikemmel korozyon direncleri nedeni ile
gemilerde, yiiksek sicakliklarda sergiledikleri iyi mukavemet ile
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Sekil 9. Metal matrisli kompozitlerin endiistriyel uygulamalar

ucak aksamlarinda, insan vucuduna olan nispeten iyi uyumluklar1
sebebi ile tibbi gere¢ ve donanimlarda, yiiksek 1s1l ve elektriksel
iletkenlikleri sayesinde elektrik ile elektronik cihazlarda, modern
yapilarin ingasinda gerekli olan hafiflik, yiiksek dayanim gibi
kompleks karakteristikleri ile ingaat sektoriinde, yliksek sertlik ve
dayanimlar1 ile savunma sanayinde tercih edilmektedir. Ayrica
spor ara¢ ve ekipmanlarinda, mutfak esyalarinda, siis ve taki gibi
materyallerinin imalatinda da kullanilmaktadir (Kaczmar et al.
2000, Friedrich and Schumann 2001, Ajay et al. 2020, Reddy et
al. 2020, Singh et al. 2020, Mussatto et al. 2021). Metal matrisli
kompozitler modern uygulamalar icin 6nemli potansiyele
sahiptir. Bu malzemelerin endustriyel alanlarda sarfiyat miktari
stirekli artirilarak hem sektorel pratiklerin ihtiyact kargilanmali
hem de stirdiiriilebilir tiretim saglanmalidir.
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6. SONUC

Metal matrisli kompozit ~ malzemeler  Gstin
karakteristikleri ile endiistriyel gereksinimleri karsilayabilecek
niteliktedir. Bu mataryaller yiiksek sertlik, mikemmel korozyon
direnci, yiiksek mukavemet, iyi sekillendirilebilirlik, kolay
tretim, disiik maliyet, hafiflik, yiiksek 1s1l ve elektriksel
iletkenlik gibi spesifik 6zellikleri ile modern talepler igin 6nemli
bir potansiyel vadetmektedir. Matris ve takviye etkilesiminin son
derece kritik oldugu yapida uygun temel ve ilave tercihi yapilarak
arzulanan fiziksel ve mekaniksel 6zelliklere ulasilabilmektedir.
Bu malzeme grubunda bilhassa gunumuz beklentilerine cevap
verebilecek davnanis ortaya koyan diisiik yogunluklu matris
secilerek enerji verimliliginde kritik rol oynayan agirlik
diigtiriilebilir. ~ Yap1  tonaji  azaltilarak  hem  hantal
konstriiksiyonlarin hem de fazla hacim veya alan kaplamalarin
etkisi minimize edilebilir. Boylece yiiksek etkinligin yani sira
daha az yer isgali saglanilir. Havacilik, otomotiv ve insaat gibi
sektorler igin son derece hayati olan bu unsurlar metal matrisli
kompozit malzemeler ile ¢oziime kavusturulabilir. Ayrica dogal
hammadde kaynaklarimin hizla tiikenmesi insan ve canli
yasaminin siirdiiriilebilir olmasi i¢in tedbir alnmasini zorunlu
kilmistir. Dolayisiyla metal matrisli  kopmpozitlerin ~ geri
donistiirtilebilir olmas1 kritik avantaj teskil etmektedir. Bu
malzemelerin giinlik malzeme pratiklerinden is dallarindaki
uygulamalarina kadar kullanildig1 tiim alanlardaki hacimleri
artirtlmalidir.  Rezerv ~ kaynaklarin ~ 1srafi  tiiketimleri
yayginlastirilarak onlenmelidir. Metal matrisli kompozitlerin
sarfiyatlar1 ne yazik ki polimer esashlara kiyasla oldukca
diisiiktiir. Bunlara gore yiiksek dayanima sahip olmasina karsin
yogunluklar1 goreceli olarak biraz daha yiiksektir. Bu baglamda,
magnezyum ve alagimlart gibi diisikk yogunluklu matrisler
secilerek polimerlerinkine olduk¢a yakin degerler elde edillebilir.
Metal matrisli kompozitlerin basta otomotiv endiistrisi olmak
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tizere diger sektorel alanlarda sarfiyatlari siirekli artmasina
ragmen maalesef istenilen diizeyde degildir. Bu nedenle
sinirliliklart  bertaraf edilmelidir. Dezavantajlarin  ciddi  bir
kisminin kaynaklandigi matris - takviye faz uyumsuzlugu izole
edilmelidir. Yapiy1 meydana getiren ana ve ilave bilesenlerin ayni
kristal orgiliye sahip olmasi arayilizey ozellikleri acisindan son
derece kritiktir. Bu malzemeler arasinda giiclii bag olusumu kafes
konstiirksiyonlarinin uyumu ile miimkiindiir. Matris ve takviye
fazlarin birbirine yakin 6zelliklere haiz olacak sekildeki tercihi
gerek mikroyapisal karakteristikler gerekse de mekanik
davraniglar agisindan daha iyi sonuglarin elde edilmesini
saglamaktadir. Diger taraftan nihai malzeme niteliklerini direkt
etkileyen yapim teknigi hem diisiik maliyet, hem morfoloji hem
de akma dayanimi, cekme mukavemeti, stineklik, tokluk, sertlik,
rijitlik ve elastik modil gibi metal matrisli kompozit 6zellikleri
dikkate alinarak seg¢ilmelidir. Sonu¢ olarak sanayi kollarinin
gereksinim duydugu modern malzeme Kriterleri metal matrisli
kompozitlerin yetersiz davraniglart minimal edilecek sekilde
tasarlanarak tanzim edilmelidir.
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AN EXPERIMENTAL STUDY ON PID TUNING
FOR QUADCOPTER FLIGHT CONTROLLERS

Osman UNAL!

1. INTRODUCTION

Unmanned aerial vehicles (UAVs), particularly
guadcopters, have attracted significant attention in recent years
(Zhang et al., 2025; Peksa & Mamchur, 2024) due to their
mechanical simplicity (Tang & Mueller, 2025), vertical take-off
and landing capability (Qi et al., 2025), and wide range of civilian
and industrial applications such as surveillance, inspection,
mapping, and autonomous navigation (Babu et al., 2025). Despite
their structural simplicity, quadcopters exhibit highly nonlinear,
underactuated, and strongly coupled dynamics, which make their
control a challenging task (lzadi et al., 2025). Achieving stable
flight and accurate attitude control therefore remains a
fundamental research problem in the field of aerial robotics.

Among various control strategies proposed for
quadcopters, including robust, adaptive, and intelligent control
methods, the proportional-integral-derivative (PID) controller
continues to be the most widely used approach in practical flight
control systems (Zakipour Behambari & Khankalantary, 2025).
This popularity stems from its simple structure, ease of
implementation, low computational cost, and satisfactory
performance in real-time embedded applications. However, the
effectiveness of a PID controller is highly dependent on the
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proper tuning of its gains, which is particularly critical for
quadcopters due to their fast dynamics, sensitivity to
disturbances, and model uncertainties.

In quadcopter flight control, a cascaded control
architecture is commonly employed to improve stability and
dynamic performance (Mien et al., 2024). In this structure, the
outer control loop regulates the attitude angles such as roll and
pitch, while the inner loop controls the corresponding angular
rates. This separation enables faster disturbance rejection and
improved transient response. Furthermore, accurate attitude
estimation is essential for reliable control performance. Low-cost
inertial  measurement units  (IMUs), which combine
accelerometers and gyroscopes, are widely utilized for this
purpose. However, IMU sensors are affected by noise, bias, and
drift, requiring appropriate sensor fusion techniques. Among
these, complementary filtering offers an efficient and
computationally light solution for real-time attitude estimation in
embedded systems (Zhang et al., 2024).

Although numerous studies have investigated advanced
control methods for quadcopters, experimental validation on low-
cost hardware platforms remains a crucial aspect for real-world
applicability. In many practical implementations, theoretical
tuning methods often fail to deliver satisfactory performance due
to unmodeled dynamics, actuator nonlinearities, and
environmental disturbances. Consequently, experimental PID
tuning continues to be an effective and widely adopted approach
for achieving stable and reliable flight performance (Abdelkader
et al., 2022; Bhuvaneswary et al., 2025).

In this study, an experimental investigation on the tuning
and real-time implementation of PID controllers for a quadcopter
flight control system is presented. A custom-built flight controller
based on an embedded microcontroller and a low-cost IMU is
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developed. The control system employs a cascaded PID
architecture, where roll and pitch angles are regulated by an outer
loop while angular rates are controlled by an inner loop. Yaw
stabilization is achieved through a rate-based PID controller.
Sensor fusion is performed using a complementary filter to
combine accelerometer and gyroscope measurements. All
computations are executed in real time, and control errors are
recorded on an SD card for offline analysis.

The main contributions of this study include the real-time
implementation of a low-cost cascaded PID-based quadcopter
flight controller, the systematic tuning of the PID gains, and the
provision of comprehensive source codes and experimental
datasets that establish a reproducible basis for future research in
controller optimization, adaptive algorithm development, and
advanced flight-control strategies.

2. FLIGHT CONTROL ARCHITECTURE AND
EXPERIMENTAL PID TUNING

The quadcopter flight control system is designed based on
a cascaded control architecture consisting of an outer attitude
control loop and an inner angular rate control loop. This structure
is widely preferred in aerial vehicles due to its fast dynamic
response, improved stability, and effective disturbance rejection
(Borbolla-Burillo et al., 2024). The overall control system utilizes
inertial measurement unit (IMU) data for real-time attitude
estimation and employs experimentally tuned proportional—
integral—derivative (P1D) controllers for stabilization.

2.1. Flight Control Architecture

Attitude estimation is performed using accelerometer and
gyroscope measurements fused through a complementary filter.
The filter output is obtained using Eg. (1), which blends the
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integrated gyroscope rate with the accelerometer-based angle to
achieve drift-reduced estimation:

O(k)=a[08(k—1) + w(k)At] + (1 — )B4 (k) (1)

In Eq. (1), the complementary filter computes the
estimated angle (k) at the current sample k by combining
gyroscope and accelerometer measurements. The term (k—1)
represents the previously estimated angle, while (k) denotes the
angular rate measured by the gyroscope at the same instant. This
rate is integrated over the sampling interval At to obtain the short-
term change in orientation. The accelerometer-based angle 8a(k),
calculated from instantaneous accelerometer readings, provides
an independent but noisier estimate of the attitude. The filter
coefficient « determines the relative contribution of the
gyroscope and accelerometer components: the expression [(k—1)
+ w(k)At] emphasizes the smooth but drift-prone gyroscope
integration, whereas (1-a) 6acc(k) introduces long-term
correction from the accelerometer. In this study, a value of
a=0.991 was selected to prioritize gyroscope stability while
retaining sufficient accelerometer influence to compensate for
drift, resulting in a reliable and smooth attitude estimation.

The roll and pitch attitude errors are defined by comparing
the desired and measured angles, as given in Egs. (2) and (3),
where eq(t) and eq(t) represent the instantaneous roll and pitch
errors, respectively. In these expressions, (t) and 64(t) denote the
desired roll and pitch angles commanded by the pilot or higher-
level controller, while ¢(t) and 6(t) correspond to the actual roll
and pitch angles estimated from sensor data. Thus, each error term
reflects the deviation between the commanded and measured
attitude, forming the primary input to the outer-loop attitude PID
controller.

eg(t) = Pqa(t) — ¢(t) )
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ep(t) = 04(t) — 6(t) ©)

These errors form the input to the outer-loop PID
controller, whose structure is described in Eq. (4), where (t)
denotes the desired angular rate generated by the attitude
controller and serves as the reference for the inner-loop rate
control. In this expression, Kp¢, Ki?, and Kq* represent the
proportional, integral, and derivative gains of the attitude loop,
respectively. The term (t) corresponds to the instantaneous
attitude error—such as the roll or pitch error defined in Egs. (2)
and (3)—while [e(t) dt accumulates this error over time to
remove steady-state offsets. The derivative term (t)/dt captures
the rate of change of the error, providing anticipatory action that
improves damping and transient performance.

wa(t) = Kge(t) + K& [ e(t) dt + K§ x =2

(4)

As indicated by Eq. (4), the output of the attitude PID
generates the desired angular rate waq, which then becomes the
reference for the inner loop.

ew(t) = wy(t) —w(t) ()

In Eq. (5), (t) represents the desired roll or pitch rate
supplied by the outer-loop controller, while w(t) denotes the
corresponding measured rate from the onboard IMU. Their
difference yields the instantaneous rate error (t), which serves as
the input to the inner-loop rate controller.

u(t) = Kje,(O) + KI [ e, () dt + K x —de;t“) (6)

The inner-loop controller is formulated in Eq. (6), where
the control torque or motor-mixing input (t) is computed using
proportional, integral, and derivative actions based on the rate
error. Specifically, K,", K, and Kq" denote the proportional,
integral, and derivative gains of the rate loop, respectively. The
term (t) reflects the instantaneous rate error, while [ew(t) dt
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compensates for persistent deviations that may arise due to
aerodynamic disturbances or modeling uncertainties. The
derivative term d(t)dt captures rapid variations in the rate error,
thereby improving damping and reducing overshoot.
Collectively, these components determine the control command
(t), ensuring that the inner-loop controller responds rapidly to
track the demanded angular rates and provides stable motor-level
actuation.

The final motor commands are obtained using the
standard quadcopter motor mixing equations given in Egs. (7) -
(10). These equations distribute roll, pitch, and yaw control
signals to the four motors. Yaw motion is controlled solely
through the inner-loop structure due to drift sensitivity in yaw
angle estimation.

My =T—up—ug+uy (7)
M, =T —ug +ug — uy (8)
M; =T +ug +ug +uy 9)
My=T+up —ug—uy (10)

As expressed in Egs. (7) - (10), each motor command M;
results from the combined effect of throttle and attitude control
signals, ensuring proper torque and thrust distribution. In these
equations, M; represents the final command sent to the i-th motor,
while T denotes the collective throttle input that generates the
total upward thrust required for flight. The terms ug, us, and uy
correspond to the roll, pitch, and yaw control outputs produced
by their respective PID controllers, each contributing differential
thrust to regulate the quadcopter’s rotational motion. Positive or
negative additions of these control terms in Egs. (7) - (10)
determine how each motor individually increases or decreases
speed to generate the necessary control torques, thereby achieving
stable and coordinated quadcopter motion.
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2.2.Experimental PID Tuning Procedure

The PID gains were determined experimentally to achieve
stable and responsive behavior under real-flight conditions.
Because the system is affected by sensor noise, actuator
nonlinearities, and aerodynamic disturbances, analytical tuning
methods were not sufficient on their own. Therefore, the
controller parameters were refined through real-time iterative
testing, during which the quadcopter’s response to control inputs
was continuously evaluated.

The tuning process began by adjusting the proportional
gain to obtain a fast response without inducing oscillations. Once
an acceptable rise time was achieved, the derivative gain was
increased to provide additional damping and reduce overshoot,
improving the overall smoothness of the response. After the
proportional and derivative actions produced a well-behaved
transient response, the integral gain was introduced gradually to
remove steady-state errors caused by constant biases or small
external disturbances. Care was taken to keep the integral term
small enough to prevent windup while still improving long-term
accuracy.

During this process, the sampling time of the control loop
was monitored to ensure that numerical integration and
differentiation were performed consistently, as variations in
execution time can negatively influence controller performance.
Each adjustment was validated through controlled test flights,
where the quadcopter’s stability, tracking accuracy, and
disturbance rejection were visually inspected and verified through
logged sensor data. Overall, the experimentally tuned PID
parameters resulted in stable hovering, smooth transitions, and
reliable behavior.
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3. RESULTS AND DISCUSSION

The optimal PID parameters for roll-axis control were
investigated through 15 experimental trials, each employing a
distinct combination of Kz, K, and Kz For each experiment, the
reliability of performance assessment was increased by excluding
the first and last 10 seconds of the recorded data to eliminate
transient initialization effects and possible final-phase
disturbances. The remaining valid portion of each dataset was
analyzed using a sliding-window integral approach. For every
experiment, the error signal (t) was integrated over all
consecutive 20-second windows using the formulation given in
Eq. (11):

1®)= [ e dr (11)

This metric quantifies the cumulative deviation of the
quadcopter from the desired roll angle within any 30-second
interval. For each dataset, the minimum value of (t) was extracted
and recorded as the representative performance index of that
experiment.

The PID parameters were tuned following a systematic
procedure in which Kz was first increased until the system
achieved a fast yet stable response. Afterwards, K& was adjusted
to suppress oscillations and reduce overshoot. Finally, K/ was
incrementally increased to eliminate steady-state bias without
introducing undesirable drift or instability. This iterative
approach enabled a progressive refinement of the controller gains
and ultimately yielded the optimal parameter set observed in
Experiment 7, which used the parameter set Kz=6.00, K/=0.10,
and K#=0.2. These values provided the best overall roll-axis
stability among all tested configurations. The list of PID
parameters used in each experiment, the corresponding minimum
error integrals, and their improvements relative to the best-
performing experiment are summarized in Table 1.
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Table 1. Experimental PID parameters and corresponding error

integrals.

Exp. No. Kp Ki Kd Error Improvement (%)
1 360 | 644 | 050 | 53.89 48.04
2 570 | 0.02 | 0.20 | 47.15 29.53
3 570 | 0.02 | 0.30 | 43.96 20.77
4 6.00 | 0.00 | 0.00 | 84.24 131.39
5 6.00 | 0.00 | 0.10 | 7541 107.14
6 6.00 | 0.02 | 0.25 | 43.64 19.88
7 6.00 | 0.10 | 0.20 | 36.40 -

8 6.00 | 0.20 | 0.10 | 55.54 52.57
9 6.00 | 0.20 | 0.20 | 36.90 1.37
10 6.00 | 0.20 | 0.25 | 36.52 0.32
11 6.00 | 0.30 | 0.20 | 40.83 12.17
12 6.30 | 0.02 | 0.15 | 45.54 25.09
13 6.30 | 0.02 | 0.25 | 43.30 18.93
14 7.00 | 0.00 | 0.00 | 50.76 39.42
15 8.00 | 0.00 | 0.00 | 9155 151.50

The time-domain error behavior of the best-performing
experiment is illustrated in Figure 1. The figure depicts the roll-
axis error (in degrees) with respect to time (in seconds). As shown
in Figure 1, the error remains confined within a narrow margin
during the entire valid experiment duration, demonstrating that
the quadcopter maintains stable roll dynamics even under
disturbance effects. This confirms that the identified PID gains
provide a sufficiently robust response to external perturbations
and measurement noise.

All Arduino source codes used in the experiments—
including the flight controller and remote controller programs—
are provided in Appendix A and Appendix B, respectively.
Additionally, the large-volume experimental datasets and the
MATLAB scripts used to compute the sliding-window integral
analysis are made accessible through the link provided in
Appendix C.
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Figure 1. Time—error response of the best-performing experiment.

Overall, the results demonstrate that appropriate tuning of
the K, K and K~ parameters leads to a significant improvement
in roll-axis stability. The minimum error integral criterion proved
effective in identifying the most stable configuration, confirming
the suitability of Experiment 7 as the optimal PID setting for the
system.

4. CONCLUSION

This study presented an experimental investigation into
the tuning and implementation of PID controllers for a low-cost
quadcopter flight control system. A cascaded PID architecture
was developed, consisting of an outer-loop attitude controller and
an inner-loop angular-rate controller, with yaw stabilization
achieved through a rate-based PID scheme. The proposed control
strategy was implemented on an embedded flight controller
platform and validated through real-time flight experiments. A
systematic tuning procedure was employed to determine the
optimal values of the proportional, integral, and derivative gains
for roll-axis stabilization. By progressively adjusting K», Kz and
Kz, and evaluating controller performance using a sliding-
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window integral metric, the study identified Experiment 7—
defined by Kp=6.00, Ki=0.10, and Kd=0.20—as the optimal
configuration. This parameter set yielded the lowest error integral
among all tested experiments, indicating superior roll-axis
stability and disturbance rejection capability. The time-domain
analysis of the best-performing experiment demonstrated that the
roll-axis error remained within a narrow, stable range throughout
the valid test duration, confirming the robustness of the tuned
controller under real-world operating conditions. The results
further emphasize that even with low-cost hardware and limited
onboard computational resources, properly tuned PID controllers
can deliver smooth attitude tracking, fast transient response, and
consistent hovering performance.

On the whole, the experimental findings highlight the
effectiveness and practicality of PID-based control for quadcopter
stabilization. The adopted tuning methodology, along with the
presented performance evaluation approach, can serve as a useful
reference for researchers and practitioners developing cost-
efficient aerial platforms. The complete source codes and datasets
provided in the appendices offer a reproducible foundation for
further studies on optimization, adaptive control, and advanced
flight-control strategies.
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APPENDICES
Appendix A: Flight controller.

#include <Wire.h>

#include <Servo.h>

#include <SPI.h>

#include <SD.h>

int rc_p, rc_x, rc_y, thr;

float cmdPitch=0, cmdRoll=0, cmdYaw=0;
volatile float rateP, rateR, rateY;

float calRateP, calRateR, calRateY, calAccX, calAccY,
calAccZ;

float KpAngR=5.7, KpAngP=5.7, KiAngR=0.02, KiAngP=0.02,
KdAngR=0.20, KdAngP=0.20;

float KpRateR=5.7, KpRateP=5.7, KiRateR=0.02,
KiRateP=0.02, KdRateR=0.20, KdRateP=0.20;

float KpRateY=0, KiRateY=0, KdRateY=0;
uint32_t loopT;

float dt=0.025;

Servo s1,s2,s3,s54;

const int ml_pin=2, m2_pin=4, m3_pin=7, m4_pin=8;
volatile float pTermR,iTermR,dTermR,outR;
volatile float pTermP,iTermP,dTermP,outP;
volatile float pTermY,iTermY,dTermY,outY;

int thrIdle=1300, thrCutoff=1000;

volatile float desRateR, desRateP, desRateY;
volatile float errRateR, errRateP, errRateY;
volatile float inRoll, inThr, inPitch, inYaw;

volatile float prevErrRateR, prevErrRateP, prevErrRateY;
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volatile float prevITermRateR, prevITermRateP,
prevIiTermRateY;

volatile float accX, accY, accZ;
volatile float angR, angP;
volatile float desAngR, desAngP;
volatile float errAngR, errAngP;
volatile float prevErrAngR, prevErrAngP;
volatile float prevITermAngR, prevITermAngP;
float compAngR=0.0, compAngP=0.0;
volatile float mInl, mIn2, mIn3, mInd;
void setup(void){

Serial.begin(9600);

Wire.begin();

Wire.setClock(400000);

delay(250);

Wire.beginTransmission(@x68); Wire.write(0x6B);
Wire.write(0x00); Wire.endTransmission();

SD.begin(10);

if(SD.exists("datalog.txt")) SD.remove("datalog.txt");
delay(1000);

sl.attach(ml_pin,1000,2000); delay(1000);
s2.attach(m2_pin,1000,2000); delay(1000);
s3.attach(m3_pin,1000,2000); delay(1000);
s4.attach(m4_pin,1000,2000); delay(1000);
calRateR=-4.35; calRateP=3.31; calRateY=2.23;
calAccX=0.03; calAccY=-0.07; calAccZ=-0.02;

loopT=micros();
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void loop(void){

Wire.beginTransmission(©x68); Wire.write(0x1A);
Wire.write(@x05); Wire.endTransmission();

Wire.beginTransmission(©x68); Wire.write(0x1C);
Wire.write(0x10); Wire.endTransmission();

Wire.beginTransmission(@x68); Wire.write(0x3B);
Wire.endTransmission();

Wire.requestFrom(0x68,6);

int16_t AccXLSB=Wire.read()<<8|Wire.read();
int16_t AccYLSB=Wire.read()<<8|Wire.read();
int16_t AccZLSB=Wire.read()<<8|Wire.read();

Wire.beginTransmission(©x68); Wire.write(0x1B);
Wire.write(0x8); Wire.endTransmission();

Wire.beginTransmission(©x68); Wire.write(0x43);
Wire.endTransmission();

Wire.requestFrom(0x68,6);
int16_t GyroX=Wire.read()<<8|Wire.read();
int16_t GyroY=Wire.read()<<8|Wire.read();

int16_t GyroZ=Wire.read()<<8|Wire.read();

rateR=(float)GyroX/65.5; rateP=(float)GyroY/65.5;
rateY=(float)Gyroz/65.5;

accX=(float)AccXLSB/4096; accY=(float)AccYLSB/4096;
accZ=(float)AccZLSB/4096;

rateR-=calRateR; rateP-=calRateP; rateY-=calRateY;
accX-=calAccX; accY-=calAccY; accZ-=calAccZ;
angR=atan(accY/sqrt(accX*accX+accZ*accZ))*57.29;
angP=-atan(accX/sqrt(accY*accY+accZ*accZ))*57.29;
dt=(micros()-loopT)/1000000.0; loopT=micros();

KiAngR=0.02%0.025/dt; KiAngP=KiAngR;
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KdAngR=0.20/0.025*dt; KdAngP=KdAngR;
KiRateR=0.02*0.025/dt; KiRateP=KiRateR;
KdRateR=0.20/0.025*dt; KdRateP=KdRateR;
KiRateY=0; KdRateY=0;
compAngR=0.991*(compAngR+rateR*dt)+0.009*angR;
compAngP=0.991*(compAngP+rateP*dt)+0.009*angP;

compAngR=(compAngR>20)?20: ( (compAngR<-20)?-
20:compAngR) ;

compAngP=(compAngP>20)?20: ( (compAngP<-20)?-
20:compAngP) ;

if(Serial.available()){
String data=Serial.readStringUntil('\n");
sscanf(data.c_str(),"%d,%d,%d" ,&rc_p,&rc_x,&rc_y);
}
thr=map(rc_p,0,1023,1000,1800);
cmdPitch=map(rc_y,0,1023,20,-20);
cmdYaw=map(rc_x,0,1023,-40,40);
if(abs(cmdPitch)<10) cmdPitch=0;
if(abs(cmdYaw)<20) cmdYaw=0;

inThr=thr; desAngR=cmdRoll; desAngP=cmdPitch;
desRateY=cmdYaw;

errAngR=desAngR-compAngR;
pTermR=KpAngR*errAngR;

iTermR=prevITermAngR+(KiAngR* (errAngR+prevErrAngR)*(dt
/2));

iTermR=(iTermR>400)?2400: ((iTermR<-400)?-400:iTermR);
dTermR=KdAngR* ((errAngR-prevErrAngR)/dt);
outR=pTermR+iTermR+dTermR;

outR=(outR>400)?400: ((outR<-400)?-400:0utR);
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desRateR=0utR;

prevErrAngR=errAngR; prevITermAngR=iTermR;
errAngP=desAngP-compAngP;
pTermP=KpAngP*errAngP;

iTermP=prevITermAngP+(KiAngP*(errAngP+prevErrAngP)*(dt
/2));

iTermP=(iTermP>400)?2400: ((iTermP<-400)?-400:iTermP);
dTermP=KdAngP* ((errAngP-prevErrAngP)/dt);
outP=pTermP+iTermP+dTermpP;

outP=(outP>400)?400: ((outP<-400)?-400:0utP);
desRateP=outP;

prevErrAngP=errAngP; prevIiTermAngP=iTermP;
errRateR=desRateR-rateR;

errRateP=desRateP-rateP;

errRateY=desRateY-rateY;

pTermR=KpRateR*errRateR;

iTermR=prevITermRateR+(KiRateR*(errRateR+prevErrRateR)
*(dt/2));
3

iTermR=(iTermR>400)?400: ((iTermR<-400)?-400:iTermR);
dTermR=KdRateR*((errRateR-prevErrRateR)/dt);
outR=pTermR+iTermR+dTermR;

outR=(outR>400)?400: ((outR<-400)?-400:0uUtR);
inRoll=outR;

prevErrRateR=errRateR; prevITermRateR=iTermR;
pTermP=KpRateP*errRateP;

iTermP=prevITermRateP+(KiRateP*(errRateP+prevErrRateP)
*(dt/2));
3

iTermP=(iTermP>400)?400: ((iTermP<-400)?-400:1iTermP);
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dTermP=KdRateP*((errRateP-prevErrRateP)/dt);
outP=pTermP+iTermP+dTermP;
outP=(outP>400)?400: ((outP<-400)?-400:0utP);
inPitch=outP;

prevErrRateP=errRateP; prevITermRateP=iTermP;
pTermY=KpRateY*errRateY;

iTermY=prevITermRateY+(KiRateY*(errRateY+prevErrRateY)
*(dt/2));
3

iTermY=(iTermY>400)?400: ((iTermY<-400)?-400:iTermY);
dTermyY=KdRateY*((errRateY-prevErrRateY)/dt);
outY=pTermY+iTermY+dTermyY;

outY=(outY>400)?400: ((outY<-400)?-400:0utY);
inYaw=outY;

prevErrRateY=errRateY; prevITermRateY=iTermyY;
if(inThr>1800) inThr=1800;
mInl=(inThr-inRoll-inPitch+inYaw);
mIn2=(inThr-inRoll+inPitch-inYaw);
mIn3=(inThr+inRoll+inPitch+inYaw);
mIn4=(inThr+inRoll-inPitch-inYaw);

if(mIn1>2000) mInl=1999; if(mIn2>2000) mIn2=1999;
if(mIn3>2000) mIn3=1999; if(mIn4>2000) mIn4=1999;

if(mInl<thrIdle) mInl=thrIdle; if(mIn2<thrIdle)
mIn2=thrIdle;

if(mIn3<thrIdle) mIn3=thrIdle; if(mIn4<thrIdle)
mInd=thrldle;

if(thr<1030){

mInl=thrCutoff; mIn2=thrCutoff; mIn3=thrCutoff;
mInd=thrCutoff;

prevErrRateR=0; prevErrRateP=0; prevErrRateY=0;
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prevITermRateR=0; prevITermRateP=0;
prevIiTermRateY=0;

prevErrAngR=0; prevErrAngP=0;

prevIiTermAngR=0; prevITermAngP=0;
}
sl.writeMicroseconds((int)mInl);
s2.writeMicroseconds((int)mIn2);
s3.writeMicroseconds((int)mIn3);
s4.writeMicroseconds((int)mIn4);
File dataFile=SD.open("datalog.txt",FILE_WRITE);
dataFile.print(micros()); dataFile.print(F(" "));
dataFile.println(errAngR,2);

dataFile.close();

Appendix B: Remote controller.
void setup() {
Serial.begin(9600); // HC12 on hardware serial
}
void loop() {
int p = analogRead(A®);//potentiometer

int x = analogRead(A6);//joystick

int y = analogRead(A7);//joystick
Serial.print(p); Serial.print(",");
Serial.print(x); Serial.print(",");
Serial.println(y);

delay(590);
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Appendix C: Data link.

https://drive.google.com/drive/folders/IMLU_sWGopjnGyJr8Q
kOMYs3M _hlcbpJl?usp=sharing
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OPTIMIZATION OF BIODIESEL PRODUCTION
THROUGH TRANSESTERIFICATION: A
COMPREHENSIVE ASSESSMENT

Adem TUYLU!?

1. INTRODUCTION

The continuous rise in global energy demand, which is
closely linked to economic expansion, industrial development,
and population growth, has made energy supply security a major
international issue. Although fossil fuels such as petroleum, coal,
and natural gas still dominate the global energy mix, the fact that
these reserves are concentrated in limited geographical regions
increases the vulnerability of energy markets to political and
economic fluctuations. In addition, the gradual depletion of fossil
resources and the growing cost of extraction heighten concerns
regarding long-term energy dependence. From an environmental
standpoint, the extensive use of fossil-based fuels plays a
significant role in the increase of greenhouse gas emissions and
the acceleration of global warming. The resulting environmental
consequences, including the melting of polar ice, rising sea levels,
prolonged droughts, and shifts in climate patterns, highlight the
urgent need to adopt cleaner and more sustainable energy sources.
Within this broader context, biodiesel has gained considerable
attention as an alternative fuel option. This interest is largely due
to its ability to be produced from various renewable feedstocks
such as waste cooking oils, oily industrial residues, and animal
fats, as well as its potential to lower emissions and reduce reliance

1 Res. Asst.; Sakarya University of Applied Sciences, Faculty of Technology,
Department of Mechanical Engineering. ORCID: 0000-0001-9828-1573.
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on conventional fossil fuels. As a result, biodiesel is viewed as
one of the most promising renewable fuels for addressing both
environmental challenges and the long-term limitations of fossil
energy resources (Ergen, 2024; S. N. Gebremariam & Marchetti,
2018; Sahar et al., 2018; Tuylu et al., 2024).

Biodiesel can be produced through several established
methods that aim to lower the high viscosity and low volatility
inherent in crude vegetable and waste oils, properties that
otherwise hinder their direct use in diesel engines. The primary
techniques used to overcome these limitations include dilution,
microemulsion formation, pyrolysis, and transesterification, each
offering distinct chemical or thermal pathways to obtain fuel-
compatible derivatives. In the dilution method, vegetable or waste
oils are blended with diesel fuel or suitable solvents to decrease
viscosity and improve combustion characteristics. The
microemulsion method involves creating a thermodynamically
stable colloidal dispersion, typically with alcohols such as
methanol or ethanol acting as the organic phase to produce fine
droplets that enhance fuel performance. Pyrolysis relies on
thermal decomposition of high-molecular-weight triglycerides
into smaller hydrocarbon molecules either by direct heating in
closed systems or by distillation, yielding products that more
closely resemble petroleum diesel. Among these techniques,
transesterification is the most widely implemented process in
biodiesel production, where oils react with short-chain alcohols
in the presence of a catalyst to produce fatty acid alkyl esters,
commonly referred to as biodiesel, along with glycerol as a by-
product. This reaction, particularly when using methanol due to
its low cost and reactivity, provides high conversion efficiency
and generates a fuel that meets international biodiesel standards
(Nayab et al., 2022; Tuyll et al., 2023).
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2. BIODIESEL PRODUCTION VIA
TRANSESTERIFICATION

2.1. Transesterification Reaction Mechanism

Transesterification is widely recognized as the most
effective chemical pathway for converting oils and fats into
biodiesel, primarily because it transforms triglycerides into alkyl
esters whose physicochemical properties closely approximate
those of conventional petroleum diesel. In this process, the
naturally high viscosity of triglyceride-based feedstocks is
significantly reduced, resulting in a fuel that can be utilized in
standard diesel engines without requiring mechanical alterations.
The reaction involves the interaction of triglycerides with a short-
chain alcohol, typically methanol or ethanol, and although the
conversion can proceed under elevated temperature or pressure,
the use of a catalyst markedly enhances the reaction rate and
overall efficiency. Transesterification is fundamentally
reversible, but the presence of alkaline, acidic, or enzymatic
catalysts promotes the forward reaction, facilitating the cleavage
of triglyceride molecules and the formation of fatty acid alkyl
esters alongside glycerol as a secondary product. This catalytic
transformation is the core of most industrial biodiesel production
systems, as it yields a high-purity ester-based fuel that satisfies
international biodiesel specifications (Gebremariam & Marchetti,
2017). Figure 1 presents the mechanism of acid-catalyzed
transesterification of vegetable oils.
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Figure 1. Mechanism of acid-catalysed transesterification of
vegetable oils (Koh et al., 2011)

2.2. Alcohol Types and Their Effects

Alcohols constitute a key class of reactants in biodiesel
synthesis, as they serve as acyl acceptors in the conversion of
triglycerides to fatty acid esters. Although various monohydric
aliphatic alcohols containing 1 to 8 carbon atoms have been
investigated, methanol and, to a lesser extent, ethanol are the most
employed due to their availability, reactivity, and cost-
effectiveness. Methanol is particularly favoured because it reacts
rapidly with triglycerides, dissolves readily in alkaline catalysts
such as sodium hydroxide, and is generally easier to procure than
ethanol. While other short-chain alcohols, including propanol,
butanol, isopropanol, and branched alcohols, can also participate
in the reaction, their higher cost limits their practical use. Overall,
short-chain alcohols tend to provide higher conversion
efficiencies within comparable reaction times, making them
advantageous for industrial biodiesel production (Musa, 2016).

2.3. Catalyst Types

In biodiesel production, homogeneous and heterogeneous
catalysts are widely used to accelerate the transesterification of
triglycerides into fatty acid alkyl esters. Homogeneous and
heterogeneous catalysts are classified within themselves (Figure
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2). Homogeneous catalysts, especially alkaline types such as
NaOH, KOH and sodium methoxide, are highly effective for oils
with low free fatty acid content and enable fast reactions under
relatively mild conditions. Their main disadvantages are soap
formation, catalyst consumption and the difficulty of separating
the catalyst when the free fatty acid content exceeds about 0.5
percent. Acidic homogeneous catalysts, including sulfuric acid,
can process high free fatty acid feedstocks because they promote
both esterification and transesterification, although they require
longer reaction times, higher temperatures, and larger alcohol
amounts. Heterogeneous catalysts provide an alternative with
advantages such as reusability, simple separation and reduced
wastewater formation. Solid acids, solid bases and bifunctional
catalytic materials, including metal oxides, alkaline carbonates
and sulfated oxides, are capable of catalyzing both esterification
and transesterification steps. These catalysts are suitable for high
free fatty acid oils, although they often need higher catalyst
loading, increased alcohol to oil ratios and longer reaction times
to achieve yields comparable to homogeneous systems (Athar &
Zaidi, 2020).

Figure 2. Classification of the catalysts used in biodiesel
production (Athar & Zaidi, 2020)
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2.4. Feedstock Properties and the FFA Challenge

Biodiesel production relies primarily on triglyceride-rich
feedstocks such as vegetable oils, animal fats and recycled
greases, each of which contains varying levels of FFA (free fatty
acid) and impurities that influence both process efficiency and
product quality. Vegetable oils, including soybean, canola, palm
and rapeseed oils, typically exhibit low FFA content but may
require degumming and refining to remove phospholipids and
residual acids before transesterification. In contrast, animal-
derived fats and recycled greases, such as tallow, lard, poultry fat
and yellow grease, often contain substantially higher FFA levels,
which can necessitate alternative processing strategies or pre-
treatment steps to prevent soap formation and ensure high
conversion efficiency. More challenging materials such as trap
grease, brown grease and soapstock contain excessive FFA,
water, solids and odor compounds, making them low-cost yet
technically complex feedstocks with unresolved processing and
contamination issues. Because biodiesel is formed through the
reaction of triglycerides with a short-chain alcohol, typically
methanol, the alcohol itself also serves as a major reactant, and
catalysts are required to promote adequate mixing of the
immiscible phases. Overall, the choice of feedstock strongly
determines the required processing route, the achievable biodiesel
yield and the quality of both the final fuel and the glycerin co-
product (Ondruschat, 2020).

2.5. Key Process Parameters Influencing
Transesterification Efficiency

The efficiency of the transesterification process and the
quality of the resulting biodiesel are governed by several
interrelated parameters, most notably the alcohol to oil molar
ratio, reaction time, reaction temperature and catalyst type and
concentration. The molar ratio strongly influences reaction
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kinetics and biodiesel yield, since an excess of alcohol is required
to shift the reversible reaction toward ester formation, although
too much alcohol can complicate phase separation and increase
energy demand for recovery. Reaction time also plays a critical
role, as extending the duration generally increases conversion, but
excessively long times may trigger side reactions such as
saponification, particularly in feedstocks with high free fatty acid
content. Reaction temperature affects both reaction rate and mass
transfer; moderate temperatures improve miscibility and reduce
viscosity, while temperatures above the alcohol’s boiling point
cause evaporation losses and safety concerns. Catalyst selection
is equally important. Alkaline catalysts offer rapid conversion for
low free fatty acid oils, whereas acidic catalysts are more suitable
for high free fatty acid feedstocks but require longer reaction
times and higher temperatures. Catalyst concentration must be
optimized because insufficient catalyst reduces conversion and
excessive amounts promote soap formation and increase
viscosity. Together, these parameters determine not only
biodiesel yield but also the energy efficiency, process stability
and economic viability of the overall transesterification system
(Suzihaque et al., 2022; Zheng & Cho, 2025). Figure 3 shows the
production of biodiesel by the transesterification method.
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Figure 3. Process of biodiesel production (Bhan & Singh, 2020)
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3. OPTIMIZATION OF
TRANSESTERIFICATION PROCESSES

3.1. Importance of Optimization

Optimization plays a pivotal role in enhancing the
efficiency, reliability, and economic feasibility of complex
chemical and environmental processes. In biodiesel production,
for instance, transesterification yield is highly sensitive to
parameters such as alcohol molar ratio, catalyst concentration,
reaction temperature, mixing speed, and reaction time.
Conducting exhaustive experimental trials to explore all possible
parameter combinations is impractical, costly, and time-
consuming, particularly when nonlinear interactions are present.
RSM (RSM) has emerged as a powerful statistical optimization
tool that enables systematic evaluation of process variables,
identification of significant interactions, and prediction of
optimal operating conditions with minimal experimentation. By
reducing experimental burden while improving process
performance, RSM significantly contributes to the development
of sustainable, scalable, and high-yield chemical processes
(Kumar et al., 2024; Rana & Minceva, 2021).

3.2. Experimental Design and Optimization Methods

Biodiesel production studies rely on a combination of
statistical and artificial intelligence-based tools to analyze
complex parameter interactions and optimize process conditions.
RSM uses structured designs such as Central Composite or Box—
Behnken to model variable effects and generate predictive
equations for process optimization. Alongside these statistical
approaches, ANN are employed to capture nonlinear and
multidimensional relationships between process inputs and
biodiesel yield with higher accuracy. To further enhance
optimization performance, global search algorithms including
GAand PSOare applied to explore wide design spaces efficiently.
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Hybrid platforms such as ANN-PSO combine data-driven
learning with swarm-based search strategies, offering improved
predictive capability and more reliable identification of optimal
operating conditions. Together, RSM, ANN, PSO and hybrid
ANN-PSO methodologies provide a comprehensive framework
for modeling, analyzing and optimizing biodiesel production
processes (Emeji & Patel, 2024; Soltani et al., 2022).

3.3. Selected Optimization Case Studies

In their studies (Gupta et al., 2019), a hybrid optimization
framework integrating ANN with a genetic algorithm was
employed to improve biodiesel production from waste cooking
oil. In this work, the feedstock was pre-filtered and dehydrated
before base-catalyzed transesterification, and key variables such
as alcohol to oil molar ratio, catalyst concentration, and reaction
temperature were used as ANN inputs. A feed-forward network
trained with backpropagation achieved over 97 percent prediction
accuracy. The genetic algorithm was subsequently applied to
identify global optimal conditions, yielding an optimal molar
ratio of 9:1, catalyst concentration of 1.25 wt percent NaOH,
reaction temperature of 65 °C, and biodiesel yields of 97 to 98
percent. The findings demonstrated the strong predictive and
optimization capability of the ANN-GA hybrid framework for
biodiesel process design.

Rocha-Meneses et al. (Rocha-Meneses et al., 2023)
conducted a study evaluating CaO and ZnO as heterogeneous
catalysts for biodiesel production, employing a Box—Behnken
RSM design to analyze the effects of reaction temperature,
catalyst loading, and methanol to oil molar ratio. Their
optimization results identified an optimal catalyst loading of
around 3 wt percent, a molar ratio of 12:1, and a reaction
temperature of approximately 65-70 °C, yielding 94-96 percent
biodiesel. The findings showed that CaO maintained high
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catalytic activity and stability over four reuse cycles, while ZnO
exhibited lower reusability due to surface fouling. ANOVA
results further indicated that catalyst loading and temperature
were significant parameters influencing biodiesel yield (p < 0.05).

In this study (Taib, 2024), biodiesel production was
optimized using a catalyst synthesized from magnetic porous
nanosheets of graphitic carbon nitride (g-CsN4@Fe304) combined
with a protic ionic liquid. RSM with a Central Composite Design
of 20 runs was applied to examine the effects of reaction time,
catalyst dosage, and methanol to oil ratio, generating an RSM
model with an R2 of 0.9555. In addition, ANN and General
Regression Neural Network (GRNN) models were developed
using the Levenberg—Marquardt training algorithm and
systematic parameter tuning. These Al-based models
demonstrated markedly higher predictive performance, achieving
R? values of 0.9998 for ANN and 0.9986 for GRNN. Overall,
while RSM effectively captured the main interactions among
variables, ANN and GRNN provided superior nonlinear
prediction and more reliable optimization of biodiesel yield.

In this study (Garg & Jain, 2020), biodiesel production
from algal oil was optimized using both RSM and ANN. A Box—
Behnken experimental design was employed to examine the
effects of reaction time, catalyst concentration, and methanol-to-
oil ratio on biodiesel yield. The RSM model produced a
statistically significant quadratic regression with an R? value of
0.9657, confirming its suitability for predictive analysis. In
parallel, an ANN model developed using the Levenberg-
Marquardt training algorithm and an optimized hidden layer
achieved markedly higher predictive accuracy, with an overall R?
of 0.99965. Comparison of predicted and experimental values
showed lower error in the ANN model, demonstrating that Al-
based modeling outperformed RSM in capturing nonlinear
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relationships and providing more accurate optimization of
biodiesel production conditions.

In this study (Emeji & Patel, 2024), biodiesel production
from waste cooking soybean oil was optimized using a Box—
Behnken RSM and an artificial neural network model. The effects
of catalyst loading, methanol-to-oil molar ratio, and reaction
temperature on the yield were systematically evaluated. The RSM
model produced a highly significant quadratic regression with
strong statistical validity, while the ANN model trained using the
Levenberg—Marquardt algorithm offered accurate nonlinear
prediction capability. Predicted yields were closely aligned with
experimental values, reaching 94.04% for the RSM model,
93.99% for the ANN model, and 94.42% experimentally.
Comparative evaluation based on error metrics and correlation
coefficients indicated that both approaches were reliable;
however, RSM demonstrated slightly superior predictive
precision, whereas ANN exhibited strong adaptability for
capturing nonlinear relationships. Overall, the combined use of
RSM and ANN provided a robust framework for modeling and
optimizing biodiesel production under varying process
conditions. Table 1 provides a comparative overview of the
success rates of the methods used in the studies presented above
for biodiesel production optimization.
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Table 1. Comparative analysis of transesterification optimization

methods
Transesterification Yield Result Reference
Process Optimization
Method
Biodiesel from waste ANN-GA ANN-GA Gupta, A.,
cooking oil hybrid achieved >97% etal.
optimization accuracy and (2019).
optimal yield
(~97-98%).
Biodiesel using CaO and  RSM (Box- Optimal yield 94— Rocha-
ZnO heterogeneous Behnken 96%; CaO showed  Meneses,
catalysts design) higher activity and L., etal.
reusability. (2023).
Biodiesel using magnetic  RSM, ANN, ANN and GRNN Taib, M.
porous nanosheets of g- and GRNN outperformed RSM  (2024).
C3N4@FC;O4 + protic with hlgher R?
ionic liquid values.
Biodiesel from algal oil RSM and ANN  ANN provided Garg, A., &
higher accuracy Jain, S.
than RSM. (2020).
Biodiesel from waste RSM and ANN  Both models Emeji, U.,
cooking soybean oil (Box—-Behnken  predicted yield & Patel, R.
design) well; RSM slightly  (2024).

more precise.

4. CONCLUSION

Transesterification continues to serve as the principal
pathway for biodiesel synthesis because of its operational
simplicity, adaptability to diverse lipid feedstocks, and favorable
reaction Kkinetics. However, the process is highly sensitive to
catalyst formulation, feedstock FFA content, mass transfer
limitations, and reaction thermodynamics. For this reason, precise
optimization is essential to maximize conversion efficiency,
reduce energy consumption, and maintain consistent biodiesel
quality aligned with international standards.

Modern optimization methodologies, including RSM,
ANN, GA, PSO, and hybrid models, provide strong analytical
capabilities for addressing the nonlinear and multivariable nature
of biodiesel systems. RSM enables statistically validated
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modeling of parameter interactions, whereas ANN captures
complex nonlinear relationships with high predictive accuracy.
Hybrid approaches that integrate data-driven prediction with
global search procedures further enhance optimization
performance. The case studies presented in this chapter show that
biodiesel yields above 95-99 percent can be achieved when
reaction parameters are systematically optimized.
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COMPARISON OF BIOMASS ENERGY
SOURCES AND PRODUCTION METHODS

Halit ARAT!
Oguzhan ERBAS?

1. INTRODUCTION

Developing countries have also increased their use of
renewable energy sources in recent years, given their growing
importance, and have begun to diversify their energy sources. The
use of biomass energy production systems that utilize waste,
while minimizing carbon emissions and harming the
environment, is expected to increase steadily. This study provides
a detailed analysis of biomass production procedures, including
their utilization practices. It also reviews research on targeted
future utilization rates and presents biomass utilization scenarios.

As a result of the serious environmental problems created
by conventional energy sources, the number of countries using
renewable energy sources is increasing daily. To mitigate the
impact of global warming, the use of carbon-based fuels and
resources must be limited. Due to the growing population and
limited supply of conventional fuels, one of the priority goals of
countries is to use local energy resources efficiently (Akbulut et
al., 2021). Furthermore, efficient use of energy plays a significant
role in reducing environmental problems such as air pollution and
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Department of Mechanical Engineering, Kutahya, Turkey, ORCID: 0000-0002-
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Department of Mechanical Engineering, Kutahya, Turkey, ORCID: 0000-0001-
9424-4273.
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global warming. Biomass, a renewable energy source, enables the
use of various biodegradable wastes and contributes to countries’
expansion of their energy diversity (Paul et al., 2019). Utilizing
biomass, a domestic resource, is crucial for both increasing
energy diversity and reducing external energy dependency.

While the total energy consumed in 2000 was 64415.40
PJ, this value decreased to 58461.10 PJ in 2022. However, the
amount of imported energy remained almost at the same level in
2000 and 2022, being 36255.90 PJ and 36539.30 PJ, respectively.
Therefore, while the external energy dependency rate of the
European Union countries was 56.28% in 2000, this value
increased to 62.50% in 2022. European Union countries use
different resources to meet their total energy needs. The change
in the amounts of these resources in the energy produced over the
years is given in Figure 1 (Eurostat, 2022).

[EHeat

Nuclear heat

[@Non-renewable waste

BRenewables and biofuels

B0il and petroleum
roducts

@ Natural gas

@Oil shale and oil sands

MPeat and peat products
@Solid fossil fuels
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Figure 1. The change in the amount of energy produced by
different sources over the years (Eurostat, 2022).

An examination of Figure 1 reveals that fossil-based solid
fuels were at their peak in energy production between 1990 and
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2000, but their use has decreased over the years, falling to third
place by 2022. However, renewable and biofuels, which ranked
fourth among energy sources in 1990, have increased their
contribution to production each year, rising to first place since
2015 and consolidating their position, and remain in first place
today. Due to the carbon emissions, the use of natural gas as an
energy source has been limited, and its share of energy production
has decreased since its peak in 1995. The share of petroleum and
petroleum products in energy production has fluctuated over the
years, but contributes to the energy produced, albeit at a lower
rate.

To avoid energy supply problems, countries must increase
the diversity of their energy sources. Furthermore, to minimize
external dependency, they should develop policies to encourage
the use of domestic energy resources and maximize their current
use. Furthermore, identifying where their energy is being used is
a top priority for efficient energy use.

2. BIOMASS ENERGY SOURCES

Biomass, obtained by leaving all kinds of organic,
household, and agricultural waste to decompose, is an alternative
energy source. Biomass energy, which can be used economically,
offers significant environmental benefits by eliminating
environmentally harmful waste. Furthermore, biomass resources
are ubiquitous and available in a wide variety of forms, from
household garbage and oil waste to factory waste, from forest and
farm waste to greenhouse and livestock waste (Denizsel, 2021).
Therefore, converting them into energy is quite easy with
collection centers established in specific locations.

Biofuels have a significant advantage among renewable
energy sources in that they do not contribute to the increase of
carbon dioxide in the atmosphere (Working Group Il Technical
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Support Unit, 2022). The use of biofuels is an important energy
source for utilizing waste and expanding national energy
diversity. These materials are converted into solid, liquid, and
gaseous fuels using biomass fuel processing methods (Demirtas
and Gun, 2007). The primary biomass sources are listed in Table
1 (European Commission, 2019).

Table 1. Primary Biomass Sources (European Commission, 2019).

*» Crop residues

Agricultural * Bagasse
Resources s Animal waste

* Energy crops

¢ Log residues
* Wood processing byproducts

Forest Industrial _
Resources * Black liquor from the pulp and
paper ustry
¢ Firewood
* Food waste
Other Biological * Food industry waste
Resources

* Orzanic portion of municipal
golid waste

Bioenergy (heat, electricity, and transport fuels)
contributed 116,000 ktoe (kilotons of oil equivalent) to gross final
energy consumption in 2016. This value accounts for 59% of the
renewable energy sources that meet the amount of energy
consumed by the European Union and 10% of all energy sources
(European Commission, 2019). According to estimates, the EU
consumed a total of 13,840 ktoe of biofuel in 2016. Biodiesel,
with an energy potential of 11,083 ktoe, accounted for 80% of
total bioenergy consumption, while bioethanol came in second
with a 19% share in sustainable biofuel consumption (Antar et al.,
2021). However, the total energy available from forest biomass
alone is estimated to range between 119,000 and 186,000 ktoe in
Europe in 2030 (PricewaterhouseCoopers EU et al., 2015).
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In industry, biofuels such as wood chips, bark, or hazelnut
shells are often used directly, as well as as enhanced solid biofuels
such as pellets, charcoal, or heated biomass. One of the key
factors in using enhanced biofuels is efficiency. Because raw
biofuels are inefficient in some industries, such as iron and steel,
they are subjected to a heat treatment process that increases their
energy density. Another rationale for improving biofuels is that
concentrated biofuels are cheaper and easier to transport and
store. This makes it crucial to use biomass in locations other than
where it was produced (Malico et al., 2019).

Biomass energy can be divided into two categories:
traditional and industrial. The first is traditional energy, derived
from plant and animal waste, as well as fuelwood from forests.
The second type of energy, industrial biomass, includes waste
from the forestry and forest-wood industries, urban waste,
agricultural waste, and waste from energy forestry. Biomass can
be used to generate energy in various ways. Different types of
biofuels, or bioenergy, can be produced using biomass resources
using the methods outlined in Figure 2.
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Figure 2. Energy production methods from biomass (TUBA,
2022).
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When Figure 2 is examined, biomass can be converted
using four different methods: physical, biochemical,
physicochemical and thermochemical.

2.1. Physical Methods

The physical process is carried out by particle size
reduction, densification and compression.

2.1.1.Part Size Reduction

Existing high-sized biofuels are physically reduced in size
through crushing, grinding, and cutting, allowing for more
efficient use. Breaking thick wood, grinding plant waste, and
grinding branches into sawdust are all examples of particle size
reduction processes. Branches over 500 mm are called firewood,
while 150-500 mm are classified as firewood, and 50-150 mm as
wood chips. Furthermore, 15-50 mm is thick wood chips, 5-15
mm is thin wood chips, 1-5 mm is sawdust, and 0-1 mm is wood
dust (Sozen et al., 2017).

2.1.2.Densification and Compression

Using agricultural and forest residues directly as biofuels
is quite challenging because they occupy a large amount of space
and, more importantly, lack a homogeneous structure. This
problem can be solved by converting this type of biomass into
briquettes or small, briquette-like pellets to increase their density
in a compact and uniform manner. Pellets are a material with a
diameter of 6-10 mm, created by compressing sawdust obtained
from dried, ground, and processed wood residue under intense
pressure. Briquettes are biofuels manufactured with a diameter of
five to twenty centimeters (Uggill and Akgiil, 2010).

As part of the pelletizing process, biomass in its dispersed
form is first dried, ground, and compressed under high pressure.
Waste materials such as wood shavings, olive pulp, corn cobs, red
pepper processing residues, cherry pits, and cottonseed meal can
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be utilized in pellet production. It has a higher calorific value than
uncompressed wood and, due to its lower moisture content, can
be stored for longer periods. Pellets, which are cheaper and have
lower carbon emissions than fossil fuels, have significant
advantages such as being extremely durable and being safely
transported to the consumer (Basibiiyiik et al., 2021).

Pellet or briquette biofuels, typically obtained by
compression without the use of chemical binders, occupy less
volume and achieve a higher calorific value than their
predecessors. Furthermore, burning in incinerators is also suitable
for use in an automated feed system, contributing positively to
combustion efficiency.

2.2. Biochemical Methods

Biochemical methods can be evaluated under two
headings: fermentation and biomethanization.

2.2.1. Fermentation

The fermentation process involves the secretion of
enzymes derived from microbes that convert simple sugars found
in raw biomass into low-molecular-weight compounds such as
acids and alcohols. During fermentation, heat is used to convert
starch in organic matter into sugars, which are then fermented to
produce ethanol. Fermentation is a crucial process in biomass
conversion, enabling the production of a variety of products in
low-tech environments, and is completed in various processing
stages and processes. The structure of the biomass feedstock
determines the extent of fermentation in organic materials and is
a factor that should be considered when selecting raw materials
for this process. However, the best biomass sources are
considered to be forest and agricultural wastes (Colakoglu et al.,
2021).
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Bioethanol is produced in three different ways from the
different types of biomass used in the fermentation process. First-
generation bioethanol is obtained by fermenting glucose found in
corn, sugarcane, potatoes, wheat, and sugar beets. However, the
main disadvantage of first-generation bioethanol is the potential
threat to the global food supply, which could impact the global
population because the biomass used also constitutes a staple
food. This threat is likely to manifest as both a decrease in food
supply and an increase in food prices due to the demand for
bioethanol production. Furthermore, the inefficiencies in the
production of first-generation bioethanol have paved the way for
the emergence of highly efficient production methods through
technological advancement. Second-generation bioethanol is
produced by using lignocellulosic feedstocks and agricultural
forest residues instead of food raw materials used in bioethanol
production. Second-generation bioethanol production, which has
the greatest advantage of not increasing food demand, is
disadvantaged by the high cost associated with the advanced
technology required on an industrial scale. However, forest
destruction caused by indiscriminate and unregulated tree felling
due to the need for woody raw materials is one of the obstacles to
second-generation bioethanol production. Third-generation
bioethanol, on the other hand, is produced through fermentation
using marine microorganisms, and algae, which do not affect the
demand for raw materials in the food and agricultural sectors,
play a significant role in this process. However, the use of algae
as a bioethanol feedstock is currently under investigation and is
considered likely to be commercially available in the near future
(Jambo et al., 2016).

2.2.2.Biomethanization

The physiological processes of microbial and energy
metabolism are integrated into the anaerobic digestion cycle,
along with the processing of raw materials under specific
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conditions, and this cycle produces biogas from biomass. Biogas
production through anaerobic digestion using organic waste
worldwide is an environmentally friendly process. This
technology can treat a wide variety of environmentally hazardous
wastes, including industrial, domestic, and municipal wastewater,
agricultural waste, and food industry waste. Biogas, the main
product of anaerobic digestion, is a renewable energy source, and
the byproduct of the process, the digester residue, with its high
nutrient content, can be used as a high-quality fertilizer for plants.
While countries' interest in this process is increasing every year,
well-developed biogas industries within the European Union are
found primarily in Germany, Denmark, Austria, and Sweden
(Horvath et al., 2016).

The pH of the medium, the carbon/nitrogen ratio, the rate
at which organic matter is loaded into the digester, and the
average time required for organic matter decomposition are the
main factors affecting the anaerobic digestion process for biogas
production (Mao et al., 2015). Furthermore, temperature is one of
the main factors affecting the microbial growth rate and activity
of the anaerobic digester. Generally, during the winter season,
heat generated by a solid-fuel boiler, a gas turbine powered by a
portion of the produced biogas, or other renewable energy sources
is used by biogas plants to generate and maintain the temperature
required for stable biogas production in the anaerobic digester,
especially during cold weather (Zhang et al., 2016). Furthermore,
digested biological fertilizer, a byproduct of the biogas
production process, saves significant amounts of irrigation water
and fertilizer. (Arat and Erbag, 2023; Szab¢ et al., 2014).

2.3. Physicochemical Methods

Transestrification, which can be defined as the reaction of
fatty acids with alcohols with the help of a catalyst, is a
physicochemical method.
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2.3.1. Transestrification

It is a hydrolysis-like process in which alcohol is used
instead of water to reduce the high viscosity of triglycerides,
replacing the alcohol from one ester with another.
Transesterification is a reversible reaction that occurs when the
reactants are mixed, with a strong acid or base catalyst
accelerating the process (Meher et al., 2006).

The resulting product from the transestrification process
is biodiesel fuel, produced from waste lipids and boasting low
emissions. The main factors affecting biodiesel yield in this
process are the amount of alcohol, reaction time, reaction
temperature, and catalyst concentration. In biodiesel production,
a large amount of alcohol is used to ensure complete conversion
of oils or fats into esters, and a higher alcohol-to-triglyceride ratio
converts more esters in a shorter time. On the other hand, the
conversion of fatty acid esters is proportional to the reaction time,
with the highest yield reaching a maximum in under ninety
minutes. However, as the reaction temperature (optimum 50°C-
60°C) increases, the viscosity of the oils decreases, increasing the
reaction rate and shortening the reaction time. Furthermore, due
to the incomplete conversion of triglycerides to fatty acid esters
due to the use of insufficient catalysts, triglyceride conversion
and biodiesel yield increase with increasing catalyst
concentration (Leung et al., 2010).

The products with a high fat content are considered
potential sources for biodiesel production. These include edible
vegetable oils (sunflower, soybean, peanut, etc.), inedible
vegetable oils (sea mango, seaweed, algae, etc.), waste oils, and
animal fats (tallow, chicken, and fish oil, etc.). The raw materials
for biodiesel production must have high production capacity with
as low production cost as possible, and the selection of the raw
material depends on the soil conditions, climate, geographical
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location, and agricultural practices of the countries. However, it
has been revealed that the raw materials constitute 75% of the
total biodiesel production cost (Atabani et al., 2012).

2.4. Thermochemical Methods

Thermochemical methods can be discussed under four
subheadings: direct combustion, gasification, pyrolysis and
catalytic liquefaction.

2.4.1.Direct Incineration

Biomass can be directly burned to generate heat to meet
heating needs, or it can be converted into electricity through a
specific process and used at the desired location. Direct burning
is quite practical because it is used directly. However, due to its
lower calorific value compared to fossil fuels, incineration is also
used in conjunction with these fuels. On the other hand, although
direct burning converts waste biomass into net heat and power
energy, thus eliminating waste, the emissions generated during
the combustion process pose a threat to the environment. Studies
are being conducted on effective and highly efficient direct
burning systems to mitigate this disadvantage (Garcia et al., 2015;
Hupa et al., 2017).

The combustion properties of biomass can be classified as
macroscopic (moisture content, calorific value, bulk density,
particle size, etc.) and microscopic (mineral content, chemical
Kinetics, thermal, etc.) (Obaidullah et al., 2012). Different types
of biomass have different macroscopic and microscopic
properties, and these properties should be taken into account for
optimal combustion. However, ash formation due to mineral
content can negatively affect the combustion system and the
environment.
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2.4.2. Gasification

Biomass gasification generally involves the conversion of
solid/liquid organic compounds into gas/vapor phases. This is a
crucial process that facilitates the expansion and widespread use
of biomass for energy production (Molino et al., 2016). It is
carried out in a reactor called a gasifier, in the presence of a
gasification medium containing air, oxygen, water vapor, or
carbon dioxide, and generally above 800°C (Yan et al., 2021).
The calorific value of the product gas depends on the gasifier, and
in biomass gasification, the carbon-to-hydrogen (C/H) mass ratio
decreases, leading to an increase in the product calorific content
due to the increased H: ratio. Many useful products are obtained
from biomass gasification, such as syngas, heat, energy, biofuels,
fertilizer, and biochar (Sikarwar et al., 2016).

Large industrial gasification plants with capacities
exceeding 100 MWe of electricity equivalent exist worldwide.
The market is dominated by coal- and oil-based gasifiers, with a
variety of gasification technologies operating. Since 2001, new
plants have been built primarily in China, while European
gasifiers are primarily located in Germany (Kirkels and Verbong,
2011). Biomass gasification is one of the promising technologies
that will replace fossil fuels and reduce CO2 emissions (Kumar et
al., 2009).

2.4.3.Pyrolysis

Pyrolysis, in its most basic form, is defined as the
thermochemical decomposition of organic matter at high
temperatures in the absence of oxygen. Besides, pyrolysis is an
irreversible process that reverses the normal and complete
combustion of organic matter in the presence of oxygen,
producing carbon dioxide and water and leading to physical and
chemical changes. Pyrolysis also produces a solid residue, also
known as carbon-rich biochar, which also contains some
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impurities such as aromatic compounds. Extensive pyrolysis,
which primarily results in a solid carbon residue, is also called
carbonization (Fahmy et al., 2020).

Pyrolysis is generally divided into three main types:
conventional, flash, and rapid, depending on the time and
temperature of the process. Although there are no sharp
boundaries separating these industrial classifications, the relevant
parameters are listed in Table 2 (Babu, 2008).

Table 2. Parameters of Different Pyrolysis Processes (Babu, 2008).

Parameters T;: S:ll‘:il:l PvE:;» ":sis Flash Pyrolysis
Pyrolysis Temperature (K) 550-950 850-1250 1050-1300
Heating Rate (K/s) 0.1-1.0 10-200 =1000
Particle Size (mm) 5-50 <1 =02
Solid Retention Time (s) 450-350 0.5-10 =0.5

While conventional pyrolysis focuses on industrial
biochar production, the biooil and biogas produced are also
utilized as energy sources for pyrolysis. Additionally,
conventional pyrolysis produces valuable chemicals such as
acetone, methanol, and acetic acid. The primary component of
fast pyrolysis products at lower temperatures is biooil, the liquid
phase, although the type of biomass is also considered an
important factor in determining the proportions of solid, liquid,
and gaseous phases produced. The main components in fast
pyrolysis products are biooil and biogas, which are in liquid and
gaseous phases (Fahmy et al., 2020).

To fully implement pyrolysis technology, further research
is needed to identify designs that remove gaseous oxygen from
pyrolysis oil. The potential for application in a wide variety of
situations and the wide variety of products produced through this
process are key advantages of this process. However, creating a
sustainable design for all possible applications is quite
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challenging. Furthermore, balanced financial investments aimed
at generating new knowledge, technologies, and markets to
establish a unified vision for the use of pyrolysis technologies are
crucial for the development and advancement of this process
(Uddin et al., 2018).

2.4.4. Catalytic Liquefaction

Catalytic liquefaction is an efficient way to produce liquid
biofuel from biomass from plant dry matter. Two types of
catalysts are used in this process: homogeneous and
heterogeneous. Homogeneous alkaline catalysts are the most
commonly used and studied catalysts, but they cannot be reused
because they cannot be recovered at the end of the process. The
use of heterogeneous catalysts allows overcoming this problem
by maintaining high activity and selectivity in biocrude
production and enabling recovery and reuse. However,
heterogeneous catalysts are generally less preferred than
homogeneous catalysts due to the limitations associated with
liquid-solid and gas-solid reactions (Scarsella et al., 2020).

The mechanism of catalytic liquefaction is quite complex
and essentially occurs in three main steps: depolymerization,
decomposition, and recombination. In this process, biomass
decomposes and depolymerizes into small, highly reactive
compounds. In the second step, dehydration (loss of water
molecules), decarboxylation (loss of CO:2 molecules), and
deamination (removal of amino acid content) occur. A third step
then occurs, where the first process steps are reversed due to
hydrogen deficiency. Under conditions where hydrogen is absent
or its concentration is extremely high, the fragments recombine
or repolymerize to form high molecular weight coal compounds
(Gollakota et al., 2018).

The use of moderate temperatures and high pressures in
catalytic liquefaction, an effective method for converting biomass
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to biofuel, presents some challenges. Although acid catalysts
improve bio-oil production, they are not widely used as alkali
catalysts because of their tendency to polymerize, leading to
undesirable charring, and their potential to clog reactor lines.
Another negative aspect of catalytic liquefaction is the corrosion
that results from excess acid production. These negative effects
can be mitigated by constructing reactors using corrosion-
resistant materials (Nagappan et al., 2021).

3. CONCLUSION

Due to the recent rise in the importance of renewable
energy sources, developing countries have begun to diversify
their energy sources and expand their use. It is anticipated that the
use of systems for generating biomass energy from waste with
low carbon emissions and low environmental impact will increase
steadily. This study provides a comprehensive analysis of
biomass energy sources and the methods used to generate them.
Furthermore, current usage patterns are presented and research on
projected future usage rates is evaluated.

To prevent energy supply problems, countries need to
further diversify their energy sources. To reduce dependence on
external resources, regulations should be established to encourage
the use of regional energy resources and ensure they are used as
efficiently as possible. Furthermore, the most important step in
using energy efficiently is to monitor where the energy they
consume is going and the capacity of existing resources.

Biomass can be converted into useful energy using four
different methods: physical, biochemical, physicochemical, and
thermochemical. In industry, biofuels such as woodchip, bark, or
hazelnut shells are often used directly, as well as solid biofuels
such as pellets, charcoal, or heated biomass. One of the key
factors in using enhanced biofuels is efficiency. Because raw
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biofuels are inefficient in some industries, such as iron and steel,
they undergo heat treatment to increase their energy density.
Another rationale for improving biofuels is that concentrated
biofuels are cheaper and easier to transport and store. This makes
it crucial to utilize biomass in locations other than where it was
produced.

Biomass, expected to increase its share of countries'
energy consumption in the future, is a significant and increasingly
popular energy source thanks to its significant advantages, such
as its environmental friendliness and the potential for waste
recycling. The use of biogas is increasing each year in our country
and globally, and the share of biomass in heat/power generation
is expected to increase further in the future (Arat and Erbas,
2023).
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AN OVERVIEW OF THE CURRENT
TECHNIQUES FOR THE CONTROL OF
PARTICULATE MATTER EMISSIONS IN
DIESEL ENGINE SYSTEMS

Hasan Ustiin BASARAN!

1. INTRODUCTION

Nowadays, diesel engines are the leading power provider
for highway and maritime transport in the world. Their fuel
saving, reliable and durable operation are highly advantageous to
maintain sustainable transport. However, despite their improved
fuel economy and cost benefit, high rates of nitrogen oxide (NOXx)
and particulate matter (PM) released from these engines present
a paramount threat for their common use in automotive vehicles
in the coming years (Khanna et al., 2025). Both NOx and PM are
found to be harmful to human health. PM, in specific, is
considered to contribute to cardiovascular diseases in humans
(Anderson et al., 2012). Therefore, reduction of NOx & PM in
on-road vehicles is desired by environmental organizations in the
world to protect the environment and the human health.
Maintaining the sufficient engine power with these emission-
dependent restrictions inevitably necessitates some serious
adjustments for the diesel engine system, which is challenging for
many engine producers. Thus, there is an ongoing search for the
fuel-efficient and cost effective practical techniques to control
emission rates in diesel engines (Rahman et al., 2021).
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The stringent emission standards for highway vehicles
equipped with diesel engines pose a significant difficulty for
engine manufacturers. The evolution of PM limit in European
Union (EU) for heavy-duty (HD) diesel engines is highlighted in
Figure 1 below (Dieselnet, 2025). The PM limits are seen to be
constantly decreased for HD diesel engines since 1992. While HD
vehicles were allowed to release a PM rate of up to 0.612 g/kWh
in Euro 1 norms, they were restricted to a rate of 0.02 g/kWh in
2005 in Euro 1V norms. Euro VI norms, which are valid today for
HD vehicles, further decrease the limit to as low as 0.01 g/kWh.
It is seen that even this stringent limit is not found to be adequate
by the EU, as the PM limit for HD vehicles will be reduced down
to 0.008 g/kwWh in the coming Euro VII norms, which is planned
to be valid in 2028, as indicated in Figure 1. It is evident that
future automotive vehicles will have to deal with noticeably strict
PM norms. Thus, to meet the aforementioned highly tight
regulations, some advanced strategies should be developed to
ensure the sufficient reduction of PM rates in diesel vehicles in
the coming decade (Luo et al., 2023a; Basaran & Duranay, 2025).

n = mmmmmmﬁ%
I T TN

burol 1992, <B5 kW ECE 45 11 80 0.612
1992, > BS kW 45 11 80 0.36
Eurall  1996.10 40 11 70 0.25
1958.10 40 11 70 0.15
Eurolll 799910 EEVonly  ESC&ELR 15 0.25 20 0.02 015
2000.10 21 066 50 010 08
Euro IV 2005.10 15 046 35 0.02 05
turoV  2008.10 15 0.46 20 0.02 0.5
EuroVl  2013.01 WHSC 15 013 0.40 10 001 | 80x1010
ppm
buro VIl 2028.05.29 15 0084 05 0200 0060 020 |0.008| 6.Ox10Mc
4 PM = 0,13 gfiavh for engines < 0.75 dm?® swept volume per ofinder and a rated power speed > 3000 min'! -
o
INMOG

Fig. 1 EU emission norms (steady-state testing) for heavy-duty
diesel engines (Dieselnet, 2025)
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Figure 1 vividly demonstrates the demand from
environmental agencies for low PM rates in diesel vehicles. Euro
VIl norms will be less tolerant compared to previous norms and
will demand the release of almost zero PM from HD vehicles,
which will be particularly challenging for the producers.
Moreover, considering the rise in electric vehicles, which do not
cause any PM into the environment, diesel vehicles are not only
faced with strict norms but also competitiveness in the market.
However, they still have the more matured technology, more
advanced sub-industry and improved service stations compared
to electric vehicles. They can still be widely used if some proper
adaptation in the engine system is provided for minimized PM.

This study provides an overview of currently applicable
methods to reduce PM rates in diesel engines. Modulated fuel
injection timing and injection pressure, water emulsified fuel,
diesel particulate filter (DPF), active and passive regeneration of
DPF can be stated as the modern practical methods for the
solution of high exhaust-out PM rates in compression-ignition
engine systems. The following section explicitly examines the
implementation of those techniques to improve PM rates in diesel
engines.

2. CURRENT METHODS TO REDUCE PM
RATES IN DIESEL ENGINES

As stated previously, modern vehicles should have a
dependable strategy to maintain their performance without
causing undesirable PM rates into the environment. Researchers
examine both engine-dependent (mostly via combustion
modulation) and engine-independent (generally through use of an
after-treatment unit) techniques to curb PM rates in diesel engine
systems. The combustion control techniques mostly depend on
the variation of fuel injection parameters and fuel properties and
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can be seen as an internal measure. However, equipping the
system with a DPF device at the outlet of the exhaust unit is
independent from the engine system and can be seen as an
external measure (Dong et al., 2022). Thus, it appears that there
are alternative PM-reducing solutions and proper usage of these
internal and external measures for different engine operations can
play a considerable role to achieve low PM rate in highway
vehicles. As the first method, actuated fuel injection timing and
injection pressure, an internal measure, is explained in the
subsection below.

2.1. Modulating fuel injection timing and injection
pressure

Internal measures can be used to control PM rates in diesel
engine systems. One of those internal measures is the adjustment
of the fuel injection timing in the engine system. It is generally
seen that as the injection timing is advanced, the combustion
characteristics are improved and the PM size and concentration
are reduced (Dhahad et al., 2021). However, maintaining the
injection timing at earlier angles (close to top dead center (TDC)
during power stroke or far from TDC during compression stroke)
increases the in-cylinder temperature and thus, rises the NOXx rate
of the engine system (Aldarwish et al., 2024). There should be a
trade-off between PM and NOX rates as this technique is applied
in the system. Thus, aggressive use of it should be avoided to keep
NOKX rate at low levels.

Another engine-base technique to reduce PM rates is to
vary the fuel injection pressure in the diesel engine system. The
increased fuel injection pressure mostly enables improved
atomization of the fuel, which enhances the fuel-air mixture in the
system. The droplet size of the injected fuel can be decreased
through this technique and thus, a more efficient in-cylinder
combustion can be maintained. This more complete in-cylinder
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burning process is less likely to produce particles before the
exhaust valve opens. Therefore, lower PM rates are obtained at
exhaust outlet (Agarwal et al., 2013). The impact of fuel injection
pressure in PM rate of a diesel engine is demonstrated in Figure
2 below (Tamilarasan & Ramesh Kumar, 2021). It is explicit that
the amount of PM (g/kWh) generated in the engine system is
inversely related with the injection pressure of the fuel.

Variation of PM with Injection pressure
(CFM-0.0178 g/cycle,15%EGR)

e CH-A

600 800 1000 1200 1400)

Injection Pressure (bar)

Fig. 2 Effect of fuel injection pressure in a diesel engine PM rate
(o/kWh) (Tamilarasan & Ramesh Kumar, 2021)

As indicated vividly in Figure 2, the PM rate exceeds 0.6
g/kWh when injection pressure is maintained at 600 bar,
relatively at a low level. However, as the pressure is increased up
to 1000 bar, at a relatively high level, the PM rate is decreased
below 0.5 g/kWh. It is derived that even if the injection pressure
is not doubled in the system, the PM rate is moderately enhanced
(close to % 20). As the injection pressure is further raised up to
1200 bar or above up to 1400 bar, the PM rate is diminished close
to 0.4 g/kWh, which is a considerable improvement (% 33)
compared to nominal injection pressure (600 bar) mode. In
comparison to injection timing modulation, high injection
pressure can be more helpful to minimize PM rates without
causing any negative effect in NOXx rate.
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2.2. Water emulsified fuel

The adjustment of fuel injection characteristics is one way
to control PM rates in diesel engines. One other internal measures
to decrease PM rates in diesel engines is to utilize water
emulsified fuel. Instead of utilizing pure diesel fuel in the system
and modulate its injection parameters, water emulsified fuel can
be directly injected into the cylinders without changing the
injection parameters of the fuel. This method can be applied to
curb both NOx and PM rates in diesel vehicles (Obunaonye et al.,
2025). Mainly, the emulsion of water reduces the in-cylinder
temperature and thus, improves the NOXx rate in diesel engines. It
is also helpful to expand the premixed combustion process via
micro-explosion and therefore, induces enhanced fuel-air mixture
and prevents high PM generation during the combustion process
(Park et al., 2016). Although it is possible to implement water
emulsified fuel with different water percentages, the rate of water
is mostly kept below % 20. The effect of different emulsions at
different loads in PM rate is shown in Figure 3 below (Gopidesi
& Selvi Rajaram, 2022).

55

—®— Diesel

45 A

PM [mg/m*3|

40 -

35

Load [KW]

Fig. 3 The influence of different emulsions in PM rate at different
engine loads (Gopidesi & Selvi Rajaram, 2022)
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It is seen that compared to pure diesel fuel, % 10 water
emulsified fuel (E-10) results in a moderate reduction in almost
all loads examined in Figure 3. Moreover, as the emulsified fuel
rate is increased to % 20 (as E-20), PM rate can be further
diminished (almost % 15 lower PM at 1 kW engine load). The
decrease in PM rate is found to be more significant via both E-10
and E-20 at relatively low engine loads. The dramatic reduction
in PM rate at low loads can be attributed to the fact that at these
loads (particularly, below 2 kW), where total fuel consumption is
maintained at low rates, introducing water during the burning
phase through emulsified fuel can improve the fuel-air mixing
and the in-cylinder micro-explosion process. Therefore, unlike
pure diesel fuel-injected mode, much longer premixed
combustion can be achieved via water emulsified fuel injection
(through E-10 and E-20) at relatively low loads, which evidently
results in highly enhanced PM rates in Figure 3.

2.3. Diesel particulate filter (DPF)

Previous strategies for PM control depend on the
alteration of engine parameters, which are directly related to
engine operation. The PM formation is aimed to prevent before
the exhaust unit via these techniques. However, unlike these pre-
exhaust control techniques, a post-exhaust technique can be
implemented in diesel engine systems to limit PM emissions. The
most common post-exhaust method is to place an after-treatment
unit, a DPF device, in the exhaust system.

DPF is a highly practical and effective technology to
reduce PM rates in diesel vehicles. In a way, it is a particulate
trapper device performing in the exhaust system. Since it is
situated at the downstream of exhaust port, it can be seen as a
post-treatment facility to cut down on PM rates in the engine
system. The working mechanism of a typical DPF unit is
illustrated in Figure 4 below (DPF Cleaning Centre, 2025).
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How a Diesel Particulate Filter works

0
DIESEL — weip_ - / o CLEAN
EXHAUST - ® 0 @ 0 EXHAUST
IN out

© SOOT PARTICLES
) ASH PARTICLES

CELL PLUGS

Fig. 4 Operation of a DPF system (DPF Cleaning Centre, 2025)

As seen, the primary objective of the DPF unit is to collect
the soot and ash particles from the diesel exhaust gas leaving the
engine system. The cell plugs in Figure 4 are properly placed at
the inlet and outlet of the DPF device to modulate the motion of
the engine-out flow. The exhaust flow with high rates of particles
is forced to pass over porous layers due to impenetrable cell plugs
before exiting the DPF unit. Most of the particles in the exhaust
flow are trapped on the porous layers and only a very small
amount is directed to the DPF outlet. Therefore, filtered much
cleaner exhaust gas is allowed to flow out of the DPF system. As
the filter material for the DPF system, ceramics, metal-based and
composite materials can be utilized considering the variation of
different system requirements such as particle capture efficiency
or regeneration effectiveness or regeneration technique
preference (Seo et al., 2012). It is seen that ceramic filters are
commonly preferred for this after-treatment unit in modern
highway vehicles due to their improved thermal resistance and
stability (Yildiz et al., 2021).

DPF requires the exhaust system to be equipped with an
additional component. That is costly compared to on-engine
techniques, which mostly need relatively small modifications
such as the delay of fuel injection timing. Moreover, particularly

152



Makine Miihendisligi

if the DPF unit is not regularly cleaned, forcing the engine-out
gas flow through an extra device in the exhaust system can result
in high exhaust backpressure and a possible rise in fuel
consumption due to increased pumping loss. Another drawback
is the thermal management need of these systems to maintain the
high PM-trapping performance of filters (Bai et al., 2017).

Constant exhaust flow results in storage of high rates of
particles in the filters of DPF unit. Therefore, one significant
challenge for the DPF system is to ensure the regular clean-up of
its filter. After a certain storage level, the accumulated particles
inside this system should be removed to maintain the
effectiveness of particulate filter. Obviously, without a good level
of periodic filter cleanup, only a small percentage of particles in
the exhaust flow is trapped inside the DPF and thus, the engine
system inevitably operates above the PM limit. Some
regeneration techniques, active and passive regeneration, are
developed to eliminate this undesirable situation in diesel engine
systems (Luo et al., 2023b). In the following sections, those two
filter-cleaning techniques are examined as a means of improving
the performance of DPF.

2.4. Active regeneration of DPF

One of the methods to remove the collected high rates of
PM inside the filter of a DPF unit is to implement active
regeneration in the system. This process is called “active” since it
mainly depends on rising the exhaust temperature via either
engine design parameter modulation such as intake throttling,
variable valve timing (VVT) (Basaran, 2023) or using some
outer-engine energy source such as electrical heating as seen in
Figure 5 (Sun et al., 2021). While the first category, which relies
on inner-engine techniques, is named as internal methods, the
second category is named as external methods since those
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measures require an additional equipment such as a burner to
improve temperature at DPF inlet.

) {

Fxternal methods Burner, electric heating,
microwave heating etc.

Active
regeneration

A '
EGR, post injection,
intake throttle etc.

Internal methods

Li

DPF regencration
technologies

Passive
regeneralion

DOC, FBC, CDPF

Fig. 5 General regeneration techniques for DPF (Sun et al., 2021)

Previous works demonstrate that exhaust temperature
should be mostly maintained close to 550°C-600°C to initiate and
complete active regeneration in DPF systems. Unfortunately,
these high temperatures cannot be steadily obtained at exhaust-
exit during regular engine working conditions (Stanton, 2013).
Thus, some exhaust thermal management solutions should be
provided to sustain a complete filter cleanup in the DPF unit
(Wang et al., 2020).

One feasible method to enable active regeneration via
elevated exhaust temperature is to actuate the opening of the
waste-gate valve (Basaran, 2019). In this method, as some portion
of the exhaust gas flows towards the DPF unit without going
through the expansion process in the turbine, the temperature at
DPF inlet can be increased above 550°C at medium to high loads.
Thus, the temperature rise via waste-gate valve control can be
sufficient to start active DPF regeneration without need of any
external device. Another internal technique is to deactivate some
of the cylinders in the engine system (Lu et al., 2015). Cylinder
deactivation is helpful to start active regeneration through low
AFR. However, it worsens the fuel consumption at high loads due
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to increased heat loss and thus, can be problematic for CO and
CO2 emission rates. VVT, which is similar to cylinder
deactivation and particularly beneficial for SCR effectiveness
improvement at low loads (Basaran, 2017), can also be an option
to enhance DPF active regeneration in diesel vehicles.

Engine-independent strategies can be implemented to
improve DPF active regeneration as well. Utilizing a plasma
burner close to engine system is one of the external device-added
solutions for active regeneration (Lee et al., 2014). Moreover,
microwave heating and electrical heating are recently studied as
viable methods to thermally improve DPF systems (Zhong et al.,
2019; Uenishi et al., 2024). Although these approaches increase
the cost of the engine system at a certain rate, they do not directly
influence the engine operation and thus, are seen as more flexible
compared to internal measures. In addition, unlike inner-engine
techniques, they do not result in rise in engine heat loss and thus,
is more energy-efficient to control DPF active regeneration in a
diesel engine system. Considering next-generation transport will
be more electric-dependent, these external measures can be more
widely and more practically preferred in future hybrid highway
vehicles for a secure DPF system and thus, low PM rates.

2.5. Passive regeneration of DPF

Active DPF regeneration is one way to improve the
particulate filter effectiveness through increased exhaust
temperature. Another method to clean the DPF unit from
collected PM in diesel engine systems is to apply passive
regeneration (Guan et al., 2015).

In this method, the system uses some catalysts to decrease
the particle oxidation temperature to the rates that remain within
the regular temperature range of exhaust flow. To achieve that
particular process, one approach is to add the catalyst to diesel
fuel, named as Fuel-Borne Catalyst (FBC), and thus lower the
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combustion temperature of the soot entering the DPF system
(Stepien et al., 2015). Iron-based, cerium-based or copper-
dependent catalysts are currently widely utilized in compression-
ignition engine systems. The fundamental drawback of using
those catalysts is that they cannot be completely burned during
the regeneration process and therefore, some ash is evidently
produced at the inner parts of the DPF system due to the leftover
catalysts. Increased ash inside the DPF device can not only affect
the PM storage negatively, but also cause elevated backpressure
and can induce fuel consumption rise in the system. Thus, the
choice of the proper catalyst plays a significant role for passive
regeneration. It is seen that The other approach is to cover the
filter surface of the DPF unit with the catalyst, named as catalytic
or catalyzed diesel particulate filter (CDPF), and oxidize the
particles via that catalyst-coated filter (Lou et al., 2022).

An alternative for utilizing additive catalyst in the system,
a diesel oxidation catalyst (DOC) device can be placed at the
upstream of the DPF unit. DOC primarily performs to control CO
and unburned HCs in diesel engine systems. The contribution of
DOC for DPF comes from the fact that NO can be oxidized to
NO: through catalysts inside the DOC and the NOz2, having high
oxidation, is channeled to DPF unit placed just downstream the
DOC system. The excessive oxidizability of NO2 flowing into the
DPF system helps oxidize the PM at relatively low temperatures
(Jiao et al., 2017), which is a significant advantage compared to
active regeneration requiring temperatures close to 600°C.
However, it needs a certain control for the DOC unit and the rate
of NOz2 in the exhaust mass flow and the temperature at DPF inlet
still have effects in passive regeneration. Therefore, combination
of active and passive regeneration is generally seen as a more
reliable, permanent and effective solution for PM control in diesel
vehicles (Zhong et al., 2022).
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3. CONCLUSION

This study overviews the current practical techniques for
the minimization of PM rates in modern diesel vehicles. At first
some internal measures such as the actuation of fuel injection
timing and increased injection pressure are introduced. Those
strategies need a controller in the system. However, they are
effective to reduce PM rates in diesel vehicles. Moreover, water
emulsified fuel, another engine-dependent technique, can be
applied without any need of engine parameter modulation to
control engine-out particles. The higher the water emulsion, the
lower the PM rate is generally achieved in the engine system.

Apart from the internal measures, some external measures
can be feasible to curb engine-out soot and particles. A DPF
device, situated at the downstream of the DOC unit in the after-
treatment system can be highly beneficial to minimize PM rates.
The majority of particles can be trapped in the filter of this unit
and thus, the current stringent PM emission regulation can be met.
However, some periodic regeneration, as active or passive
regeneration, is required to clean the filter and sustain long-term,
efficient and reliable use of DPF unit in automotive vehicles.
Active regeneration needs some inner-engine or engine-
independent methods to maintain effective operation
temperatures, which mostly needs additional energy
consumption. Passive regeneration can be effective at relatively
low temperatures. However, it requires additional catalysts,
which are costly and cannot be burned completely in the system.
Also, the production of high NO2 at the DOC exit can affect SCR-
out NOXx rates negatively. Thus, the combination of active and
passive regeneration can be a solution to achieve energy-efficient
DPF filter renewal in diesel vehicles. In addition, co-operation of
inner-engine techniques and DPF regeneration techniques can be
a key strategy to further reduce PM rates in an energy-saving
manner in future on-road automotive vehicles.
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TASLAMA TEZGAHLARINDA KESME
TEORISI

Gultekin BASMACI!

1.1. Taslamada Kesme Teorisi

Glinlimiizde, asindirict taneciklerden olusan taglama
taslar1 ile hem metal hem de metal dis1 malzemelerden talas
kaldirma islemi yaygin ve basarili bir sekilde uygulanmaktadir.
Taslama taglarinin kullanimi, teorik bir yaklasim olmanin 6tesine
gecerek dinya endiistrisinde kabul gormiis standart bir imalat
yontemi halini almistir. Bu kabuliin temel nedeni, tas yapisindaki
taneciklerin yiizeyi sadece siirtiinme yoluyla asindirmasi degil,
bilakis kesme mekanigi ile talag kaldirmasidir. Nitekim ortaya
¢ikan talaglar incelendiginde; kesme agisindaki siirtiinme etkileri
ve talag geometrisinin matematiksel analizi, bu taneciklerin belirli
boyut ve formlarda diizenli talas kaldirdigin1 kanitlamaktadir.

1.2. Silindirik Taslamada Kesme Teorisi

Silindirik taglama islemlerinde, asindirici tanecik is
pargas1 yiizeyine ilk temas ettiginde kesme derinligi teorik olarak
stfirdir. Tag ve is parcasinin donme hareketleriyle birlikte bu
derinlik siire¢ boyunca progresif (kademeli) bir artis gosterir.
Tanecigin is pargasindan ayrildigi noktada ise kesme derinligi
maksimum seviyeye ulagir. Literatiirde, islemin sonunda elde
edilen bu en yiiksek deger 'asindirici tane kesme derinligi' olarak
tanimlanmaktadir.

L Prof. Dr., Burdur Mehmet Akif Ersoy Universitesi, Miihendislik Mimarlk
Fakultesi, Makine Miihendisligi, ORCID: 0000-0003-4818-3160.
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Sekil 1. Tane Kesme Derinligi

e ab - Radyal kesme derinligi (m)
e ad - Temas yay1 uzunlugu (m)
e ef — Tane kesme derinligi (m)

Sayet (d) daki bir asindirici taneyi ele alirsak, tas tizerinde
donen bu tane (d) ye kadar devam edecek ve donen is parcast da
tizerindeki (e) den (d) ye kadar ¢evresel hareket edecektir, isin
devir sayis1 tasin devir sayisindan ¢ok diisiik oldugu i¢in (de)
uzunlugu (ad) den az olacaktir. Bu asiric1 tane, (de) de meydana
gelen talasi kisa zamanda kaldiracaktir.

L = Temas yay1 uzunlugu
Vs = Tasin ¢evre hizi m/s
Vw = Isin ¢evre hiz1 (m/dk)
t = Zaman birimi (sn)

T; = Tane kesmederinligi (m

R; = Radyal kesme derinligi

L=Vs-t
.

Vs
de = 60Vw -t

ef =de-sin(A + B)
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Rd =22 Vs sin(4 + B)
—60 S -+ SIn

1.3. Cevreden Kesme Yapan Bir Taslama Tezgahinda
Zaman Hesabi

Diizlem taslama tezgdhinda isler, teker teker veya
guruplar halinde taslanirlar. Degisik Olgiilerdeki prizmatik
parcalar teker teker, 6zdes parcalar ise guruplar halinde taglanir.
Gurup halindeki taglamalarda tabla ylizeyine yerlestirilen
pargalar arasindaki bosluklar hesaplama yaparken dikkate
alinmaz.

Sekil 2. Cevreden Kesme Yapan Taslama Tezgédhinda Taslama

Konumu
1000  kurs

Z =V, x — (dak kurs say1si)
t =i(dak tabla hizi belli ise bir pasodaki taglama

Vix1000%s
zamant)

L*Bx*i . .

T = ———— (dak I pasodaki zaman)

Vex1000%s

T = % (dak Kurs sayst ise I pasodaki taglama zamanr)

A = Bir pasodaki talas derinligi (mm)

I = Paso sayis1 (mm)

kurs
Z = Kurs sayisi (—)
dak
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B = Is parcasi genisligi

V; = Tabla hiz1 (ﬁ)

V; = Tasin ¢evre hizi (%)

S = Isin enine ilerlemesi

L, = Tasin ise baslangi¢ uzakligi (10-15)

L,, = Tasin isten uzaklagsmasi miktar1 (10-15)
t = Bir pasodaki taglama zamani1

T = Toplam kurs boyu

| = Isin boyu

W

Sekil 3. Tas Parc¢alarimmin Sikilmasi

Doner tablali taglama tezgahlarinda enine ilerleme
hareketi, tezgahin tasarimina bagli olarak tabladan veya taglama
basligindan saglanir. Diisey milli konfigiirasyonlar, yiiksek talag
kaldirma kapasitesine sahip olsalar da tasin alin yiizeyiyle temas
etmesi siirtinmeyi ve buna bagl 1s1 iiretimini artirir; bu da
genellikle yiizey kalitesini diisiiriir. Is parcasinda olusabilecek
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termal carpilmalar1 (deformasyonu) engellemek adina taglar
icbukey (konik) bir formda bilenir. Ancak, nitelikli bir bileme
islemiyle siirtlinme katsayisi diisiiriiliip optimum kesme hizlari
yakalandiginda, bu yontemle de hassas ve piiriizsiiz yiizeyler elde
etmek mumkdndr.

1.4. Tasin Kesmesi

Taslama tas1 yiizeye temas ettiginde, aktif kesme
pozisyonundaki her bir asindirici tane talas kaldirma islevini
baslatir. Siire¢ esnasinda korelen veya baglayici igindeki tutunma
mukavemetini yitiren tanecikler, olusan kesme kuvvetlerinin (tas
basinci) etkisiyle yiizeyden atilir. Optimum taglama parametreleri
saglandiginda yiiksek kalitede yiizeyler elde edilir. Ozellikle
diizlem taglamada, tabla ilerleme hiz1 ile yiizey kalitesi ters
orantilidir; is parcasinin gecis hizi arttikca ylizey piirtizliligi
artar (kabalasir), hiz azaldik¢a ise daha hassas ylizeyler elde
edilir.

1.5. Tasin Cevresel Hizi (Kesme Hizi) ve Isin Tlerleme
Hizx

1.5.1. Taslama Tasimin Cevre Hiz1

Taslama tasinin periferindeki (¢cevresindeki) herhangi bir
noktanin birim zamanda (saniye) katettigi mesafe, 'Kesme Hiz1t'
olarak tanimlanir ve genellikle m/s cinsinden ifade edilir. Bu
parametre, tasin yapisal Ozelliklerine bagli olarak iiretici
firmalarca standardize edilmistir. Kesme hizi; tagin ¢ap1 ve devir
sayisi ile dogrudan iliskilidir. Dairesel hareket prensibi geregi,
yarigapi (r) olan bir tagin tizerindeki bir nokta (veya bir agindirici
tane), her bir tam turda 2 * m *r kadar yol alir. Dolayisiyla,
dakikada N devir yapan bir tas i¢in bu nokta 2.m.r.N kadar
mesafe kateder. Saniyedeki hizi bulmak i¢in bu deger 60'a
boliindiigiinde temel kesme hiz1 formiilii elde edilir:

2-mRN
60

V=

mm/s olur.
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Kesme hiz1 formiilinden (2.m.r) yerine tasin c¢apmi (D)
yazdigimizda;

m-D-N
= mm/s seklinde yazilir.
100060

Kesme hizini ¢evirmek istedigimizde ise:

m-D-N
1000 60

Bu formiilde:

(m/s)

V' = Tasin ¢evresel hizi (kesme hiz1) m/s
D = Taglama tas1 cap1 (mm)
N = Tezgéaha verilecek devir sayisi (dev/dk)

Kullanim siirecine bagli olarak taslama taslarinin ¢apinda
kiigiilme meydana gelir. Kesme hizinin sabit kalmasi prensibi
geregi, azalan capa karsilik tas mili devir sayisinin artirilmasi
zorunludur; bu durum, matkap tezgahlarinda kiigiik ¢apli uglar
icin daha yliksek devir kullanilmasi mantigiyla birebir Ortiiiir.
Devir degisikligi, genellikle motor ile ig mili arasindaki kasnak-
kayis tertibatinin ayarlanmasiyla gerceklestirilir. Eger donanim
kisitlar1 nedeniyle devir degistirilemiyorsa, alternatif olarak tabla
ilerleme hizi revize edilmelidir.

1.5.2.1sin Tlerleme Hiz1

Taslama siirecinde, tas kendi ekseni etrafinda kesme
hizin1 olusturacak sekilde donerken, is parcasinin tasin altindaki
dogrusal gecisine 'Ilerleme Hiz1' ad1 verilir. Bu hiz parametresi,
tezgédhin hidrolik {initesinde bulunan akis kontrol valflerine
midahale edilerek, yag debisinin ayarlanmasi suretiyle artirilip
azaltilabilir.
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1.6. Tasin Kesme Hiz1 ile Isin ilerleme Hizinmn Is
Kalitesine Etkisi

Optimum bir taglama prosesi i¢in kesme hiz1 genellikle
25-30 m/s araliginda tercih edilir, ancak bu deger islenecek
malzeme turiine gore (Tablo 1.) degiskenlik gosterir. Belirlenen
kesme hizi, tezgdhin ¢alismasi gereken devir sayisin1 dogrudan
dikte eder. Konvansiyonel tezgahlarda bu devir ayari, kayis-
kasnak mekanizmasinin manuel olarak degistirilmesiyle saglanir.
Ancak pratikte bu islem zaman aldig1 icin genellikle ihmal
edilmekte; tas cap1 kiiciildiiglinde veya malzeme degistiginde bile
ayni devirle calisilmaya devam edilmektedir. Bu ihmal, yiizey
kalitesinde bozulmaya ve tasin hizla kérelmesine yol agar. CNC
tezgahlarda ise bu sorun, devrin tas ¢ap1 ve malzeme verilerine
gore sistem tarafindan otomatik kompanse edilmesiyle asilmistir.
Sonug olarak hem yiizey kalitesini artirmak hem de tas dmriini
uzatmak igin tablolarda belirtilen ideal kesme ve ilerleme
hizlarina sadik kalinmalidir.

Tasin cevre | Isin ilerleme | Talas Derinligi | Talas Derinligi
hizi (m/s) hizi (m/s) (mm) Kaba (mm) ince
Yumusak 20 - 30 0.16-0.3 0.02-0.03 0,005
celikler
Sert celikler | 15-25 0.13-0.2 0.01 0,002
Gri dokim 10-15 0.16 — 0.25 0.1-0.3 0,01- 0,03
Hafit 10-20 0.16 - 0.32 0.2-04 0,02- 0,05
metaller
Sert 3-5 0.05-0.08 | 0.01-0.005 0,01
madenler

Tablo 1. islenecek Malzemenin Cinsine Gére Tasin Kesme
Hizi ve isin ilerleme Hizi Degerleri

Kusursuz bir taglama ylizeyi i¢in ilerleme hizi, malzeme
cinsi ve tasin doniis hiziyla senkronize edilmelidir. Buradaki
temel amag, hizlar arasindaki orani ayarlayarak asindirici
tanelerin ylizeyden kopmasini saglayacak kuvveti olusturmaktir.

Cogunlukla is parcast hizinin (ilerleme) degistirilmesiyle
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saglanan bu denge, tasin korelmesini onler ve kendi kendini
bileme etkisini maksimum diizeye ¢ikarir (Tablo 2.).

Malzeme cinsi Tasin cevre lhizi / Isin cevre hizi = A
Tas Sekli Diiz tas Canak tas
Sertlestirilmis ve yumusak celikler 85- 100 55

Gri Dokim 58- 70 40

Bakir ve Alagimlari 60- 75 35

Hafif Metaller 42- 60 25

Tablo 2. Tasin Kesme Hiz ile lerleme Hizi Degerleri Oranlar
1.7. Tlerleme Miktar1 ve Talas Derinligi

Tas mili devri ve tabla hizinin artirilmasi, birim zamanda
kaldirilan talas hacmini (talas debisini) dogrudan yiikseltir.
Ancak talas yikiiniin artmasi, kesme bolgesinde asir1 1s1
olusumuna ve is pargasinda termal deformasyonlara (carpilma)
yol acabilir. Bu riski yonetmek i¢in paso verme sikligi (her strokta
veya iki strokta bir), hedeflenen yuzey kalitesine gore optimize
edilmelidir. Ozellikle kaba taslama operasyonlarinda, paso verme
islemi tasin is pargasi lizerindeyken degil, par¢anin iki ucundaki
dontis noktalarinda (tas bosta iken) yapilmalidir.

Celik Malzeme Dokim Malzeme
Kaba taglama Ince taslama Kaba taslama Ince taglama
0.01- 0.03 0.0025- 0.005 0.1-0.3 0.01- 0.03

Tablo 3. Malzemeye Gore Verilecek Talas Paylari

Talag derinligi {? /

> 7

Sekil 4. Talas Derinliginin Verilmesi

171



Makine Miihendisligi

Son yiizey bitirme operasyonlarinda, enine ilerleme
hareketinin strokun her iki ucunda degil, yalnizca tek bir tarafinda
uygulanmasi1 gerekir. Bu asamada belirlenecek talas derinligi
baghdir. Cevresel taslama diskleri kullanildiginda referans
alinmasi gereken standart parametreler Tablo 3' te sunulmustur.

1.8. Dis ve I¢ Konik Yiizeylerin Taslanmasi

Dis ve i¢ konik yiizeylerin taglanabilmesi i¢in ya dogrudan
dis ve i¢ ylizey konik taglama tezgdhlar1 veya tiniversal taglama
tezgahlar1 kullanilir.

1.8.1. Konik Yiizeylerin Taslanmasi

a) Tas Bash@ma Aq Verilerek Dis ve I¢ Yiizeylerin
Taslamasi

Dis ve i¢ ylizeylerin konik olarak taglanmasinda genellikle
ya tas basligina ac1 verilerek dalma taslama yapilir veya bazi
tezgahlarda tas baglig1 konik yiizeye paralel dogrultuda hareket
ettirilerek taslama yapilir. Daimi taglamanin yapilabilmesi igin
taglanan konik boyu tas genisliginden kii¢iik olmalidir. Diger
konumda ise, tas konik yiizey dogrultusunda hareket ettigi i¢in
konik boyu tas genigliginden biiyilik olabilir. Her iki konumda
tabla hareketli degildir. Tas baslig1 kendi ekseni dogrultusunda
otomatik olarak hareket edebilmektedir. Ayni zamanda tas baslig
derinlemesine (enine) hareket etmek suretiyle talas derinligi
verilebilmektedir. Daimi taslamada tasin asinmasi diizgiin
olmayacagi i¢in konik yiizey de diizgiin olarak taslanmayacaktir.
Tas bashigina ac1 verilerek yapilan konik taglama islemleri sekil
5’te gosterilmistir:
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a) Dis ylizey konik taslama b) Iki punta arasinda dis yiizey konik taglama

2z
c) Ig yuzey konik taglama

Sekil 5. Tas bashgina Ac¢1 Verilerek Konik Taslama
e a) Dis yiizey konik taglama
e b) iki punta aras1 dis yiizey konik taslama
e ) I¢ yiizey konik taslama

b) is Bashgma A¢ Verilerek Dis ve I¢ Yiizeylerin
Taslanmasi

Is bashigma 0° ile 90° arasinda istenilen ac1 vermek
suretiyle dis ve i¢ ylizeyler konik olarak taglanabilmektedir. Sekil
6.a' da is bashgma 30°lik a¢1 vermek suretiyle punta ucunun
tagslama islemi gosterilmektedir. Tezgéh tablasi, kendi ekseni
dogrultusunda bir miktar boyuna hareket etmektedir. Sekil 6.b' de
is bashgina 30°lik a¢1 verilmek suretiyle bir i¢ ylizey konik
taglama islemi goriilmektedir. Tas, deligin her iki ucundan bir
miktar ¢ikacak sekilde tabla hareketi ayarlanir.
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ig
bashid

b) Ig¢ ylizey konik taslama

Sekil 6. is Bashgina A¢1 Verilerek Konik Taslama
e a) Dis yiizey konik taglama
e b) I¢ yiizey konik taslama

¢) Doner Tablaya A¢1 Vererek Dis ve I¢ Yiizeylerin
Taslanmasi

Kiicik acili dis ve i¢ ylizeylerin konik olarak
taglanabilmesi igin tezgdhin doéner tablasi saga veya sola
kaydirilir. Doner tabla tezgah iizerindeki ag1 boliintiisiinde
koniklik miktar1 kadar ¢evrilerek veya mm olarak kaydirilarak dis
ve i¢ ylizeyler konik olarak taglanabilir. Doner tablanin ¢evirme
miktari, verilen a¢1 miktarina gore, kalici ayarlanabilir. Hassas
ayarlama, 0.01 veya 0.001 mm hassasiyetli komparatorlerle, dis
ve i¢ konik mastarlarla taglama siiresince yapilir. Konik olarak
taglanmas1 gereken dis ve i¢ yiizeylerin hassas bir sekilde
taglanabilmesi i¢in taslanan dis ve i¢ yiizeyler Sekil 7' de gorulen
konik mastarlarla birkac defa kontrol edilmelidir.

174



Makine Miihendisligi

a) Dis yiizey konik mastari b) I¢ yiizey konik tampon mastari

c) Dis yiizey konik gatal mastari d) Ig yiizey konik tampon mastari

Sekil 7. Konik Yiizey Kontrol Mastarlari
e a) Dis yiizey konik mastar1
e b) ¢ yiizey konik tampon mastar1
e ¢) D1s yiizey konik ¢atal mastari
e d) ¢ yiizey konik tampon mastar1

Tezgah tablasindaki ag1 boliintiisiinden ayarlanamayan
daha biiyiik konikler i¢in tabla Kaydirilarak ayarlama yapilir.
Kaydirma isleminin nasil yapildigi Sekil 8' de gosterilmistir.
Kaydirma miktar1 verilen degerlere gore asagidaki formiillerden
yararlanarak hesaplanir:

Sekil 8. Doner Tabla Kaydirma Miktari

D = Taglanan parganin biiytlik capi(mm)
d = Taslanan parcanin kii¢iik ¢apt (mm)
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[ = Konik boyu (mm)

L = Tabla merkezi ile doner tabla ucu arasindaki uzaklik (mm)
6 = Doner tabla ¢evirme agisi, derece veya koniklik

S = Tabla kaydirma miktar1 (mm)

1-Parca boyutlar: verilmis ise tabla kaydirma miktari:
s=1(p- f)
2
2-Koniklik oram (1: K) verilmis ise tabla kaydirma miktar:
L
T2k

3-Egim acis1 verilmis ise tabla kaydirma miktar::

S

S = L.sin (%) mm

b) Tas bashdina agi vererek c) Bir Gniversal taglama tezgahinda
aln taslama alin taglama

Sekil 9. Alin Yiizey Taslama
e a) Yan yiizeyi bosaltilmis tasla alin taglama
e b) Tas basligina ag1 vererek alin taglama
e ¢) Bir liniversal taglama tezgéhinda alin taglama

Universal taslama tezgadhinda yapilan alin taglama
isleminde tasin, talas kaldirma yiizeyi miimkiin oldugu kadar
azaltilmalidir. Bu nedenle;
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e Isle tas arasindaki baski azalir, isin 1sinmasi 6nlenmis
olur.

e Taslama islemi, konik ¢anak tasin alin yiizeyi ile yapildigi
icin tasm, is Uzerindeki baskisindan dolayr kirilma
olasilig1 daha azdir.

e Konik capli ve alin taglamada, her iki ¢ap ve alin ylizey
Olciileri ayn1 anda tamamlanir.

e Tasin diizeltilmesi veya bilenmesi otomatik olarak
yapiliyorsa islem kisa zamanda tamamlanir.

Sekil 10. Silindirik D1s Yiizey ve Alin Taslama

1.9. Profil Taslama

Universal taglama tezgahlarinda dis ve i¢ yiizey profil
taglama islemi yapilabilir. Profil taglamada tasin, talag kaldirma
ylizeyi, taslanmasi gereken yiizeyin profiline uygun sekilde
otomatik olarak bilenir. Profil bileme aparat1 tagla birlikte stirekli
temas halinde olur ve tas profilini daima sabit tutar. Ancak i¢
ylizey profil taglamada, tas profili siirekli kontrol edilemeyecegi
icin kaba taslamadan sonra tas bilenir ve ince taslama islemine
hazirlanir. Bazi dis ve i¢ yiizey profil taslama islemleri Sekil 11'
de gosterilmistir.
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b) ig ylizey profil taglama

Sekil 11. Dis Yiizey ve ic Yiizey Profil Taslama
e a) Dis yiizey profil taglama
e b) I¢ yiizey profil taslama

Bazi iiniversal taslama tezgahlarina, donme hareketi
yapabilen tas bashigi takilmak suretiyle dis ve i¢ ylizey kiiresel
taglama islemi yapilmaktadir. Sekil 12' de dis ve i¢ yiizey kiiresel
islemleri gosterilmektedir. Cesitli bigimlerde dis ve i¢ ylizey
profil taglama islemlerinde kullanilan taglarin bilenmesi ya koprii
tertibatli hidrolik hareketli elmas uglu bileme aparatiyla veya
profilin uzun muddet koruyabilen sert metal veya seramik uclu
ezme makaralariyla yapilmaktadir.

a) Dug yiizey kiiresel taglama b) I¢ yiizey kiiresel taglama

Sekil 12. Dis Yiizey ve I¢ Yiizey Kiiresel Taslama
e a) Dis yiizey kiiresel taslama

e b) I¢ yiizey kiiresel taslama
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OZEL TASLAMA TEZGAHLARI VE
ISLEMLERI

Gultekin BASMACI!

1.1. Puntasiz Taslama

Puntasiz taglama, makine miihendisligi ve imalat
teknolojilerinde sikca kullanilan, 6zellikle seri tiretimde silindirik
parcalarin hassas islenmesi i¢in tercih edilen bir yontemdir.
Adindan da anlagilacagi gibi, bu yontemde is pargasi bir ayna,
punta veya firdondii ile sabitlenmez. Bunun yerine parga, iki tas
ve bir destek bicagi arasinda serbestce doner.

1.1.1. Puntasiz Taslama Tezgahi

Puntasiz taslama tezgahi, ¢ok sayidaki punta yuvalari
acilmamis diiz ve kademeli silindirik, konik ve profilli pargalarla
boydan boya vida acilmis parcalarin taglanmasinda kullanilan bir
seri Uretim tezgahidir. Bu tip iiretim tezgahlarinda ilk ayarlama
islemleri zaman alicidir ancak birka¢ deneme taglama isleminden
sonra tezgahin tam ayar1 saglanir ve parcalar seri halde taglanir.
Sekil 1’de bir puntasiz taslama tezgahi gosterilmektedir.

L Prof. Dr., Burdur Mehmet Akif Ersoy Universitesi, Miihendislik Mimarlik
Fakiiltesi, Makine Miihendisligi, ORCID: 0000-0003-4818-3160.
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Sekil 1. Puntasiz Taslama Tezgihi

Puntasiz taslama tezgahlar1 yar1 otomatik veya tam

otomatik olarak c¢alisir ve hareketini hidrolik sistemden alir.
Taslama c¢apini ¢eviren ana motor ve iizerinde hidrolik pompasi
bulunan yag tenekesi tezgah govdesi disina yerlestirilmistir. s
pargalari tagslama tezgahina ya yar1 otomatik veya tam otomatik
i¢ verme basliklar tarafindan verilir. Bugiin en ¢ok kullanima
ihtiyaci duyulan puntasiz taglama tezgéhlarinin normal silindirik
taslama tezgéhlarina oranla stiinliiklerini §6yle siralayabiliriz:

1

Puntasiz taslama tezgahlan ile silindirik taslama islemi
yapilirken ayni zamanda diger isler de sirasiyla taglamaya
hazir haldedir.

Taglama  siiresince taslanan parca desteklenmis
oldugundan pargada herhangi bir esneme s6z konusu
degildir.

Iki punta arasinda taslamadigi icin, parga ekseni
dogrultusunda herhangi bir baski kuvveti yoktur.
Taslanmakta olan par¢a ekseni dogrultusunda hareket
ettigi i¢in, fazla taglama payma ihtiya¢ yoktur. Bu da
malzemeden, taglama zamanindan ve tasin fazla
asinmayisi yoniinden daha faydalidir.

Hatalardan meydana gelen tas asinmasi daha azdir.
Puntasiz taslamada asinan birka¢ yiizey vardir ve bu
aginmalar oldukcga azdir.
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1.1.2. Puntasiz Taslamada Temel Kurallar

Puntasiz taglamada is parcasi iki tag arasina ekseni
dogrultusunda yerlestirilir. Taslardan birisi taglama goérevi yapar,
digeri de is parcasmi kendi ekseni dogrultusunda ilerletir. s
pargasina yon veren bu tasa sevk tasit denir ve normal taslama
tasina gore cap1 daha kiicliktlir. Sevk tasimin tane biiytkligi
yaklagik 80°°dir ve kaucuk birlestirme araghidir. Puntasiz
taglamada, iki tas arasindaki i parcasi iki digli arasindaki kiiciik
ara disli gorlinlimiinii vermektedir, ancak bu iki tas arasinda ¢ok
biiylik ¢evre hizi farki vardir. Taslama tasi, kendi ¢evre hizina
yakin bir ¢evre hizinda is pargasini siirekli temas ederek
dondiirmektedir. Fakat sevk tasi tarafindan is parcasinin g¢evre
hiz1 bir miktar azaltilarak taslama tasinin is {lizerinden talas
kaldirmasi saglanmaktadir. Sevk taginin ¢evre hiz1 yaklasik 0.2
ile 4,5 m/s arasindadir. Taglama taginin ¢evre hizi ise 30-35 m/s
arasindadir. 1ki tas arasinda, is pargasmin asagi diismesini
onleyen boyu dogrultusunda yiiksekligi ayarlanabilen sevk kizagi
bulunmaktadir. Sevk kizagi, enine hareket edebilen bir kayit ve
kizak tizerine oturtulmustur. Ayrica sevk kizagi tablasi lizerinde
de enine hareket edebildikleri gibi bunlar tek basina ayr1 ayrida
hareket edebilmektedir.

Is
: é Sevk
@_ @ tas
}
a) Taglama konumu b) Taglarin ve igin ayrilmig
konumu

Sekil 2. Puntasiz Taslama Konumu

a) Taglama konumu b) Taslarin ve isin ayrilmis konumu
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Sevk kizagi, is ¢ap1 ve taslama konumuna gore alcaltilip
yiikseltilebilir konumdadir. Taglama tasi, is pargasi ve sevk tasi
eksenleri yatay paralel konumda ve {ist iiste geldigi zaman
taslama islemi ii¢ noktada temas gerek yaptigi icin puntasiz
taslama amacina ulasmis olacaktir. Bu nedenle taslama tasi, sevk
ve isin cevreden temas noktalarinin birlesimini bir iiggen
olusturacak sekilde ayarlanmalidir. Sevk kizagi asagi yukari
ayarlanabilir konumda oldugu i¢in is ekseni, taslarin ekseni
tizerine ¢ikacak sekilde yerlestirilir. Her iki yerlestirme konumu
Sekil 3’ te gosterilmektedir.

a) Is ve tas eksenleri ayni konumda b) Is ekseni tag ekseni iizerinde

Sekil 3. Is Eksenlerinin Konumu
e a)Is ve tas eksenleri ayn1 konumda
e b) Is ekseni tas ekseni iizerinde

Sevk kizagi agzinin malzemesi, genellikle dokme demir,
sert celik veya sert ¢elik alasimlari, metal olmayan alagimlar ve
sementit Kkarbitler yapilirlar. Sevk kizagi agzinin malzemesi
secildikten sonra taglama tasinin genisligine gore sevk kizagi
agzina ag1 verilir. Tas genisligine gore, tasin is ilizerindeki baskisi
artacagindan sevk kizag1 agzi egim agis1 da arttirilir. Ornegin; 100
mm genisligindeki taslarla puntasiz taslama yapilirken sevk
kizagi egim acist 30° civarinda ayarlandigi zaman taslama
isleminde herhangi bir sorun ¢gikmamaktadir. Fakat tas genisligi
ile sevk kizagi boyu 200 mm ye ulasti§1 zaman, sevk kizaginin
yan baskisini azaltmak i¢in sevk kizagi egim agis1 20—25° ye
distiriiliir. Diger taraftan taglanacak parcanin ¢api ¢ok biiyiikse,
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sevk kizagi acist mutlaka diistiriilmelidir. Taglanacak parganin
cap1 ¢ok kiiciikse veya sevk kizagi genisligi is parcasi capindan
bliyiikse, is ekseni tas eksenlerinin altinda olacak sekilde
ayarlanmalidir. Aksi takdirde genisligi ¢ok az olan sevk kizagi
carpilmaya ugrayacak ve is par¢asinin diizgiin taglanmasina engel
olacaktir.

1.1.3.Sevk Kizagimin Ayarlanmasi

Genel olarak kiiglik capli pargalarin taglanmasinda sevk
kizagi, taslanacak olan parca ekseni ile tas ekseni arasindaki
mesafe is ¢apinin yarisi olacak sekilde yiikseltilir. Biiyiik ¢apl
parcalarin taglanmasinda is ekseni ile tag ekseni arasinda (h)
yuksekligi maksimum 13 mm olacak sekilde sevk kizagi
yukseltilmelidir. Ancak, parca ekseni ile tas ekseni arasinda
mesafe arttik¢a isin sevk kizagina olan baskisi azalacak ve is
pargas1 iki tas arasinda sikisarak normal bir taslama islemi
yapilamamus olacaktir. Iki tas arasinda sikisan isin yiizey kalitesi
bozuk olacak ve taslanan parcanin i¢i bos ise parca elips olarak
taglanacaktir. Boydan boya kaba olarak taglanmasi gereken uzun
boylu pargalarla ¢ok kiigiik ¢apli pargalar tag ekseninin altinda
taglanirsa 1yi sonuglar alinmaktadir.

1.1.4.Puntasiz Taslama Tezgdhlarinda Taslama
Cesitleri

Puntasiz taglama tezgahlarinda degisik taslama islemleri
yapilabilir. Bu tasglama cesitlerini iic Ana grupta toplamak
mumkanddr.

1.1.4.1. Boydan Boya Silindirik D1s Yiizeye Taslama

Normal silindirik taglama tezg@hlarina oranla, puntasiz
taslama tezgahlarindaki taglama islemleri farklidir ve is pargasi
iki tas arasindan sevk kizagma siiriinerek gecer (Sekil 4.). Isin
ilerleme hizi, is ¢api, sevk tasi egim agis1 ve sevk tasi ¢evre hizina
bagh olarak degismektedir. Yaklasik olarak isin ilerleme hizi
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V; = Sevk tasi cap1 x @ x Sevk tasinin dakikadaki devir sayisi x
sevk tas1 egim ag¢isinin siniisiine esittir

D = Sevk tast gapi (mm)
n = Sevk tagi devir sayist (dev/dak)

0 = Sevk tagi egim ac1s

Vi = Isin ilerleme hizi (mm/dak)
Vi=Dxnxnxsin0 (mm/dak)

e D = Sevk tast capt (mm)
e n = Sevk tast devir sayisi (dev/dak)
o O = Sevk tast egim acist
e Vi = Isinilerleme hizi (mm/dak)
o Vi =DXmnXnXsind (mm/dak)
Sekil 4. Boydan Boya Silindirik D1s Yiizey Taslama

Taslanacak parganin ilerleme hiz1 fazla ve yiizey
kalitesinin kaba olmasi gerekiyorsa sevk tasinin g¢evre hizi
diisiiriilerek egim ag1s1 arttirilir. ince bitirme taslama islemlerinde
sevk tast egim acis1 diistiriilerek ¢evre hizi arttirilir. Bu suretle,
taglanan parcanin iki tas arasindaki ge¢cme zamani uzar ve
taglanan ylizeyin parlaklig: artar. Ancak ince bitirme veya hassas
taglama isleminde baz1 kurallara uyarak taglanan parcanin ylizey
kalitesine ve dl¢li tamligina etki eden faktorleri en aza indirmek
gerekir.

Bu nedenle asagidaki belirtilen hususlar goéz Oniinde
bulundurulmalidar:
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Taslanacak parga iizerindeki taglama payr oldukca az
olmalidir.

Tasin her pasodaki talas kaldirma miktar1 diisiik
tutulmalidir.

Sevk taginin egim agis1 kiigiik secilmelidir.
Sevk tasi ¢cevre hizi yiiksek tutulmalidir.

Kiiciik capli pargalarin taslanmasinda, is ekseni ile tag
ekseni arasindaki ylikseklik yaklasik is ¢apinin yarisi
kadar olmalidir. Cok biiyiik ¢aplar i¢in bu ylikseklik
maksimum 13 mm’ye kadar yikseltilmelidir.

Sevk ve taglama tasi, elmas uclu bileme aparatiyla
otomatik olarak bilenebilmelidir.

Taslama siiresince o6zelligini koruyabilen uygun bir
sogutma sivisi kullanilmalidir.

6mm ve daha kiiclik captaki is parcalarinin taglanmasinda
is ekseni, isin yaricapt kadar tas ekseninin altinda
tutulmalidir.

Sevk kizaginin agizlari, tasin is tizerindeki baskisini
yenebilecek dayaniklilikta olmalidir.

Sevk kizagi agzina taglanacak parganin capina uygun
egim agcis1 verilmelidir.

Is parcasina giris ve cikista kilavuzluk gorevi yapan on ve
arka kayitlar, is eksenine paralel olarak ayarlanmalidir.
Aksi halde is silindirik olarak taglanamaz.

On kayutlar ile arka kayitlar arasindaki mesafeler is ¢aps,
talas derinligi ve verilecek Tolerans miktarina gore ayri
ayr1 hesap edilmelidir.

186



Makine Miihendisligi

1.1.4.2. Boydan Boya Silindirik I¢ Yiizey Taslama

Puntasiz delik taslamada, diger normal delik taglama
tezgahlarinda oldugu gibi is pargasi herhangi bir is baslhigina
baglanmaksizin dis yiizeyine tabi olarak kendi ekseni etrafinda
donerek taglanmaktadir. Bu nedenle i¢ yiizeyi taglanmasi gereken
parcanin dis ylizeyi onceden diizgiin olarak taslanmis olmalidir.
I¢ yiizeyi taslanmasi gereken pargayla dogrudan temas eden ii¢
silindir bulunmaktadir. Bunlar sirasiyla sevk, destek ve baski
silindirleridir. (Sekil 5.) Sevk silindiri, parganin kendi ekseni
etrafinda donmesini ve ayn1 zamanda ilerlemesini saglar. Destek
silindiri, is pargasinin altina yerlestirilmis ve taglama siiresince
parcaya desteklik yapmaktadir. Baski silindiri, ise taslanmakta
olan parcaya normal baski yaparak parga dis yiizeyinin siirekli ii¢
noktadan temas etmesini saglamaktadir. Sevk ve destek silindir
destekleri taglanacak parcanin dis ¢apina ayarlanarak bir V —
Yatag1 goriiniimiinde tespit edilir. Is pargasi, bu iki silindir
arasinda baski silindirinin normal baskiyla donerek taslanir.
Puntasiz delik taglamada is ve tas ekseni, sevk silindiri ekseninin
lizerinde olacak sekilde veya Is, tas ve delik silindiri eksenleri
aym diizlemde olacak sekilde ayarlanarak taglama islemleri
yapilir (Sekil 6.).

Baski
silindiri

Sevk:silindiri
silindiri

Sekil 5. Puntasiz Delik Taslama
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En biiylik destegin saglanabilmesi ve et kalinlig1 ¢ok az
olan pargalarin hassas olarak taslanabilmesi igin tas, is ve sevk
silindirleri yataya paralel ve ayn1 dogrultu {izerinde ayarlanir.

Sekil 6. iki Farkli Konumlu Puntasiz Delik Taslama

Puntasiz delik taglama tezgahlarinda, ¢ok sayidaki 6zdes
bilezikler, piston gomlekleri, her ¢esit rulmanl yatak bilezikleri,
canak ve koni bi¢imindeki kovalar ve diiz silindirik disliler seri
halinde ve ekonomik bir sekilde taglanmaktadir. Ayni1 puntasiz
delik taslama tezgahlar1 ile pargalar tutulmak suretiyle konik
deliklerle simetrik olmayan diger i¢ delikler taglanabilmektedir.
Cok kiiclik parcalarin taglanmasinda i¢in isler otomatik olarak
tezgaha verilebilmektedir. Biiylik ¢apli pargalarin taglanabilmesi
i¢in baski silindiri manivela kolu yardimiyla veya otomatik olarak
acilir ve ig pargasi tezgadha yiiklendikten sonra baski silindiri
tekrar kapatilir.

1.1.4.3. Dalma ve Profil Taslama

Dalma ve profil taslamada, taslanacak parganin
boyutlarina gore tezgdh ayarlanir. Taslama Boyuna gore is
parcast en sonda dayama tarafindan desteklenir. Bu dayama,
parcanin ilerlemesini 6nler. Her iki dalma ve profil taglamada, is
parcas1 yukaridan elle veya otomatik olarak verilir. Taglama
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islemi biten parga, taslar acildiktan sonra dayama tarafindan
disar1 itilir. Dalma ve profil tagslamada sevk tagina Y ile %
derecelik egim acis1 verilir. Bu egim acgis1 yardimiyla sevk tasi,
taslama 1islemi biten pargayr hafifge dayamaya bastirir.
Dayamanin hareketiyle bagimli olarak c¢alisan taslama tasi,
dayamanin hafif¢e geri itilmesi halinde otomatik olarak acilir,
ayn1 zamanda dayama yine hidrolik olarak taglanan pargay1 iki tas
arasindan itip ¢ikarir. Sekil 7 ve 8’de degisik boyutlu parcalarin
dalma ve profil taglama islemleri goriilmektedir.

Sekil 7. iki Konumlu Puntasiz Dalma Taslama

Dalma ve profil taslamada, taglama tas1 uygun profilde
kopya tertibatli hidrolik hareketli Elmas ucu bileme aparatiyla
bilenir. Ayn1 zamanda sevk tas1 da ayni sistemle uygun profilde

bilenir.
Taglama tag
Dayama
PP — T
Sevk tasi

Sekil 8. Puntasiz Profil Taslama ve Bileme Konumlari

1.1.5.Puntasiz Taslamada Dogabilecek Hatalar ve
Hatalarin Giderilmesi

* Dogabilecek Hatalar 1: Boydan boya taslamada meydana
gelen diizensiz ¢izikler Aliacak Onlemler:
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Taslama tas1 dengesiz veya mili iizerine 1iyice
sikistirtlmamigsa yeniden kontrol edilir.

Sevk kizag1 egim acis1 yeniden kontrol edilir.
Sevk kizagi agzi1 ¢ok ince ise sevk kizag1 agz1 degistirilir.
Sevk kizag1 agzinin sikilig1 yeniden kontrol edilir.

Taslama taginin tane biiyiikliigii, malzemenin cinsine gore
uygun olup olmadig1 kontrol edilir.

Is ekseni ile tas ekseni arasindaki mesafe yeniden kontrol
edilir.

Talag derinligi azaltilir.

Tezgaha iletilen titresim azaltilir.

* Dogabilecek Hatalar 2: ilerleme ¢izgileri Almacak Onlemler:

Bu c¢izgiler, is taglar arasindan c¢ikarken veya uygun
olmayan sevk kizagimin secilmesinden meydana
gelmektedir. Sevk tasi egim agisi yeniden gézden gegirilir
ve sevk tas1 bileme aparat1 buna gore yerlestirilir.

Taslama tas1 yeniden bilenir.
Sevk kizaginin ayar1 tam olarak yapilir.

Sevk kizag1 agzinda cizikler varsa degistirilir.

» Dogabilecek Hatalar 3: Is iizerindeki ¢entikler Alinacak
Onlemler:

Bu c¢entikler agindirici taneler tarafindan, kirli sogutma
stvisindan ve sevk kizagir agzindan meydana gelebilir.
Sevk kizag1 agzinin malzemesini yumusak metalden secip
sogutma sivisinin temiz olmasina 6zen gosterilir.
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* Dogabilecek Hatalar 4: Taslanan parca tam yuvarlak degil

Almacak Onlemler:

Sevk kizagr yiiksekligi uygun konumda olmayabilir.
Taslanan parcaya gore sevk kizagi yiiksekligi yeniden
ayarlanir, ayarli ise bir miktar daha yiikseltilir.

Dogabilecek Hatalar 5: Taslanan par¢anin giris ucu
konik

0 Almacak Onlemler:

» Giriste i§ parcasina kilavuzluk yapan 6n

kayitlar arasindaki mesafe yeniden kontrol

dl-d2
kadar

edilir ve 6n kayit toleransi

ayarlanir.

Dogabilecek Hatalar 6: Taslanan par¢anin arka ucu
konik

0 Ahlmacak Onlemler:

= Arka kayitlar arasindaki mesafe ve arka
kayit toleransi yeniden ayarlanir.

Dogabilecek Hatalar 7: Is parcasinin iki ucu konik ve
ortasi siskin

0 Almacak Onlemler:

= On ve arka kayitlar arasindaki mesafeler
yeniden kontrol edilir

= On ve arka kayit toleransi tam olarak
uygulanir.

Dogabilecek Hatalar 7: Is parcas: i¢ biikey veya ortasi
oyuk
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0 Almacak Onlemler:

On ve arka Kkayitlar tam olarak
ayarlanmamigsa yeniden ayarlanir.

Sevk tas1 uygun sekilde bilenir.

Bileme aparati hatali yerlestirilmemisse
hatas1 giderilir.
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DYNAMOMETER SYSTEMS USED IN LATHE
MACHINES: DESIGN APPROACHES,
APPLICATIONS, AND FUTURE
PERSPECTIVES

Hasan Hiiseyin DEGER!
Ilhan ASILTURK?

1. INTRODUCTION

Machining is one of the areas in metal forming methods
where precision and production quality are most important.
Therefore, accurately determining cutting forces is essential for
optimizing process settings and increasing tool life. Cutting
forces directly affect numerous processes, such as material
machinability, tool-lathe interaction, and the resulting surface
quality. Especially since the cutting process on lathe machines
occurs with a continuous and circular motion, the dynamic
characteristics of the forces achieved in this process are of much
greater importance(Lad & Patel, t.y.; Oztiirk & Yildizl1, 2018).

Accurate measurement of cutting forces also determines
the accuracy of numerical analyses (e.g., finite element analyses).
Dynamometer systems developed in response to this
measurement need consist of sensor-equipped structures
integrated into the tool-machine interface. These systems enable
the analysis and control of the process by separately and
instantaneously measuring the force components (Fx, Fy, Fz) that

1 Necmettin Erbakan University, Faculty of Engineering Department of Mechanical
Engineering, ORCID: 0000-0001-9890-6406.

2 Prof. Dr, Necmettin Erbakan University, Faculty of Engineering Department of
Mechanical Engineering, ORCID: 0000-0002-8302-657.
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arise during cutting( Korkmaz, 2019; Totis & Sortino, 2011;
Umurani & Siregar, 2019).

In the literature, dynamometer systems developed for
lathe machines exhibit significant diversity in terms of design
approaches, sensor technologies used (strain gauge, piezoelectric,
load cell, MEMS, etc.), mounting methods, and signal processing
techniques. Strain gauge-based systems offer high accuracy,
while piezoelectric sensors stand out with their wide frequency
range and high dynamic response capability(Khammongkhon,
Niropas, Pomusa, & Suksawat, 2025; Panzera, Souza, Rubio,
Abrao, & Mansur, 2012a). In recent years, with the development
of wireless data transmission, loT integration, and micro-
electromechanical systems (MEMS), portable and much more
compact dynamometer systems have emerged(Zhang vd., 2019;
Véasquez Céspedes, 2011).

For example, in a study conducted on EN8 steel, shear
forces were measured using a three-axis piezoelectric triaxial
dynamometer and analyzed using LABVIEW software. In the
article, the Taguchi method was applied to determine the most
suitable processing parameters, and ANOVA analysis was used
to evaluate the results(Kumar & Yadav, 2023).

Similarly, in another study, a strain gauge-based system
with a capacity of 15 kN was tested under severe conditions, such
as the refurbishment of railway vehicle wheels, and data was
obtained with high accuracy and an average error of 5%(Kasprzak
& Pyzalski, 2021).

In more precise systems where cutting forces are
measured simultaneously in three axes, piezoelectric sensors are
preferred. For example, piezoelectric-based dynamometers
capable of operating with a sensitivity of 0.1 N have been
developed for precision machining processes(Horvath, Palinkas,
Matyasi, & Drégelyi-Kiss, t.y.).
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The integration of digital technologies into production
lines, wireless data transfer, and loT-supported monitoring
systems are playing an increasingly critical role. In a study
developed by Korkmaz (2019), octagonal strain-ring
dynamometers designed with an Arduino-based structure were
configured as a system that transmits cutting force data to the
cloud via RF modules(Korkmaz,2019).

The purpose of this review article is to evaluate the
general design principles of dynamometer systems used in lathe
machines, the types of sensors used, their application areas, and
their advantages and disadvantages within a technical framework,
classify them according to structural and sensor technology,
compare them in terms of performance and accuracy, explain
them with examples for industrial and academic applications,
address them by predicting future development directions, and
systematically summarize trends in the literature. It also aims to
compare the systems in terms of measurement accuracy, ease of
application, cost-effectiveness, analysis capability, and
integration levels.

2. CLASSIFICATION OF DYNAMOMETER
SYSTEMS

Dynamometer systems are divided into various
subcategories based on the sensor technologies and structural
designs used. The fundamental differences between these systems
are based on parameters such as accuracy, cross-sensitivity, cost,
ease of integration, and industrial suitability. This section
classifies the most commonly used types of dynamometers and
provides examples from related studies.
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2.1 Strain Gauge-Based Dynamometer Systems

Strain gauge-based dynamometers are among the most
commonly used sensor systems for measuring cutting forces
generated on lathe machines. These sensors detect the mechanical
stress applied to a surface and convert this stress into electrical
signals. Strain gauges, which are typically integrated into a
Wheatstone bridge circuit, provide a linear voltage output
depending on the applied force(Horvath vd., t.y.).

The fundamental principle in these systems is that the
force applied to the cutting tool during the cutting process is
transferred to an elastic structure where strain gauges are placed.
The deformation in this structure is detected by the strain gauges,
and the data obtained is converted into force components and
interpreted. In such dynamometers, the rigidity of the structure,
the position of the strain gauges, and the calibration methods are
the main factors determining the overall accuracy of the
system(Lad & Patel, t.y.; M. Rizal, Ghani, ., & ., 2018).

2.1.1. Advantages Of Strain Gauge Systems:

e Good sensitivity-stiffness balance: Sensitivity can be
increased by drilling a hole in the structure, yet the overall
stiffness of the sensor remains virtually unchanged.

e Simple signal conditioning: The output signal is easily
obtained thanks to the Wheatstone bridge configuration,
and the electronic interface is quite simple.

e Cross-sensitivity is low: In the appropriate configuration
(full bridge), force components do not affect each other; P
and Q forces can be measured independently.

e Temperature effect can be balanced: When all strain
gauges are exposed to the same temperature, temperature
changes in the bridge circuit cancel each other out and do
not interfere with the measurement.
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No changes to the cutting tool are required: In
applications with integrated sensors, the tool rigidity
remains unchanged, and no additional modifications to
the tool are necessary(Vasquez Céspedes, 2011).

Easy to integrate into the tool: Strain gauges can be
applied to the tool or tool shank with minimal geometric
changes; installation is easy.

2.1.2. Disadvantages Of Strain Gauge Systems:

Limited dynamic response: Some strain gauge
dynamometers do not respond quickly enough;
piezoelectrics are  more suitable for  high-
frequency/dynamic force measurements.

Additional gauges are required for separate force
components: If axial force (R) is to be measured,
additional strain gauges must be added to the bridge
circuit; the circuit becomes more complex.

Requires design optimization: Structures such as strain
rings require careful geometric design to maintain both
rigidity and sensitivity.

Protection is required: Sensors must be protected from
swarf, cutting fluid, and temperature changes; otherwise,
measurement stability may be affected(Horvath vd., t.y.;
Khammongkhon vd., 2025; M. Rizal vd., 2018; Véasquez
Céspedes, 2011).
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Figure 1. Directions of cutting force components in a turning
operation (M. Rizal vd., 2018).

In a study, a three-axis strain gauge-based dynamometer
was designed for turning operations, and as a result of calibration
tests, the R2 values of the linear regression models for the Fc, Ff,
and Fp force components were determined to be 0.9985, 0.9784,
and 0.9989, respectively. The study reported that the
dynamometer was sized for maximum shear forces of 1,500 N,
depending on the design of the elastic element used, and that it
was able to successfully perform measurements within this force
range during turning(Panzera vd., 2012a).

In a study conducted by Kasprzak and Pyzalski (2021), a
strain gauge-based sensor system integrated into the machine
structure was developed for the active measurement and
limitation of axial loads in heavy turning operations. The system
contains a total of 7 CL20-8 ring-type sensors (3 on the X-axis
and 4 on the Z-axis) and has been tested at loads between —30 kN
and +30 kN. In this structure, which can be integrated with CNC
systems, the average relative errors of the sensors during axial
force transmission varied between 1.45% and 4.95% depending
on the axis groups. No significant drift was observed in the
measurements during the tests, and noise was eliminated by
filtering(Kasprzak & Pyzalski, 2021).
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In another study, cutting forces obtained at different speed,
depth of cut, and feed rate combinations were analyzed using a
strain gauge-based dynamometer specially developed for CNC
lathes, along with surface roughness(Melayim , 2019).

The three-axis strain gauge dynamometer with an
octagonal ring structure developed by Rizal and colleagues has
been found suitable for industrial turning applications with a
measurement capacity of approximately 2900 N and a safe
dynamic response at 766 Hz. In calibration tests, cross-sensitivity
was measured below 0.87%, linearity error ranged between
0.49% and 1.91%, and natural frequency deviation was below
3.6%. The study also emphasized that it offers a lower-cost,
flexible, and highly accurate solution compared to commercial
piezoelectric dynamometers(M. Rizal vd., 2018).

In a study conducted by Lad and colleagues, a strain gauge
dynamometer capable of measuring forces up to 200 kg was
developed, which is low-cost and can also be used for educational
purposes(Lad & Patel, t.y.).

In a study conducted by Hanif and colleagues, a three-
component force dynamometer based on strain gauges was
developed for tool shank applications designed for high-speed
turning; it was demonstrated that the system offers a reliable and
low-cost alternative for measuring cutting forces under dry
turning conditions, and that the Taguchi method can be used as
an effective approach that can be applied in simple steps for the
optimization of cutting parameters. It was reported that the
developed dynamometer operates with an accuracy of
approximately £1%, that this was verified by repeating
calibration tests, and that cross-sensitivity was negligible(Hanif,
Aamir, Muhammad, Ahmed, & Magsood, 2016).
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2.1.3. Applications of Strain Gauge-Based Systems

Cutting force-induced error compensation, Tool wear
prediction, Tool breakage prevention, Axis load
balancing(Kasprzak & Pyzalski, 2021).

Tool Condition Monitoring (TCM) can be used in
machinability analysis and parameter optimization
applications(M. Rizal vd., 2018).

The system is suitable for applications such as tool
condition monitoring, chip morphology, force analysis,
and process optimization(Panzera vd., 2012a).

Py Base Length Py

P Grid Length ®

Base
Width

Base Gage Lead

Figure 2. Foil-type strain gauge
2.2. Piezoelectric-Based Dynamometer Systems

Piezoelectric force sensors have a sandwich structure

consisting of quartz discs placed between upper and lower plates
and operate by converting applied mechanical stress into
electrical charge. The resulting charge is converted into a voltage
signal via a charge amplifier, and this structure enables the precise
monitoring of high-frequency, dynamic force changes(Vasquez
Céspedes, 2011).

The high rigidity of piezoelectric materials enables the

sensor to produce a stable and linear output even with very small
deformations; however, due to load leakage occurring over time
in piezoelectric elements, there are limitations in long-term static
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force measurements. For reliable measurement, cables and
connectors must have a high level of insulation(Vasquez
Céspedes, 2011).

The three-axis piezoelectric dynamometer developed by
Horvath et al. (n.d.) is designed to measure forces in the 0-100 N
range that occur during fine turning with an accuracy of
approximately 0.1 N. The sensor operates on the principle of SiO:
crystals generating an electrical charge under mechanical load.
Due to its high internal impedance, it requires a low input current,
and the signal lines between the cell and the amplifier must be
highly insulated and shielded. During the calibration phase, the
sensor sensitivity was determined in pC/N units, and this value
was defined on the signal conditioner to convert the output to V/N
format. This design is presented as a reference measurement
system that enables the high-precision measurement of small
forces in fine turning operations(Horvéath vd., t.y.).

The vast majority of piezoelectric dynamometers are
triaxial in design, capable of simultaneously measuring the Fx, Fy,
and Fz (or Fc, Ff, Fp) force components. This multi-axis
measurement capability provides a significant advantage for
cutting force analysis, tool-workpiece interaction, and dynamic
characterization of chip formation in turning operations(Totis &
Sortino, 2011).

This general structure is implemented with various
architectures in different commercial or research-oriented
dynamometer designs.

The Kistler 9251A ring-type sensor, examined by Totis &
Sortino (2011), offers suitable performance for processes
involving rapid force changes, such as fine turning, thanks to its
high structural rigidity and natural frequency value of
approximately 1 kHz. The compact design of the ring sensor
largely eliminates the natural frequency drop associated with the
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increase in mass seen in plate-type piezoelectric dynamometers.
However, the requirement for a charge amplifier and the critical
role played by cable-connector connections in measurement
accuracy are noted as significant design limitations(Totis &
Sortino, 2011).

In the study conducted by Kumar & Yadav (2023) on the
turning of ENS8 steel, the Fc, Ff, and Fp force components were
measured in real time at a sampling rate of approximately 1000
Hz using a three-axis piezoelectric dynamometer. The cutting tool
was placed on the dynamometer, and the electrical charge
generated in the crystals was converted into a voltage signal by
the DAQ unit and monitored in the LABVIEW environment. The
results obtained demonstrate that the system offers high accuracy
and repeatability for dynamic force analysis(Kumar & Yadav,
2023).

Desktop piezoelectric dynamometers, frequently used in
research, can accurately detect even very small force fluctuations
and produce highly accurate data thanks to their voltage-based
linear outputs. 3 While piezoelectric sensors offer advantages in
terms of high resonance frequency and rigidity, they have the
disadvantages of lower repeatability and higher cost compared to
strain-gage-based sensors. Additionally, their limited resistance
to high temperatures can affect their areas of application(Panzera
vd., 2012a).

2.2.1. Advantages of Piezoelectric Sensors

e High rigidity: It has a very rigid structure, resulting in
only minimal deformation when force is applied.

e High natural frequency: Its structural properties enable
operation across a wide frequency band and allow for the
monitoring of rapid force changes.
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Low crosstalk: Interaction between axial force
components is very low, which increases accuracy in
multi-axis measurements.

Linear and hysteresis-free output: The force-voltage
relationship is linear, and the sensor responds instantly to
reverse loads.

Wide measurement range: Thanks to its quartz structure,
a wide force range from low to high can be measured.

Temperature resistance: Sensitivity remains stable even
at high temperatures (e.g., up to 500 °C).

Long service life: Piezoelectric materials do not wear out
over time, so they have a very long service life(Vasquez
Céspedes, 2011).

They can detect even small force fluctuations with high
precision(Oztiirk & Yildizl, 2018).

High rigidity and low deformation, Wide bandwidth / high
resonance frequency, Low crosstalk (low interaction
between axes), Linearity and repeatability, Compact
integration into the tool holder(Totis & Sortino, 2011).

Ability to accurately measure small cutting forces, Three-
component force measurement (Fc, Ff, Fp), High rigidity
and low deformation, Compact design and easy
integration, Ready-to-use modules and repeatability, Low
measurement error after calibration(Horvath vd., t.y.).

2.2.2. Disadvantages of Piezoelectric Sensors

Limited in actual static force measurement: Since
piezoelectric material loses the charge it accumulates over
time, static forces can only be monitored stably for a
certain period.
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Requires high insulation: Cables and connectors must be
very well insulated; otherwise, leakage current will
interfere with the measurement.

Requires specialized electronics: Piezoelectric sensors
must generally be used with charge-type amplifiers to
ensure the generated charge signal is processed
correctly(Vasquez Céspedes, 2011).

Sensitivity to cable and connector effects, Charge
amplifier requirement, Sensitivity to machine structure,
Low natural frequency in standard plate-type piezo
dynamometers(Totis & Sortino, 2011).

Due to high internal resistance, special electronic
requirements exist. Shielded cables and connectors are
mandatory. Voltage-sensitive amplifiers cannot be used;
charge amplifiers are mandatory. Load drift may occur
over time. Due to time constant uncertainty, instability
may occur in long-term measurements. Cable leaks may
cause signal errors(Horvath vd., t.y.).

2.2.3. Applications of Piezoelectric Sensors

Piezoelectric force sensors are used in a wide variety of

manufacturing applications requiring high dynamic accuracy:

Measurement of cutting forces in three axes.
Optimization of cutting parameters.

Monitoring of tool wear.

Comparison of different tools and cutting fluids.

Analysis of chip formation, vibration, and
chatter(Vasquez Céspedes, 2011).

Micro machining and fine turning.
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e Process status monitoring and modeling studies(Kumar
& Yadav, 2023).

2.3. Film Sensor-Based Dynamometer Systems

Film sensor-based dynamometer structures are compact
force measurement systems that utilize multi-layer strain sensors
placed in slots opened on the tool body or on an elastic sleeve/pad
attached to the body. When the cutting force creates micro-strain
in the tool body, the resistance grid in the film layer converts this
deformation into a resistance change, and the force — strain —
electrical signal conversion is performed via a Wheatstone bridge
circuit consisting of four resistors. Thus, thin film sensors
embedded in the tool bar enable the measurement of cutting
forces from the deformation on the tool without the need for an
external dynamometer(Cheng, Wu, Liu, He, & Song, 2022).

The thin, multi-layered structures of film sensors, which
can be directly integrated into the tool body, enable the detection
of cutting forces while maintaining tool rigidity. The sensor's
ability to operate embedded in the tool bar without significantly
altering the tool geometry provides a significant compactness
advantage over traditional, bulky dynamometers, particularly in
applications with space constraints. However, the sensor
placement, elastic substrate geometry, material properties of the
film system, and environmental effects such as temperature can
limit measurement performance. Nevertheless, thin-film sensor-
based cutting force measurement systems are considered a
promising and practical solution for real-time force monitoring
and intelligent tool design in turning/single-point machining
operations(Cheng vd., 2022).

In Zhang and colleagues' design example, the film sensor
has a multi-layered structure: a Ni—Cr resistance film layer and
SisNa4 insulation layers are placed on a stainless steel substrate.
The vacuum soldering method ensures that the sensor is directly
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and firmly bonded to the elastic plate, increasing strain
transmission and reducing coupling effects. Film resistance grids
for force measurement in three axes are combined in full bridge
circuits, achieving high sensitivity. This structure offers a more
stable, reliable, and highly sensitive alternative to traditional
adhesive-type strain-gage solutions, presenting an effective
approach for real-time force analysis in turning operations(Zhang
vd., 2019).

2.3.1. Film Sensor Advantages

e Thin structure that does not alter tool geometry: The
film sensor is extremely thin, so it does not change the
tool's structure or cutting geometry(Cheng vd., 2022).

e Embedded design — preservation of high natural
frequency: Since the sensor assembly is integrated into
the body, it does not create additional mass; thus, the
system's natural frequency does not decrease and is
suitable for dynamic measurement(Cheng vd., 2022;
Zhang vd., 2019).

e High strain transmission: The embedded film structure
increases measurement accuracy by directly transmitting
strain to the sensor(Zhang vd., 2019).

e Reduction in coupling (axial interaction) error: Axial
interference caused by multi-axis forces is significantly
reduced in the embedded film sensor structure(Zhang vd.,
2019).

e No adhesive-related errors: The vacuum soldering
technique eliminates instability and loss of accuracy
caused by the adhesive layer(Zhang vd., 2019).

e High sensitivity: Film sensor-based systems have been
reported to offer higher sensitivity compared to adhesive-
type strain-gage systems(Zhang vd., 2019).
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Low cost and easy manufacturability: Film sensor
technology is relatively inexpensive and suitable for mass
production(Cheng vd., 2022).

Easy maintenance and replacement (plug-and-play
design): Film sensor modules can be replaced when
necessary; the maintenance process is simple(Cheng vd.,
2022).

Advantage of no added mass: The problem of
“increased mass — decreased stiffness” seen in
conventional dynamometers does not occur in this
structure(Cheng vd., 2022).

2.3.2. Film Sensor Disadvantages

High sensitivity to sensor placement: Incorrect
positioning or poor surface preparation quickly
compromises measurement accuracy(Cheng vd., 2022;
Zhang vd., 2019).

Mechanical strength limits of thin film structures: The
film layer is mechanically more fragile compared to
piezoelectric or traditional strain-gage systems(Cheng vd.,
2022; Zhang vd., 2019).

Sensitivity to temperature and surface tension: The
thin-layer structure may experience sensitivity loss due to
temperature changes and surface tension(Cheng vd.,
2022).

Production and layer coating processes are difficult:
The multi-layer film structure and vacuum soldering
require  expertise; the production process s
complex(Zhang vd., 2019).
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Risk of damage from impact and vibration: The sensor
is thin and may be damaged under high impact
loads.(Cheng vd., 2022; Zhang vd., 2019).

Dependence on assembly quality: Micro-errors at the
film-substrate  interface  directly  affect  strain
transmission(Zhang vd., 2019).

2.3.3. Film Sensor Applications

Direct measurement of Fx, Fy, and Fz forces on the
tool body during turning: Body measurement provides
a more realistic force perception compared to a
dynamometer(Cheng vd., 2022; Zhang vd., 2019).

Smart tool designs: The embedded structure of film
sensors in the body enables the development of smart tool
concepts(Zhang vd., 2019).

Tool wear and tool condition monitoring: Small force
changes due to wear can be detected with high
precision(Zhang vd., 2019).

Chip formation and vibration analysis: Thanks to the
high natural frequency, chatter onset, chip breakage
behavior, and dynamic force changes can be
examined(Cheng vd., 2022; Zhang vd., 2019).

Compact force measurement in confined spaces: Thin-
film sensors can be used in narrow areas where traditional
dynamometers cannot fit(Zhang vd., 2019).

Multi-axis force characterization: Can be used for
simultaneous measurement of Fx-Fy-Fz
components(Zhang vd., 2019).
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2.4. Load Cell Dynamometer Systems

Load cells are transducers that operate on the principle of
converting very small deformations on an elastic element into an
electrical signal via a strain gauge. The applied force creates a
microscopic elongation on the elastic beam; this elongation is
detected by the strain gauge as a change in resistance and
converted into a voltage signal via a Wheatstone bridge. This
amplified signal is then converted into a force value, enabling
reliable measurement of the shear forces generated during
processing(Ozdemir, H. , 2006; Projoth vd., 2021).

Due to their low-cost, durable, and high-accuracy designs,
load cells are widely preferred in numerous machining
applications such as turning, linear machining, tool wear
monitoring, and cutting parameter evaluation. However,
temperature changes and mounting accuracy can affect
measurement accuracy, requiring appropriate mechanical
protection and bridge circuit designs(Ozdemir, H. (2006)).

In this study, a low-cost dynamometer was developed
using a straight-bar load cell attached to the tool holder to monitor
cutting force during turning. Although the system measures only
the tangential force component (Ft), experimental tests
demonstrated that the dynamometer's performance is sufficient,
particularly in terms of simplicity and low cost. Its simple design
and direct integrability into the machine tool make this method
suitable for basic force analysis(Umurani & Siregar, 2019).

Gunay and colleagues developed a lathe dynamometer
using two beam-type load cells to investigate the effect of the chip
angle on cutting forces. The 200 kg capacity cells enabled the
measurement of the Fc and Ff force components; thanks to the
low total error rate (0.02% FS), good agreement was achieved
between experimental and theoretical values. The limitation of
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the system is that the radial force (Fp) component cannot be
measured(Gunay, Seker, & Sur, 2006).

In the study by Projoth and colleagues, a load cell
assembly containing four strain gauges was rigidly attached to a
post, and the cutting forces generated during the machining of
ENS8 steel were measured directly. The Wheatstone bridge formed
by the load cell converts microdeformations in the elastic body
into electrical signals, ensuring that the system forms a complete
measurement chain. The fact that the experimental force values
obtained in the study were very close to the estimated forces in
all tests shows that the load cell dynamometer enables reliable
measurement of cutting forces during turning. This structure also
allows for detailed examination of the effects of process
parameters (cutting speed, feed rate, chip depth) on cutting force.
Furthermore, it is noted that load cell dynamometers are widely
used in many machining applications in the literature, such as tool
wear monitoring, cutting behavior modeling, and parameter
change tracking(Projoth vd., 2021).

The dynamometer developed by Seker and colleagues
utilizes bending-beam load cells with a capacity of approximately
2000 N. These cells are positioned to measure three-axis forces
during linear chip removal processes similar to turning
operations. Low hysteresis, high accuracy, and a wide operating
temperature range enhance the system's reliability. The
experimental force values are consistent with theoretical
calculations, demonstrating the design's success in terms of
repeatability and accuracy. Furthermore, this structure offers
advantages in specific applications, such as investigating the
effects of rolling direction on chip removal behavior(Seker, Kurt,
& Ciftci, 2002).
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2.4.1. Load Cell Dynamometer Advantages:

Simple and low-cost design: Beam-type or single-axis
strain-gage structures are low in production cost and
simple in design(Ozdemir, H. , 2006; Projoth vd., 2021;
Umurani & Siregar, 2019).

Easy integration: Sensors can be easily mounted to the
tool holder or CNC machine(Gunay vd., 2006; Projoth vd.,
2021; Umurani & Siregar, 2019).

High accuracy and low error rate: The total error in
TEDEA/similar load cells is at the 0.02-0.03 FS
level(Gunay vd., 2006; Seker vd., 2002).

Low hysteresis and high repeatability: Provides stable
force measurement with hysteresis and repeatability at the
0.03% level(Seker vd., 2002).

Wide working capacity: Load cell capacities ranging
from 200 to 2000 N are sufficient for many chip removal
conditions(Gunay vd., 2006; Seker vd., 2002).

Agreement with theoretical models: The agreement of
experimental Fc values with theoretical models such as
Kienzle confirms the reliability of the sensor(Gunay vd.,
2006).

CNC compatibility: Compact dynamometer designs that
can be integrated into CNC lathe magazines are
possible(Gunay vd., 2006).

Durable and heavy-duty construction: Beam-type cells
are resistant to harsh operating conditions(Ozdemir, H. ,
2006).

Compatibility with data acquisition systems: Provides
easy connection with DAQ cards, analog output
processing is straightforward(Ozdemir, H. , 2006).
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2.4.2. Load Cell Dynamometer Disadvantages

e Axis limitation: Simple designs can typically measure a
single axis (Ft) or two axes (Fc—Ff); multi-axis force
measurement is limited(Gunay vd., 2006; Projoth vd.,
2021; Umurani & Siregar, 2019).

e Load cell capacity design limits: The selected chip
depth, feed rate, and material hardness are constrained by
the sensor capacity (within the range of 200-2000
N)(Gunay vd., 2006; Seker vd., 2002).

e Sensitivity to vibration and stiffness effects: Beam-
type designs may experience loss of accuracy at high
frequencies( Ozdemir, H. , 2006; Projoth vd., 2021; Seker
vd., 2002).

e Mounting and surface preparation accuracy: Strain-
gage mounting requires precise surface preparation;
incorrect bonding reduces accuracy(Ozdemir, H. , 2006).

e Temperature sensitivity: Strain-gage systems are
affected by temperature changes; compensation may be
required( Ozdemir, H. , 2006).

e Off-axis load effect: Load cells only work well on the
specified axis; cross loads compromise accuracy(Seker
vd., 2002).

2.4.3. Load Cell Dynamometer Applications
e Turning and Shaping Operations:

- Single-axis Ft or multi-axis Fc-Ff—Fp force
measurement( Ozdemir, H. , 2006; Gunay vd., 2006;
Projoth vd., 2021; Seker vd., 2002; Umurani &
Siregar, 2019).
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- Investigation of the effects of cutting speed, feed rate,
and chip depth on force(Projoth vd., 2021; Umurani &
Siregar, 2019).

- Experimental determination of the effects of
parameters such as chip angle, tool geometry, and tool
material on force behavior( Ozdemir, H. , 2006;
Gunay vd., 2006).

Model Validation and Parameter Studies:

Validation of theoretical cutting force models (Kienzle et
al.)(Gunay vd., 2006).

Parametric analyses, process optimization
studies(Projoth vd., 2021).

Tool Condition and Wear Monitoring: Determining the
effect of tool wear on force increase( Ozdemir, H. , 2006;
Projoth vd., 2021).

Vibration and Machining Stability Analysis:
Evaluation of vibration and chatter tendencies (indirectly
from force variations)( Ozdemir, H. , 2006; Projoth vd.,
2021).

Academic and Educational Use: Its simple and low-cost
structure makes it suitable for educational and laboratory
work(Umurani & Siregar, 2019).

Material behavior studies such as rolling direction:
Determining the effect of production directions such as
rolling direction on chip removal(Seker vd., 2002).
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Figure 3. Shear force measurement setup prepared using a load
cell (Gunay vd., 2006).

2.5. Wireless/loT-Based Dynamometer Systems

Classic tool holder sensors used to measure cutting forces
have been converted from a wired structure to smart systems
capable of wireless data transmission. In this approach, low-level
signals from strain gauges are first extracted from the bridge
circuit, then amplified and digitized via an ADC before being
transmitted to the computer via a Bluetooth module. This
eliminates cable clutter on the tool holder, providing more
flexible, organized, and real-time data  monitoring
capabilities(Uquillas & Hsiao, 2016).

The wireless structure also enables real-time monitoring
of vibration (chatter) data containing high frequencies(Uquillas &
Hsiao, 2016).

The literature indicates that wireless communication
methods such as RF, GPRS, Bluetooth, and Zigbee are mostly
preferred for short-range and simple applications due to their low
data transmission speeds, limited coverage area, and certain
security weaknesses. It is also noted that they can experience
performance loss due to environmental factors such as rain, fog,
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and electromagnetic noise. In contrast, it is emphasized that
GPRS-based systems are less affected by environmental factors
thanks to their more up-to-date infrastructure. However, in the
system developed within the scope of this thesis, an RF-based
wireless communication structure was preferred due to the very
short distance between devices, the negligible amount of external
electromagnetic noise in the environment, and the economic
nature of the selected module, and the system was successfully
operated using this method( Korkmaz, M. , 2019).

In the thesis study, the NRF24L01 module was integrated
into an octagonal ring strain gauge-based dynamometer to enable
remote monitoring of cutting forces. Analog force signals were
converted into digital form by the transmitter Arduino and
transmitted wirelessly to the receiver module; they were then
reprocessed by the receiver Arduino, and real-time voltage-force
trends were successfully displayed on a computer
monitor( Korkmaz, M. , 2019).

The literature indicates that modern force sensors are
shifting toward wireless measurement systems; examples exist
where data transmission is performed using infrared telemetry in
strain-gage-based structures. These studies demonstrate that
dynamometer signals can be transmitted without being connected
to a cable and that wireless data transmission can be achieved by
integrating the sensor into the tool body(Vasquez Céspedes,
2011).

In the example application presented by Vésquez (2011),
the strain signal obtained from the Wheatstone bridge was first
amplified and then transmitted to the receiver via an infrared (IR)
transmitter diode. This approach has advantages such as
eliminating cable clutter, enabling quick setup, and easily
adapting to workshop conditions; however, it also has limitations
such as requiring transmitter-receiver axis alignment and
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necessitating additional calibration due to drift caused by
temperature changes(VVasquez Céspedes, 2011).

2.5.1. Wireless/loT-Based Dynamometer Advantages
Environment Setup and Wireless Use :

Since it eliminates the use of cables, it does not restrict
the working area of the moving parts on the
lathe(Uquillas & Hsiao, 2016).

Eliminates the need for cabling, increases the portability
of the system( Korkmaz, M. , 2019).

Eliminating cables improves order and safety around the
tool holder(Vésquez Céspedes, 2011).

Reduces problems such as cable Dbreakage,
disconnections, or noise interference on the production
line( Korkmaz, M. , 2019).

Easy Installation:

Installation is faster and more practical, with no need to
lay cables indoors(Uquillas & Hsiao, 2016).

Offers workshop environment compatibility, quick
assembly, and ease of use advantages(Vasquez Céspedes,
2011).

Energy Efficiency / Low Power:

Bluetooth's low power consumption provides energy
efficiency to the system(Uquillas & Hsiao, 2016).

The NRF24L01 module provides low power
consumption and sufficient data rates (250 kbps—2
Mbps)( Korkmaz, M., 2019).
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Industry 4.0 and 1oT Compatibility:

The sensor is compatible with Industry 4.0 trends; it can
be integrated into loT-based monitoring
applications(Uquillas & Hsiao, 2016).

Industry 4.0 and loT-focused smart production
systems( Korkmaz, M. , 2019).

Real-Time Monitoring:

The wireless structure provides real-time monitoring for
early detection of chatter (vibration) onset(Uquillas &
Hsiao, 2016).

Real-time tracking of cutting force(Uquillas & Hsiao,
2016).

Remote cutting force monitoring on lathes and milling
machines( Korkmaz, M. , 2019).

Economical / Flexible System:

Thanks to its Arduino-based architecture, it offers a cost-
effective and easily customizable wireless measurement
platform( Korkmaz, M. , 2019).

The strain gauge + wireless transmission combination
provides an economical solution( Korkmaz, M. , 2019).

2.5.2. Wireless/loT-Based Dynamometer
Disadvantages

Sampling and Data Rate Limitations:

Due to baud rate limitations in wireless systems, the
sampling rate is lower than in wired systems
(approximately 230,400 bps)(Uquillas & Hsiao, 2016).
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Aliasing may occur in the signal due to sampling that is
not fully compliant with Nyquist's theorem(Uquillas &
Hsiao, 2016).

Some high-frequency components may not be directly
detectable; undersampling techniques may be
required(Uquillas & Hsiao, 2016).

The system architecture has a lower frequency response
compared to commercial piezoelectric dynamometers
such as wired Kistler units( Korkmaz, M. , 2019).

Wireless Communication Problems:

RF-based modules have a limited communication range
(approximately 20 m).Wireless communication may be
affected by noise, obstacles, metal surfaces, and signal
attenuation( Korkmaz, M. , 2019).

Limitations of IR Communication
Line of sight between receiver and transmitter is required.

The infrared system must be on the same axis to receive
the signal correctly.

Additional compensation is required for thermal
drift(Vasquez Céspedes, 2011).

2.5.3. Wireless/loT-Based Dynamometer Applications
Early detection of chatter (vibration) onset during turning.
Real-time monitoring of cutting force.

Online process monitoring via tool holder.

In-machine applications where wired dynamometer use is
not feasible(Uquillas & Hsiao, 2016).

Remote cutting force monitoring on lathes and milling
machines.
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e Real-time monitoring for tool wear, tool breakage, and
process control.

e Industry 4.0 and loT-focused smart production systems.

e Mobile/compact production cells requiring wireless data
collection( Korkmaz, M. , 2019).

STATIC CUTTING FORCE

F ==
Fa 3 [ jl:mu. .M:cll-l;mon’ -
Fy card
-
.-

ALcolromaton

/!

etosse } o

DYMAMIC CUTTING FORCE

\/

S~
F ~,
T~ 7N | [ Dmamometer

[y,

Figure 4. Schematic representation of a wireless-based
experimental setup (Yaldiz & Unsagar, 2006a).

2.6. MEMS-Based Dynamometer Systems

MEMS-based force sensors are micro-scale structures that
indirectly detect force by measuring the natural vibration
frequencies of polycrystalline silicon resonators, which change
when force is applied. Their compact size allows them to be
directly integrated into tool bodies, while this resonator-based
structure provides high sensitivity and a wide bandwidth response.
The fact that the technology is still in the experimental stage
indicates that the full integration of these sensors into commercial
dynamometer systems may take time(Vasquez Céspedes, 2011).

MEMS-based piezoresistive strain gauges are micro-scale
sensor elements based on the principle that silicon-based
piezoresistors change resistance in response to mechanical strain.
The MEMS strain gauge used in the study consists of a sandwich
structure with a piezoresistive semiconductor element, gold
interconnect wires, a metal pad, and a metal pin in the middle
layer, with the top and bottom layers coated with polyimide
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insulation. This structure is suitable for integration into smart
cutting tools due to its small size, high sensitivity, large resistance
value, and MEMS production techniques suitable for mass
production. The electrical resistance of the commercial MEMS
strain gauge used is reported to be 1000 Q, with a sensitivity
coefficient of 150 + 5% and dimensions of 3 x 0.20 x 0.04 mms,
Based on these characteristics, the MEMS sensor was selected to
measure cutting forces in the X and Y directions in the developed
smart cutting tool(Y Zhao vd., 2018; You Zhao, Zhao, & Ge,
2018).

The MEMS-based semiconductor strain  gauges
developed in this study offer significantly higher sensitivity
compared to traditional metal foil sensors due to their high gauge
factor values. The sensor's natural frequency, measured at
approximately 771 Hz, demonstrated that it can respond quickly
and stably to cutting force changes in dynamic tests. This
performance demonstrates that MEMS-based structures are a
powerful alternative for reliably monitoring dynamic cutting
forces in high-speed machining applications(You Zhao vd.,
2016).

In the relevant study, a compact dynamometer equipped
with MEMS-based piezoresistive strain gauges was developed to
measure the two-axis cutting force during turning. The sensors
were integrated into a dual octagonal ring (TMPOR) structure
positioned perpendicular to each other; they were placed in the
maximum strain regions determined by finite element analysis to
enable direct detection of deformation. The sensitivity value
obtained with this design was reported as 0.31 mV/N, and the
natural frequency as 771 Hz; it was also noted that approximately
16 times higher sensitivity was achieved compared to traditional
foil-type strain gauges(Mohanraj, Uddin, & Thangarasu, 2023).

222



Makine Miihendisligi

2.6.1. Advantages of MEMS-Based Force Sensors

Micro size and ease of integration: MEMS sensors are
very small in size; they can be integrated into the cutting
tool body or tool holder, positioned very close to the
cutting zone, and do not restrict the movement area on the
machine(Mohanraj vd., 2023; Vasquez Céspedes, 2011,
Y Zhao vd., 2018; You Zhao vd., 2018).

High sensitivity / high gauge factor: Semiconductor-
based MEMS piezoresistors offer sensitivity levels that
are tens of times higher (approximately 16 times and
~1504£5% gauge factor levels) compared to metal foil
strain gauges; this enables even very small force changes
in three axes to be reliably detected(Mohanraj vd., 2023;
Y Zhao vd., 2018; You Zhao vd., 2018, 2016).

High rigidity + sensitivity combination: MEMS
elements enable measurements without compromising
sensitivity while significantly preserving the rigidity of
the sensor structure(Y Zhao vd., 2018; You Zhao vd.,
2018, 2016)

Low mass and high natural frequency: The small size
and low mass of the sensors increase the system's natural
frequency (approximately 700-770 Hz and surrounding
frequencies) and enable the monitoring of dynamic forces
even under high-speed machining conditions(Mohanraj
vd., 2023; Y Zhao vd., 2018; You Zhao vd., 2018, 2016).

Reduced cross-talk: When combined with optimized
carrier structures such as octagonal rings, the cross-talk
ratio between axes can be reduced to a range of 0.14—
4.4%; in some designs, cross-talk between the X-Y
directions has been reported to be only around 2-3%(Y
Zhao vd., 2018; You Zhao vd., 2018, 2016).
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Compact structure, mass production, and relatively
low cost: MEMS production technologies enable the
creation of precise, repeatable, and relatively low-cost
sensors through microfabrication processes suitable for
mass production. Small size allows for compact sensor
designs integrated with cable channels and Wheatstone
bridge circuits(Mohanraj vd., 2023; Vasquez Céspedes,
2011; Y Zhao vd., 2018; You Zhao vd., 2018, 2016).

MEMS-based force sensors are suitable for the
development of “smart tool” structures embedded in
cutting tools, real-time force monitoring, and integration
into Industry 4.0/loT-based condition monitoring and
predictive maintenance systems(Mohanraj vd., 2023;
Vasquez Céspedes, 2011; You Zhao vd., 2018, 2016).

2.6.2. Disadvantages/Limitations of MEMS-Based
Force Sensors

Temperature sensitivity: Semiconductor piezoresistors
are more affected by temperature changes than metal
strain gauges; their temperature coefficients are high and
temperature compensation is required(You Zhao vd.,
2018; Y Zhao vd., 2018; Mohanraj vd., 2023; You Zhao
vd., 2016).

Connection and mounting precision: The performance

of MEMS sensors is highly sensitive to bonding quality,
adhesive thickness, sensor position, and surface
preparation. Minor errors in connection can negatively
impact linearity, repeatability, and overall accuracy,
particularly on certain axes (e.g., Fp)(Y Zhao vd., 2018;
You Zhao vd., 2018, 2016).

Limited deformation/tolerance range: MEMS sensors
are typically designed for small deformation ranges; they
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can be damaged under high loads and extreme
deformation conditions, thus requiring special packaging
and protective layers(Mohanraj vd., 2023).

Sensitivity to environmental effects: Due to micro-
connections and thin film structures, they are more
sensitive to environmental factors; this requires
additional design measures in terms of long-term stability
and durability(Mohanraj vd., 2023).

Natural frequency deviations due to system
assembly: The rigidity of the bench-tool assembly may
cause the natural frequency values obtained in the
laboratory environment to decrease slightly under actual
operating conditions; this indicates that dynamic
performance depends on assembly conditions(You Zhao
vd., 2016).

2.6.3. Main Applications of MEMS-Based Force
Sensors

Measurement of three-axis cutting forces in turning
and other chip removal processes: Simultaneous
measurement of Fc, Ff, and Fp components; analysis of
load distribution and cutting mechanism in the chip
removal zone(Mohanraj vd., 2023; Vasquez Céspedes,
2011; Y Zhao vd., 2018; You Zhao vd., 2018, 2016).

Tool wear and tool condition/tool life monitoring:
Since it can detect small changes in cutting force
components, it can be used for early detection of tool
wear and deterioration in cutting conditions; it
contributes to the optimization of cutting parameters (\Vc,
f, ap)(Mohanraj vd., 2023; Y Zhao vd., 2018; You Zhao
vd., 2018, 2016).
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Chatter analysis, dynamic force behavior: Thanks to
high natural frequency and sensitivity, vibration, chatter
onset, sudden loads during start-stop, and dynamic force
fluctuations can be examined in detail(Mohanraj vd.,
2023;'Y Zhao vd., 2018; You Zhao vd., 2018, 2016).

Smart cutting tools and  micro-machining
applications: “Smart tool” designs with force sensors
embedded directly into the tool body on CNC lathes and
milling machines; micro-force measurement in micro-
manufacturing processes such as micro-milling and
micro-turning(Mohanraj vd., 2023; Vasquez Céspedes,
2011; Y Zhao vd., 2018; You Zhao vd., 2018).

General sensor applications: Can be used to measure a
wide variety of physical quantities such as vibration,
acceleration, pressure, and micro-motion
detection(Mohanraj vd., 2023).

3. COMPARISON OF DYNAMOMETER
PERFORMANCE

Dynamometer systems based on different sensor

technologies show significant differences in measurement
performance. These systems are generally evaluated according to
the following criteria:

Accuracy (sensitivity)
Cross-talk

Dynamic response frequency
System cost

Calibration difficulty

Modularity and ease of integration
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3.1. Sensitivity and Responsiveness

Piezoelectric systems are among the technologies that
provide the highest sensitivity. For example:

In the article studied, the piezo-based system operates
with 0.1 N sensitivity and has an error rate below 1.5%(Horvath
vd., t.y.).

Totis and Sortino (2011) reported that the usable
frequency bandwidth in the piezo-ring modular dynamometer
they developed could be extended to approximately 1 kHz in all
axes with appropriate filtering; in contrast, the system frequency
response in the commercial plate-type piezoelectric dynamometer
examined for comparison remained below 500 Hz(Totis &
Sortino, 2011).

The MEMS-based sensor developed by Mohanraj et al.
consists of piezoresistive strain gauges placed on two octagonal
rings (TMPOR) positioned perpendicular to each other for two-
axis force measurement. The sensitivity achieved per axis in the
developed sensor is 0.31 mV/N, and its natural frequency is
reported to be 771 Hz(Mohanraj vd., 2023).

In the MEMS-based smart cutting tool developed by Zhao
et al. (2018), the sensitivity for cutting forces in the X and Y
directions was obtained as 0.1 mV/N on both bridges. As a result
of static calibration, the cross-interference error was reported as
1.97% in the X direction and 3.03% in the Y direction(Y Zhao
vd., 2018).

Although strain gauge-based systems generally provide
lower sensitivity, many studies have demonstrated that they can
perform force measurements with sufficient accuracy.

Rizal et al. (2018) reported that the sensitivity of their
developed three-axis strain-gauge-based dynamometer was in the
range of approximately 31.3x1073 — 172.4x10 mV/N and that
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the cross-sensitivity error remained below 0.87% for the radial
force component in particular(M. Rizal vd., 2018).

The compilation highlights that different ring geometries
significantly affect measurement sensitivity; in particular,
elliptical octagonal rings increase sensor sensitivity by producing
higher deformation(Mohanraj vd., 2023).

The smart cutting tool developed based on the static
calibration results of the article has a sensitivity of 0.1 mV/N in
both the X and Y directions, and this value provides sufficient
sensitivity to detect changes in small cutting forces(Y Zhao vd.,
2018).

The study indicates that the straight rod-type load cell
used in the study exhibits sufficient sensitivity to small tangential
force changes, particularly in POM and PTFE materials with low
elastic moduli, and that the static calibration provides a linear
response in the range of 0.05-0.5 N(Umurani & Siregar, 2019).

The four strain gauge load cells used in the study were
able to directly and linearly detect the shear forces generated
during the processing of EN8 steel; the near-perfect agreement
between the experimental values and the predicted values
demonstrated that the sensor arrangement had sufficient
sensitivity(Projoth vd., 2021).

In the study, it was observed that the geometric
optimization of the elastic region in the team body enabled the
thin film strain sensor to detect local deformation more
effectively, thereby significantly increasing the sensor's static
sensitivity(Cheng vd., 2022).

The study demonstrated that three full-bridge circuits
formed with thin-film resistive grids provided a highly linear
response and that the film sensor's Ni—Cr alloy significantly
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increased the dynamometer's measurement sensitivity due to its
high strain coefficient(Zhang vd., 2019).

Static calibration results show that the newly designed
triaxial piezoelectric dynamometer operates with less than 6%
static error and less than 3% cross-talk in all three axes, providing
sufficient measurement accuracy under semi-finish and finish
machining conditions(Totis & Sortino, 2011).

The developed strain gauge dynamometer can measure
cutting and feed forces up to 200 kg. The experimental results
show that the force values increase linearly with increasing chip
depth, demonstrating that the sensor has sufficient sensitivity(Lad
& Patel, t.y.).

3.2. Dynamic Response and Frequency Performance

Measurement success under dynamic loads is particularly
important in intermittent cutting operations:

Totis and Sortino (2011) reported usable frequency
bandwidths in the X, Z, and Y directions as 656 Hz, 544 Hz, and
984 Hz, respectively, in a piezo-ring modular dynamometer;
while noting that in the reference commercial plate-type piezo
dynamometer configuration, the system frequency response
remained below 500 Hz, and therefore force data could be
collected over a wider frequency band with the new system(Totis
& Sortino, 2011).

The study states that the natural frequency of a
dynamometer must be at least four times that of its shear
vibrations, and therefore increasing ring stiffness and reducing
mass improves the dynamic response(Mohanraj vd., 2023).

The study indicates that, thanks to the high sensitivity and
linearity achieved by the sensor, the smart cutting tool possesses
the dynamic stability required for use in high-speed and precision
machining conditions(Y Zhao vd., 2018).
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The experimental results obtained show that the tangential
force response changes stably without causing sudden
fluctuations at different spindle speeds, thus demonstrating that
the system has sufficient dynamic stability under low-speed
machining conditions(Umurani & Siregar, 2019).

The fact that the experimental and estimated force values
closely match at each test point of the rotating system proves that
the load cell provides a stable dynamic response under varying
speed, feed rate, and cutting depth conditions during CNC
turning(Projoth vd., 2021).

In static loading tests, the strain and output voltage curves,
which respond instantly to the applied force and reach a stable
level in a short time, demonstrate that the system has sufficient
response speed under dynamic measurement conditions(Cheng
vd., 2022).

Finite element analysis has confirmed that the
dynamometer has a fast and reliable measurement response under
high rigidity by revealing that maximum stress is concentrated at
the sensor center and creates a stable deformation distribution
within the structure(Zhang vd., 2019).

The frequency bandwidth of the dynamometer has been
determined as 656 Hz in the X direction, 544 Hz in the Z
direction, and 984 Hz in the Y direction; it has been confirmed
that the usable bandwidth can be extended up to 1 kHz in all axes
with appropriate filtering(Totis & Sortino, 2011).

In impact-response tests, the device's natural frequencies
were determined to be 737 Hz in the horizontal direction and 1067
Hz in the vertical direction, demonstrating that the design
possesses a high level of dynamic performance capable of
suppressing vibration effects(M. Rizal vd., 2018).
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The load cell developed in this study was confirmed to
operate safely within its designed force range of up to 200 kg. The
experimental results showed that even the maximum force of
65.92 kg remained well below the design limit, thus confirming
the system's safety under the given load conditions(Lad & Patel,

ty.).
3.3. Cross-Talk and Separation Success

Signal interference between axes is a significant problem
when measuring force on multiple axes.

In the octagonal ring-based dynamometer developed by
Rizal et al. (2018), cross-interaction between axes was reduced to
0.87% thanks to the geometrically optimized ring structure,
thereby significantly improving the independent measurement of
force components(M. Rizal vd., 2018).

It has been stated that cross-sensitivity can be reduced by
accurately determining the strain regions in octagonal and
derivative ring structures; and that appropriately positioned strain
gauges can reduce cross-talk values to below 1%(Mohanraj vd.,
2023).

According to the static calibration findings, the cross-talk
values in the X and Y directions of the system were measured as
1.97% and 3.03%, respectively; this low level of cross-talk
indicates that each axis can accurately detect its own force
component independently of the other(Y Zhao vd., 2018).

Since the straight rod-type load cell used in the study has
a single-axis structure that can only measure the tangential force
(Ft), the sensor directly detects the Ft component, eliminating the
need for force separation required in multi-axis systems(Umurani
& Siregar, 2019).

The load cell dynamometer used in the study was
employed to measure a single component of the cutting force
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during the turning process; no application involving the
separation of force components or the analysis of interactions
between axes has been reported(Projoth vd., 2021).

Placing the thin film resistance grid in the area of the tool
body where stress is highest allows the sensor to directly detect
the local deformation caused by the applied external force,
thereby increasing measurement sensitivity(Cheng vd., 2022).

The film grids symmetrically placed on the
dynamometer's octagonal connection plate and three full-bridge
circuits effectively reduce the interaction caused by
multidirectional forces in the system by separating the Fx and Fz
components via circuit 3(Zhang vd., 2019).

In static tests, the fact that the cross-talk values between
axes fell below 2.94% between Fx—Fy and below 1.81% between
Fz—Fx/Fy demonstrates that the sensor can significantly separate
the three force components from each other(Totis & Sortino,
2011).

In the cross-sensitivity analysis, it was determined that the
error rate in the Fr direction was only 0.87%, while errors in other
components mostly remained below 5%; only the Ff component's
effect on the Fc measurement reached 9.58%(M. Rizal vd., 2018).

3.4. Cost and Ease of Implementation
Strain gauge systems stand out in terms of cost:

The cost of the strain gauge system developed in Lad and
colleagues' study was calculated to be only X7,190(Lad & Patel,
ty.).

The single-axis flat bar load cell-based dynamometer
developed by Umurani and Siregar (2019) can be produced at a
cost of only 120 USD, making it a suitable alternative for low-
budget applications requiring simple force
measurement(Umurani & Siregar, 2019).
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Véasquez Céspedes (2011) emphasizes that although
piezoelectric-based force measurement systems offer high
performance, their installation and maintenance costs are quite
high due to high insulation requirements, the need for special
quartz  sensors, amplifiers, and signal  conditioning
circuits(Vasquez Céspedes, 2011).

Although piezoelectric dynamometers offer high
sensitivity and wide bandwidth, their costs are high for small and
medium-sized enterprises; in contrast, strain-gauge-based
systems offer low-cost and more easily implementable
solutions(Mohanraj vd., 2023).

Commercial MEMS strain gauges, with their small size,
high resistance, and high sensitivity, have enabled the
development of a compact, lightweight, and low-cost solution
that can be integrated into CNC machines without requiring any
additional modifications(Y Zhao vd., 2018).

Developed in line with the fundamental design objectives
of simplicity and low cost, the dynamometer was produced at a
total cost of 120 USD. Thanks to its compatibility with Arduino-
based data acquisition systems and its easy assembly structure, it
offers an economical and practical solution(Umurani & Siregar,
2019).

The load cell can be directly attached to the tool holder,
the sensor-bridge structure is made up of ready-made units, and
measurements can be read instantly via the panel, demonstrating
that the system is easy to implement without requiring additional
hardware and is suitable for workshop use(Projoth vd., 2021).

The developed thin-film sensor tool design allows the
sensor to be directly integrated into the tool body, eliminating the
need for an additional dynamometer, thereby simplifying the
system structurally and facilitating application(Cheng vd., 2022).
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The vacuum soldering of the film sensor directly to the
elastomer eliminates errors caused by adhesive processes,
simplifying assembly while providing a more stable sensor
integration for long-term use(Zhang vd., 2019).

The modular structure, in which the piezo-ring sensor is
integrated into a commercial tool shank, allows the cutting edge
to be replaced without disturbing the sensor's preload, providing
significant ease of application in industrial use(Totis & Sortino,
2011).

The placement of octagonal rings between two plates in
the standard tool holder has increased ease of application by
enabling the system to be installed without requiring additional
structural modifications to the lathe(M. Rizal vd., 2018).

3.5. Modularity, Integration, and Usability

Systems suitable for tool integration are more
advantageous for production environments:

Cheng et al. (2022) developed three different integration
architectures that enable fast sensor mounting, easy replaceability,
and real-time force measurement across multiple ranges in lathe
tool structures with integrated thin-film sensors(Cheng vd., 2022).

Totis & Sortino (2011) emphasized that the sensor's
preload remains unaffected during cutting edge replacement
thanks to the piezo ring sensor's modular cartridge design, and
that this is one of the system's most important design
advantages(Totis & Sortino, 2011).

The modular load cell-based dynamometer developed by
Khammongkhon et al. (2025) is capable of measuring the main
cutting force up to 300 kgf. Thanks to its compact and modular
design, it offers an extremely suitable solution for industrial
applications in terms of maintenance, integration, and
portability(Khammongkhon vd., 2025).
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The ability to place MEMS strain gauges in special slots
opened in the body of the designed smart cutting tool and to
organize Wheatstone bridges directly on the tool demonstrates
that the system provides high compatibility and easy integration
on CNC machines(Y Zhao vd., 2018).

The ability to directly connect the straight rod load cell to
the tool holder and display measurement data instantly via the
Arduino-LCD system demonstrates that the dynamometer has a
practical and user-friendly design that can be integrated into
conventional lathe machines without requiring additional
modifications(Umurani & Siregar, 2019).

The load cell and sensor assembly are integrated into a
single body, allowing the dynamometer to be directly attached to
the tool post of the lathe; this enables the system to be used in a
CNC environment without requiring any additional
adapters(Projoth vd., 2021).

The three different integration architectures presented in
the study, featuring an elastic sleeve, quick-attach/detach design,
and a locking mounting mechanism, have increased the system's
flexibility by enabling the thin-film sensor to be mounted onto the
assembly in a fast, reliable, and replaceable manner(Cheng vd.,
2022).

The flange-connected structure compatible  with
interchangeable tip geometries and the vacuum-secured mounting
of the sensor to octagonal plates enable the dynamometer to be
easily used by recalibrating it for different tool
configurations(Zhang vd., 2019).

The modular cartridge design allows different positive and
negative tip geometries to be easily attached to the same body,
enabling the dynamometer to be integrated with high
compatibility into multi-axis turning operations(Totis & Sortino,
2011).
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The geometric design of the dynamometer allows the
sensor arrangement to remain unchanged despite the replacement
of the tool shank, making the system a modular and easily
adaptable measurement tool for different turning operations(M.
Rizal vd., 2018).

The ability to connect the Arduino-based data acquisition
card directly to the strain gauge circuit and integrate it into a
standard lathe tool post without requiring any additional
structural modifications has demonstrated that the system is
highly suitable for practical and educational use(Lad & Patel,

ty.).
3.6. Comparative Analyses

Comparing dynamometer systems used on lathe machines
in terms of performance, ease of application, cost, and analysis
capability plays a critical role in selecting the most suitable
solution for application needs. The following table compares
common dynamometer types based on fundamental criteria:

Table 1. Comparison of dynamometer types based on
fundamental criteria

Feature / System Strain Piezoelectric Film Load Wireless/loT MEMS
Type Gauge Sensor Cell

Sensitivity Medium- Very High Low High Sensor- Very
High dependent High

Dynamic Medium Very High Low Medium | Medium High

Response

Cost Low High Very Medium | Medium- High

Low High

Ease of Medium Difficult Easy Easy Easy Difficult

Application

Mounting Medium Difficult Easy Easy Medium Difficult

Difficulty

Data Processing Medium High Low Low High High

Requirement

Environmental Medium Low High Low Medium Medium

Susceptibility

As seen in this analysis, piezoelectric systems are the
strongest candidates in terms of measurement accuracy and
dynamic response. However, they have limitations in widespread
industrial use due to cost and complexity. Strain gauge systems
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provide a reliable solution by offering sufficient accuracy at an
affordable cost. In contrast, film sensor systems are generally
preferred for low-budget experimental work. Wireless systems
offer ease of use and mobility, while MEMS systems are seen as
the technology of the future for high-precision applications at the
micro scale.

4. CHALLENGES AND FUTURE RESEARCH
AREAS

Dynamometer systems have made significant advances
with the development of sensor technologies, increased data
processing capacity, and the widespread adoption of digital
manufacturing approaches. However, there are still some
technical challenges to be overcome for high-precision force
measurement, and research areas that require focus in the future.

4.1. Challenges

e High temperature: Can negatively affect sensor
performance and stability.

e Mechanical noise and vibration: Another important
factor that can limit measurement accuracy.

e Energy management in wireless systems: Battery life
and power consumption are significant limitations.

e Calibration complexity: Separate calibration of each
axis is challenging in multi-axis systems.

e System integration: Requires mechanical and software
compatibility with CNC machines.

e Data processing load: High sampling frequencies
generate large data volumes, increasing the real-time
analysis load.
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4.2. Future Trends

e Sensor fusion: Combining MEMS, piezoelectric, and
thin-film sensors can achieve a wider measurement range
and higher accuracy.

e Al-assisted monitoring: The use of machine learning
algorithms for real-time interpretation of cutting forces is
increasing.

e Micro sensors integrated into tools: In the future,
continuous force monitoring will be possible by
embedding MEMS-based sensors directly into cutting
tools.

e Real-time cloud data analysis: With 5G and loT
infrastructures, remote instant processing of cutting force
data is becoming possible.

e Energy-harvesting sensor systems: New technologies
are being developed that aim to reduce the need for
batteries in wireless measurement units.

e Hybrid sensor structures: New-generation force
sensors that use multiple sensor technologies together
within the same body are on the agenda.

The assessment presented in this section is a synthesis of the
general trends reported in the current literature.

5. CONCLUSION

In this compilation study, dynamometer systems used in
lathe machines have been examined in terms of their technical
specifications, performance criteria, application areas, and
limitations. Strain gauge, piezoelectric, film sensor, load cell, loT
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systems, and MEMS-based approaches offer various advantages
and disadvantages in the literature.

e Strain gauge systems stand out in terms of low cost and
widespread use,

e Piezoelectric systems are the most powerful solution for
high-frequency monitoring.

e Film sensors provide flexible solutions in micro-
production areas,

e Load cells are preferred in terms of robustness and
accuracy.

e 0T systems offer modern solutions in terms of data
transmission,

e MEMS systems are integrated into future-oriented smart
tool technologies.

In future studies, making sensors smarter, smaller, and
more energy efficient will enable these systems to be used more
effectively in turning processes.

Dynamometer systems used in turning machines play a
vital role in monitoring, evaluating, and improving contemporary
production processes. Strain gauge, piezoelectric, film sensor,
load cell, wireless/loT, and MEMS-based systems each have
different advantages and limitations. The selection of these
systems varies depending on the application requirements,
budget, desired accuracy, and depth of data analysis.

This study presents a comparative analysis of the
structural principles, advantages/disadvantages, and application
areas of different technologies, while also shedding light on
future development areas. Developments in sensor technology, in
particular, are paving the way for more compact, accurate, and
intelligent dynamometer systems. Piezoelectric and MEMS-
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based systems have been found to be prominent for high-
precision and multi-axis measurements, while strain gauge
systems stand out for their cost/performance balance. With the
impact of Industry 4.0, the use of wireless and cloud-based
systems will increase in the future.

In this review study, dynamometer systems used in lathe
machines were systematically examined in terms of design
principles, performance criteria, and application areas. Solutions
based on different technologies, such as strain gauges,
piezoelectric, thin film, load cell, MEMS, and wireless systems,
were evaluated with data obtained from 40 articles.

Strain gauge-based systems stand out due to their low cost,
ease of manufacture, and suitability for educational applications.
These systems have provided satisfactory accuracy results across
a wide range of machining parameters. However, certain
technical limitations, such as temperature and cross-sensitivity,
should be considered(Hanif vd., 2016; Kasprzak & Pyzalski,
2021; Kazmi, t.y.; Khammongkhon vd., 2025; Lad & Patel, t.y.;
Oztiirk & Yildizli, 2018; Panzera vd., 2012a; Panzera, Souza,
Rubio, Abrdo, & Mansur, 2012b; Reyes Uquillas & Syh-Shiuh
Yeh, 2015; M. Rizal vd., 2018; Saruulbold S. & Oyunbat G.,
2022; Sharma, Singh, & Jindal, t.y.; Thangarasu, Shankar, Tony
Thomas, & Sridhar, 2018; Uquillas & Hsiao, 2016; Vadgeri, Patil,
& T.Chavan, 2018; Yaldiz & Unsacar, 2006a, 2006b; You Zhao,
Zhao, Liang, & Zhou, 2015).

Piezoelectric systems are preferred systems, especially for
precision processing applications, and have a measurement
capacity down to 0.1 N. Thanks to their wide-band frequency
response, they deliver high performance in dynamic applications.
However, these systems are generally more expensive and more
complex to integrate(Bharilya, Malgaya, Patidar, Gurjar, & Jha,
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2015; Horvéath vd., t.y.; Kumar & Yadav, 2023; Muhammad Rizal,
Ghani, & Mubarak, 2022; Totis & Sortino, 2011).

Film sensor and MEMS-based systems stand out in
compact and integrated designs. These technologies enable built-
in measurement in modern CNC machines. Cross-sensitivity in
MEMS systems has been reduced to very low levels and
bandwidth has been increased(Cheng vd., 2022; Mohanraj vd.,
2023; Othman, Ramli, Mamat, & Abd Aziz, 2022; Zhang vd.,
2019; Y Zhao vd., 2018; You Zhao vd., 2018, 2016).

Wireless communication and microcontroller-based
systems such as Arduino are gaining popularity in low-cost,
portable, and Industry 4.0-compatible applications. These
systems are particularly well-suited for applications such as
remote  monitoring, data logging, and cloud-based
analysis( Korkmaz, M. (2019); Uquillas & Hsiao, 2016; Vasquez
Céspedes, 2011).

Load cell systems are widely used in industrial turning and
heavy machining applications due to their high durability, linear
response, and reliable performance across a wide range of forces.
These structures provide a practical and stable solution in both
production environments and workshop-type measurement
setups thanks to their robust body designs and easy calibration
features( Ozdemir, H. (2006); Gunay vd., 2006; Projoth vd.,
2021; Umurani & Siregar, 2019).
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Tablo 2. Overall Assessment

System Type | Sensitivity Cost Integration | Dynamic | Application Area
Response

Strain Medium Low High Low / Education, R&D,

Gauge Medium basic force
measurement

Piezoelectric | Very High | High Medium Very High | Precision
machining, process
monitoring

Film Sensor- | High Medium | Very High Medium/ | Tool-integrated

Based High systems, micro-
manufacturing

MEMS- High Medium | Medium High Micro-

Based / High manufacturing,
robotics, smart
tooling

Wireless Medium Low High Medium Remote

(loT) monitoring,
automation

Load Cell- Medium / Medium | Medium Medium Industrial turning,

Based High heavy machining,
high-force
measurement
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EKLEMELI IMALATTA LAZER ARDIL
ISLEMLER

Mahmut OZER!?

1. EKLEMELI iMALAT

Eklemeli imalat (Ei), toz, tel veya fotokirlenebilir
recinelerin katman katman biriktirilmesiyle karmagik geometriye
sahip par¢alarin dogrudan sayisal modelden iiretilmesini saglayan
bir imalat yaklagimidir (Herzog, Seyda, Wycisk, & Emmelmann,
2016; Islam vd., 2024). Gunumuzde polimer, seramik ve metal
esasli ¢ok genis bir malzeme yelpazesi EI ile islenebilmekte;
havacilik, otomotiv, enerji ve biyomedikal gibi alanlarda prototip
liretiminin Gtesine gecerek son kullanim parcalarinin {iretimi
muimkun héle gelmektedir(Dadkhah, Tulliani, Saboori, & luliano,
2023). Bu tablo i¢inde 6zellikle metalik alagimlarin lazer tabanli
toz yatakli ergitme (PBF-L/SLM), elektron 1sinli ergitme (PBF-
EB) ve yonlendirilmis enerji biriktirme (DED) gibi siireglerle,
dovme veya dokiim muadilleriyle kiyaslanabilir yogunluk ve
mekanik 6zelliklere sahip olacak sekilde tiretilebilmesi biiyiik ilgi
toplamaktadir (DebRoy vd., 2018; Herzog vd., 2016).

Bununla birlikte, katmanli yap1 ve lokal ergitme/katilagsma
dongiileri, ylizey biitiinligli a¢isindan Onemli smirlamalar
dogurmaktadir. Lazer veya elektron 151 ile ergitilen toz
tabakalari, merdiven basamagi etkisi, kismen ergimis tozlarin
yapismasi, bilyelenme ve sigrama gibi olgular nedeniyle yiiksek
ylizey puriizliligii ve dalgali topografiye sahip as-baski ylizeyler
olusturur (Dadkhah vd., 2023; DebRoy vd., 2018). DebRoy ve
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ark. metal Ei parcalarinda ortalama yiizey piiriizliiliigiiniin
katman kalinlig1 ve yapi acisina kuvvetle bagli oldugunu, ince
katmanlarin piirlizliiliigli azaltmasina karsin ¢evrim siiresini ciddi
bi¢imde artirdigim1 vurgulamaktadir. Benzer sekilde seramik El
calismalarinda da, katmanli yap1 ve kismi sinterleme nedeniyle
kaba yiizeyler, boyutsal hassasiyet kaybi ve yiiksek artik porozite
yaygin olarak rapor edilmektedir. Bu nedenle metal ve seramik
bilesenler icin frezeleme, taslama, parlatma, kumlama, kimyasal
parlatma veya sicak izostatik presleme (sig) gibi ilave ardil islem
adimlar1 ¢ogu zaman kaginilmazdir.

Yiizey kaynakli bu kusurlar yalnizca geometrik bir
problem degil, ayni zamanda kritik mekanik ve islevsel
zayifliklarin da temel kaynagidir. Yiiksek yiizey piiriizliligi,
keskin centikler ve ¢ikintilar olusturarak yorulma ¢atlaklarinin
baslatilmast icin ideal gerilme y181lma bolgeleri yaratir. Metal Ei
pargalarinin yorulma davranisi {izerine yapilan ¢aligmalar, as-
baski kaba ylizeylerin yorulma Omriinii belirgin sekilde
kisalttigini; tornalama ve parlatma sonrasi yorulma sinirinin hem
El numunelerde hem de bazi alasimlarda dovme malzemenin
tizerine ¢ikabildigini gostermistir (DebRoy vd., 2018; Herzog vd.,
2016).Ayrica yiizeye ¢ok yakin konumlanmis makro-gdzenekler
ve lack-of-fusion bosluklari, ¢atlak uglarinda yerel gerilme
seviyesini birka¢ kat artirarak yorulma ve siirlinme hasarini
hizlandirmakta; artik gerilmeler ve anizotropik tane yapisi ile
birlikte parcanin hizmet Omriinde yiiksek sagilmaya neden
olmaktadir .

Dolayisiyla metalik eklemeli imalat bilesenlerinin
giivenilir sekilde kullanilabilmesi icin yiizey biitiinliigiiniin
kontrollli ardil islemler ile iyilestirilmesi kritik 6nemdedir. Bu
kitap boliimiinde, konvansiyonel mekanik yiizey islemleriyle
birlikte 6zellikle lazer tabanli ardil islemlerin (lazer yeniden
ergitme, lazer parlatma, lazer tekstirleme vb.) metal EI parcalarin
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ylizey kalitesi ve buna bagli mekanik/islevsel performans
tizerindeki etkileri ayrintili olarak tartigilacaktir.

2. LAZER ARDIL iSLEMLER

Eklemeli imalatla iiretilen parcalarin yiizey kalitesini
artirmak, geometrik hatalar1 gidermek ve mekanik ozellikleri
tyilestirmek amaciyla siklikla lazer tabanli ardil islemler
uygulanmaktadir. Bu islemler, yiiksek enerjili bir lazer 1simninin
malzeme ylzeyine odaklanarak belirli bir tarama stratejisiyle
ylizey iizerinde hareket ettirilmesine dayanir. Uygulama sirasinda
lazer, malzemenin yiizeyinde yeniden ergitme, ablasyon veya sok
dalgas1 olusturma gibi etkiler yaratarak yiizeyin mikro ve makro
ozelliklerini degistirir (Bruzzo, Catalano, Demir, & Previtali,
2021).

En yaygin yontemlerden biri lazer parlatma (laser
polishing) veya lazerle yeniden ergitme islemidir. Bu yontemde
lazer 1511, ylizeyde cok ince bir tabakayi ergitecek sekilde
odaklanir. Ergimis tabaka, yiizey gerilimi ve yercekimi etkisiyle
akarak mikro gukurlari doldurur ve ¢ikintilari diizlestirir. Tarama,
genellikle  “hatching”  denilen  satir-satir  desenlerle
gerceklestirilir. Bu yontem, hem diiz hem de karmasik
geometrilere sahip parcalar icin uygundur ve robotik sistemlerde
parca veya lazer kafasinin ¢ok eksenli hareketiyle uygulanabilir
(Yung, Xiao, Choy, Wang, & Cai, 2018).

Bir diger grup ultra kisa atimli (femtosaniye) lazerlerle
mikro isleme ve lazer mikro-tekstiirleme islemleridir.
Femtosaniye darbeli lazerler, 107'° saniye mertebesinde siireye
sahip atimlarla ¢alisir. Bu kadar kisa darbeler, malzemeyi ¢ok
sinirl bir 1s11 etki alaninda buharlastirarak mikro 6lgekli yapilarin
hassas sekilde islenmesini saglar. Lazer, ylizeyde raster veya
1zgara tarz1 desenlerde taranir; bu sayede mikro oluklar, cukurlar
veya mikro-dokular olusturulur(Worts, Jones, & Squier, 2019).
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Benzer prensip, Multi jet fuzyon (MJF) ile iiretilmis polimerlerde
lazer mikro-teksturleme yontemiyle uygulanarak yuzeyde diizenli
mikro yapilar olusturmak i¢in kullanilir (Wojdat, 2025).

Lazerle yiizey soklama (literatiirde Laser Shock Peening
olarak bilinir), yiizeye yiiksek enerjili kisa lazer darbeleri
gonderilerek ylizey altinda sok dalgalar1 olusturulmasi prensibine
dayanir. Parca yiizeyi genellikle su gibi saydam bir sikistirma
ortami ve ince bir sogurucu tabaka ile kaplanir. Lazer darbesiyle
plazma olusturulur ve bu plazmanin ani genlesmesiyle ortaya
cikan sok dalgasi, yiizey alt1 bolgede plastik deformasyon yaratir.
Bu yontem, o6zellikle metal pargalarin yorulma omriinii ve
dayanikliligini artirmak igin tercih edilir (Dilshad Alam Digonta
& Fatemi, 2024).

Ayrica lazer 151l 1s1l islem ve lazer temizleme gibi ardil
islemler de uygulanmaktadir. Lazer 1s1l iglemde, biiyiik 6lgekli
tiretimlerde katman araylizii kontrolli sekilde 1sitilarak i¢
gerilmeler azaltilir. Lazer temizleme isleminde ise darbeli lazer,
yuzeydeki oksit, kir veya toz kalintilarini kaldirarak bir sonraki
biriktirme katmani i¢in ylizeyi hazirlar (Meng vd., 2024).

Genel olarak lazer ardil islemler, yiizey piirtizliliigliniin
azaltilmasi, mikro yapmin rafine edilmesi, adezyon ve
1slanabilirligin artirilmasi gibi ¢ok yonlii amaglarla uygulanir. Bu
yontemler, eklemeli imalatla iiretilen pargalarin hem geometrik
dogrulugunu hem de mekanik performansini hedeflenen seviyeye
tasimak i¢in etkili ¢oziimler sunar (Layher, Eckhardt, Linke,
Hopf, & Bliedtner, 2023).

2.1. Lazer Parlatma

Lazer parlatma, eklemeli imalatla Gretilen metal
ylizeylerin ¢ok ince bir tabakasini yeniden ergiterek tepecik—
cukur yapisini ylizey gerilimi etkisiyle diizelten bir ardil islemdir.
Siirecte siirekli dalga veya darbeli lazer, belirli hat araligi ve
tarama hiziyla yiizey tizerinde satir satir gezdirilir; boylece

252



Makine Miihendisligi

merdiven basamagi etkisi, yapismis tozlar ve mikro centikler
azaltilir, ¢ogu durumda yorulma, korozyon ve tribolojik
performans iyilesir.

Secici lazer ergitme ile {iretilmis CoCr bilesenlerde,
karmagsik serbest formlu yilizeylerde odak uzakligimin yerel
egrilige gore ayarlandig1 katmanl parlatma stratejisi gelistirilmis
ve bu sayede farkli egriliklere sahip bolgelerde belirgin
plirtizliilik disiist saglanmistir (Yung vd., 2018). Elektron 1511
ile dretilmis Ti-6Al-4V alasiminda yapilan c¢alismada, lazer
parlatmanin plrtizliligi talagh islenmis seviyelere yaklastirdigi;
buna karsilik yeniden ergimis tabakada tanelerin inceldigi, faz
donlisimii ve kalint1 gerilme dagiliminda degisim olustugu
gosterilmistir (Tian vd., 2018).

Takim celigi bilesenlerde darbeli ve siirekli dalga
lazerlerin  karsilastirildigt  calismada, uygun parametre
penceresinde baslangictaki yiiksek piiriizliiliigiin 6nemli 6lgiide
azaltilabildigi, yiizey enerjisi ve sertlikte artis saglandigi rapor
edilmistir (Yung, Zhang, Duan, Choy, & Cai, 2019). EBM Ti-
6Al-4V icin yapilan yiizey karakterizasyonu c¢aligmasinda,
puriizlilik o6nemli oOlglide azaltilirken, baz1 parametre
araliklarinda tarama yOniine bagh catlaklar ve yiikselmis kenar
yapilart da gozlenmis, dolayisiyla yiizey biitiinliigli acisindan
parametre seciminin kritik oldugu vurgulanmigtir (Nesli &
Yilmaz, 2021).

Otomotiv sektoriine yonelik robotize hiicrede gelistirilen
calismada ise, Cr—Cu celik pargalarda salinimli 151n hareketine
dayanan otomatik bir lazer parlatma siireci uygulanmis; ylizey
goriintiilerinin makine 6grenmesi ile analiz edilmesiyle optimum
parametrelerin otomatik belirlenebildigi gosterilmistir. Lazer toz
yatagr ile iretilmis AISi10Mg numunelerde yerinde lazer
parlatma stratejileriyle {ist yiizey piiriizliilligli ve mikrosertligin
kontrol edilebildigi, hat aralig1 ve gecis sayisinin yiizey cevabini
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giiclii sekilde etkiledigi goriilmistiir (Zhou, Han, Li, Liu, Shen,
vd., 2021).

Lazer toz vyatagi ile dretilmis Ti-6Al-4V yorulma
numunelerinde, lazer parlatmanin piirtizliligi ve ¢cekme kalinti
gerilmelerini azaltarak yiksek cevrimli yorulma 6mrlni
tyilestirdigi; ek bir gerilim giderme tavi ile bu etkinin daha da
giiclendirilebildigi  gosterilmistir  (Lee, Ahmadi, Pegues,
Mahjouri-Samani, & Shamsaei, 2021). Cizgi odakli 151
kullanilan en giincel ¢alismada ise, paslanmaz ¢elik parcalarin
genis alanlariin tek gegiste islenebildigi, yanit yiizey yontemi ile
purtizlilik ve dalgaliigin  birlikte optimize edildigi
bildirilmistir(Kumar, Ramadas, Kumar, & Nath, 2025).

2.2. Lazer Yuzey Soklama

Lazerle ylizey soklama, eklemeli imalatla tiretilmis metal
pargalarda yiizeye yliksek enerjili kisa lazer darbeleri gondererek
su ve sogurucu tabaka altinda plazma kaynakli sok dalgalar
olusturan bir islemdir. Bu sok dalgalar1 yiizeye yakin bolgede
plastik deformasyon yaratarak milimetre mertebesine ulagabilen
basma kalint1 gerilme alanlar1 ve tane incelmesi olusturur;
boylece yorulma ve korozyon performansinin iyilestirilmesi
hedeflenir (Dilshad Alam Digonta & Fatemi, 2024; Guo vd.,
2018)

Lazer eklemeli Ti6Al4V alagiminda yapilan calismada,
lazerle ylizey soklama sonras1 a ve B fazlarinda 6rgii araliklarinin
azaldigy, tanelerin inceldigi, yogun ikizlenme olustugu ve ¢ekme
yoniindeki kalint1 gerilmelerin yiizeyden itibaren yiizlerce
mikrometre derinlige kadar basma gerilmesine doniistigi
gosterilmistir (Guo vd., 2018). Lazer eklemeli Inconel 718
tizerinde gergeklestirilen calismada, tepe lazer giici ve darbe
sayist degistirilerek yiizeyde birkag¢ yiiz MPa diizeyinde basma
kalint1 gerilme alanlari, artan mikrosertlik ve iyilesmis asinma
davranisi elde edilmistir (Jinoop, Subbu, Paul, & Palani, 2019)
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Lazer eklemeli 316L celiginde, ilk termal kalint1 gerilme
alani ile lazerle ylizey soklama sonrasi indiiklenen basma gerilme
alaninin etkilesimi incelenmis; hem boyuna hem enine yonlerde
cekme gerilmelerin basmaya dondiigi, yiizey ve yaklasik 1 mm
derinlikte sertligin ve akma dayaniminin arttigi rapor edilmistir
(Lu vd., 2020). Secici lazer ergitme ile iretilmis AISil0Mg
alasiminda lazerle yiizey soklamanin korozyon direnci iizerindeki
etkisini inceleyen ¢aligmada, uygun darbe enerjisi ve bindirme
oranlarinda ylizey gozenekliliginin azaldigi, yliksek biiytikliikte
basma kalint1 gerilmeleri ve sertlik artis1 ile korozyon hizinin
belirgin sekilde distiigii gosterilmistir (Maleki, Unal, Shao, &
Shamsaei, 2023).

Secici lazer ergitme ile iiretilmis 316L paslanmaz ¢elik
parcalarda ii¢c boyutlu lazerle yilizey soklama yaklasiminin
incelendigi calismada, standart iiretim donglisiine periyodik
lazerle yiizey soklama adimlarimin eklendigi hibrit bir siireg
tanimlanmis; ardisik katmanlar arasinda uygulanan bu islemle
bilesenin hacmi boyunca kalinti gerilme durumunun ve sertlik
dagilimmnin  degistirildigi, gozenek dagiliminin  yeniden
diizenlendigi ve sonugta yorulma o6zelliklerinde belirgin iyilesme
saglandig1 ortaya konmustur (Kalentics, de Seijas, Griffiths,
Leinenbach, & Logé, 2020).

2.3. Lazer Yuzey Tekstirleme

Lazerle yiizey tekstiirleme, eklemeli imalatla iiretilmis
metal ve polimer pargalarda ylzey topografisini mikro ve nano
Olcekte kontrollii olarak degistirmek i¢in kullanilan bir ardil
ylizey miihendisligi yontemidir. Yontemde odaklanmig lazer
demeti, belirli tarama desenleri (gizgiler, 1zgaralar, cukurcuklar,
biyomimetik sekiller vb.) ile yilizey iizerinde gezdirilerek
malzeme yiizeyinden sinirlt miktarda ablasyon yapilir veya tekrar
ergitme ile mikro kabartilar/dolgular olusturulur. Boylece yiizey
piriizliligi, dalga boyu ve yonlenmesi kontrol edilerek
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1slanabilirlik, siirtiinme, tutunma, biyolojik cevap veya yapistirma
performansi “programlanabilir” hale gelir (Mandal, Sharma,
Singh, & Ramkumar, 2022; Villapun vd., 2023).

Toz yatag fiizyonu ile iiretilmis Inconel 718 bilesenlerde,
sayisal modelleme ve deneylerin birlikte yiiriitiildiigii calismada
konveksiyon, Marangoni akist ve buhar geri tepmesiyle
sekillenen ergiyik havuzu davranisi analiz edilmis; ardindan toz
yatak ylzeyinde hat, daire, tarama ve digbiikey cukurcuk
desenleri olusturulmustur. Temas acist Olgiimleri, Ozellikle
digbiikey cukurcuk geometrisinin yiksek hidrofobiklik ve
belirgin ikinci seviye dalgali piriizlilik iirettigini gostermistir
(Mandal vd., 2022). Lazer toz yatag ile iiretilmis Ti-6Al-4V
implant kuponlarinda, femtosaniye lazerle kanal, 1zgara, tiggen ve
kopekbaligi derisi benzeri mikro dokular ile nano Olgekli
periyodik yiizey yapilari iiretilmis; bu yiizeylerde 1slanabilirlik,
kritik yuzey gerilimi ve kimyasal yapi ile birlikte MG63
hiicrelerinin tutunma, proliferasyon ve mineralizasyon davranisi
incelenmigtir. Farkli desenlerin hiicre cevabini farkli bigimlerde
yonlendirdigi, Ozellikle bazi mikro dokularin erken hiicre
ortinmesi ve mineralizasyonu belirgin sekilde artirdigi ortaya
konmustur(Villapan vd., 2023).

Polimer esasli eklemeli imalat pargalarinda yapilan
calismada, MJF ile iiretilmis PA12 numunelerin yiizeyine galvo
taramal1 fiber lazerle nokta, ¢izgi ve 1zgara tipi mikro dokular
islenmis; islem Oncesi ve sonrasi piiriizlilik, 1slanabilirlik ve
ylizey serbest enerjisi ayrintili olarak karsilastirilmistir. Belirli bir
1zgara geometrisi ile ylizey serbest enerjisinde yaklasik ytizde elli
artis ve referans as-baski duruma gore iki kattan fazla artmis
kayma dayanimina sahip yapistirma baglantilar1 elde edilmis;
MJF siireci ile lazer tekstlirlemenin birlikte, yapistirma
uygulamalarinda yiliksek performansli bir yiizey hazirlama
yontemi sundugu gosterilmistir (Wojdat, 2025).
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2.4. Lazer Yeniden Ergitme

Lazer yeniden ergitme, eklemeli imalatla Uretilen metal
parcalarin yiizeyinde veya belirli katmanlarinda mevcut
katilagsmis tabakanin tekrar lazerle ergitilmesine dayanan bir lazer
ardil islem tiiriidiir. Islemde, iiretim sirasinda olusan iist yiizey
tabakas1 veya her bir katman, ikinci bir lazer gecisi ile yeniden
ergitilir; ergiyik havuzundaki ylizey gerilimi ve Marangoni akis1
sayesinde tepecik—c¢ukur yapist yeniden diizenlenir, gézenekler
ylizeye dogru tasinarak kapanir, yilizey dalgaliligl ve piirtizliilik
azaltilir. Boylece ayni ekipman iizerinde hem eklemeli imalat
hem de ardil yiizey iyilestirme yapilabilen hibrit siirecler
tasarlanabilmekte; yiizey kalitesi, yogunluk, mikro yap1 ve
mekanik 6zellikler birlikte kontrol edilebilmektedir.

Lazer yeniden ergitme sirasinda olusan kalint1 gerilme
alaninin kokeninin incelendigi ¢alismada, yeniden ergitilen
bolgenin soguma sirasinda biizlilmesine bagli olarak tarama
yoniinde yiiksek c¢ekme kalinti gerilmeleri gelistigi; bu
gerilmelerin, eriyen Dbolgenin  mutlak boyutundan ¢ok
geometrisine ve sicaklik araligina duyarli oldugu gosterilmistir
(Gusarov, Pavlov, & Smurov, 2011). Lazer metal biriktirme ile
tiretilen 316L ¢elik yapilarda lazer yeniden ergitmenin ylizey
bitirme yontemi olarak kullanildigi calismada ise, robotize
sistemde aymi lazer kaynagi hem biriktirme hem de yeniden
ergitme i¢in kullanilmig; uygun giic ve bindirme oranlartyla
karmasik serbest yiizeylerde piiriizliiliik ve dalgaliligin anlamli
Ol¢iide azaltilabildigi, ancak bazi parametre araliklarinda
karakteristik bir ylizey tekstiirii de olusabildigi rapor edilmistir
(Bruzzo vd., 2021).

Yonlendirilmis enerji biriktirme sonrasinda lazer yeniden
ergitmenin etkisinin arastirildigi bir diger ¢alismada, demir ve
Inconel 625 tozlariyla iiretilen yiizeyler ii¢ farkli 1s1 girdisi ile
yeniden ergitilmis; iki ve ii¢ boyutlu Olclimlerle piiriizliiliik,
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dalgalilik ve gerilme yigilma katsayisi degerlendirilmistir.
Yeniden ergitme ile ortalama piriizliligiin ve mikro ¢entik
etkisinin belirgin sekilde azaldigi, ancak etkinligin malzemenin
termofiziksel 6zelliklerine (1s1l yaymim, iletkenlik vb.) duyarl
oldugu ortaya konmustur (dos Santos Paes vd., 2021). Secici lazer
ergitme ile iiretilmis AlSi10Mg alasiminda katman bazli lazer
yeniden ergitme stratejisinin incelendigi ¢aligmada, her {iretim
izinin hemen ardindan ayni bolgenin yeniden ergitildigi bir
yaklagim kullanilmig; bu sayede gozenekliligin azaltilarak
yogunlugun yaklasik %99,4 seviyesine ¢iktig1, {ist ve yan ylizey
puriizliliigiinin  diistigli ve soguma hizindaki artigla tane
boyutunun kiigiilerek mikrosertligin arttig1 gosterilmistir (Zhou,
Han, Li, Liu, & Yi, 2021) .

AlSi10Mg alagiminda farkli tarama stratejileri ve ¢oklu
yeniden ergitme gegislerinin  etkilerinin  karsilastirildigt
calismada, son tabakanin birden fazla yeniden ergitilmesiyle
ylizey plriizliliiglinin ~ birka¢  mikrometre  seviyelerine
indirilebildigi, porozitenin %0,1 mertebesine diisiiriilebildigi ve
tane incelmesiyle sertlikte artis saglandigi rapor edilmistir (Kuai,
Li, Liu, Liu, & Yang, 2022). Lazer toz yatagi ergitme ile tiretilmis
yukar1 bakan egimli yiizeylere sahip pargalarda ise, ¢ift lazerli bir
diizende Once egimli yiizeylerdeki gevsek tozlarin lazer kaynakli
sok dalgalartyla uzaklastirildigi, ardindan iiretim esnasinda
yerinde lazer yeniden ergitme uygulanarak pirazlulik, centik
derinligi ve gerilme yigilma katsayisinin azaltildigi; maraging
celigi ve Ti-6Al-4V numunelerde yorulma omrinun belirgin
bi¢imde iyilestirilebildigi gosterilmistir (Ordnung, Metelkova,
Cutolo, & Van Hooreweder, 2022). N625 alasiminda yapilan bir
baska calismada, farkli tarama acilar1 ve enerji yogunluklariyla
tiretilen kiibik numunelerin st ylizey deformasyonlari
incelenmis; son katmanlara uygulanan lazer yeniden ergitmenin
kenar ve kose kabarmalarini 6nemli 6l¢iide etkiledigi, uygun
hatve agis1 ve yeniden ergitme parametreleriyle iist yiizeydeki
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kenar/kdse ¢ikintilarinin  azaltilarak  boyutsal dogrulugun
iyilestirilebildigi ortaya konmustu (Paraschiv, Matache,
Constantin, & Vladut, 2022).

Bu caligmalar bir arada degerlendirildiginde lazer yeniden
ergitmenin, hem toz yatagi hem de yonlendirilmis enerji
biriktirme tabanli eklemeli imalat siireglerinde, ylizey kalitesini,
yogunlugu ve yorulma performansini iyilestirebilen, proses ig¢ine
entegre edilebilir bir ardil islem araci oldugu goriilmektedir.

2.5. Lazer Mikro isleme

Lazer Lazer mikro isleme, eklemeli imalatla tiretilmis
parcalarda 6zellikle femtosaniye ve pikosaniye darbeli lazerler
kullanilarak malzemenin dogrudan ablasyonla kaldirilmasina
dayanan bir ardil islemdir. Cok kisa darbe siireleri sayesinde 1sil
etkilenmis bolge ve yeniden katilasma tabakasi minimumda
tutulur; boylece yiiksek piiriizliiliige sahip 3B basilmis islemsiz
ylizeylerin iyilestirilmesi, destek bolgesi ve dar kanallarda
talagsiz bitirme, mikro oluk ve kenar agma gibi islemler, alt
malzemeye sinirlt 1s1l hasar vererek gergeklestirilebilir (Buser,
Hofele, Menold, Riegel, & Michalowski, 2024; Zheng vd., 2023).

Femtosaniye lazer darbeleri kullanilarak gerceklestirilen
bir calismada, metal yiizeyde hem ¢ikarimsal (ablasyon) hem de
yerel eklemeli yapilandirmanin miimkiin oldugu gosterilmis; faz
patlamas1 ile ylizeyden kopan damlaciklarin yeniden
cOkelmesiyle alt malzeme ile biitiinlesmis, mikrometre
mertebesinde kabartilar elde edildigi rapor edilmistir (Sedao vd.,
2018). Eklemeli imalatla {iretilmis Ti-6Al-4V ylzeylerinde
yapilan baska bir c¢alismada ise, tek gegisli femtosaniye lazer
taramasi ile piiriizliiliigiin birkag kat azaltildig1, ayrica nanoyapili
cizgiler ve mikro koni yapilariyla yiizeyin 1slanabilirliginin ve
optik  goriinimiiniin ~ kontrollii  bigimde degistirilebildigi
gosterilmistir (Worts vd., 2019).
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Pikosaniye lazerin hibrit “eklemeli + ¢ikarimsal” siire¢
icindeki roliiniin incelendigi calismalarda, lazer toz yatagi
flizyonu sonrasi ayni tezgahta yapilan mikro isleme ile 6zellikle
kenar ve destek bolgelerinde yan duvar piiriizliiliigliniin 10-12
pm seviyesinden 1-2 um diizeyine indirilebildigi; destek alma, i¢
kanal agma ve hassas ylizey bitirme islemlerinin tamamen lazer
tabanli bir islem zinciriyle gerceklestirilebildigi ortaya konmustur
(Buser vd., 2024; Zheng vd., 2023).

2.6. Lazer Isil Islemi

Lazer 1s1l iglem, eklemeli imalatla iiretilmis pargalarda
malzemeyi yeniden ergitmeden, yalnizca hizli 1sitma—sogutma
dongiileriyle mikro yap1 ve mekanik ozellikleri yerel olarak
ayarlamaya yonelik bir yaklasimdir. Hafif defokuslanmig lazer
demeti belirli hizlarda yiizey {lizerinde taranir; bu sirada gerilim
giderme, faz donilisiimil, c¢okelme sertlesmesi veya yeniden
kristallesme gibi kati-hal doniistimleri tetiklenir. Boylece tiim
pargaya firin tavi uygulamadan, sadece kritik bolgelerde stineklik
artirma, sertlik diisirme veya tane boyutu rafinasyonu
saglanabilir (Esmaeilzadeh vd., 2023; Layher vd., 2023) .

Biiytik olgekli graniil/filament esasli sistemlerde yapilan
bir ¢alismada, CO: lazerin ekstriizyon kafasinin hemen arkasina
yerlestirildigi ve yeni biriktirilen polimer seritlerinin ara
ylizeyinin iiretim sirasinda tekrar 1sitildig1 bir strateji onerilmis;
termografi ile kontrol edilen bu lazer 1sil islem sayesinde
katmanlar arasi bag alaninin genisledigi, i¢ bosluk oraninin
azaldig1 ve egme yiikleri altinda daha izotrop mekanik davranig
elde edildigi gosterilmistir (Layher vd., 2023).Lazer toz yatagi
ergitme ile iretilmis Ti-6Al-4V iizerinde gelistirilen yerinde
secici lazer 1s1l islem yaklagiminda ise, diisiik enerjili yeniden
taramalarla ignemsi o martenzit yapisinin lamelli o+ yapisina
doniistiirtilebildigi; bu doniistimiin operando X-1s1n1 kirmnimi ve
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EBSD ile ayrintili bigimde izlendigi rapor edilmistir
(Esmaeilzadeh vd., 2023).

Soguk sekillendirilmis 316L ¢elikte lazerle hizl1 yeniden
kristallesmenin senkrotron X-1s1n1 kirinima ile izlendigi baska bir
calismada, kisa siireli lazer 1s1l islemin hiicresel alt yapi, yeni
cekirdek olusumu ve tane biiyiimesi gibi asamalar1 ¢ok kisa
zaman olgeklerinde tetikleyebildigi ve yerel tane boyutu—doku
tasariminda kullanilabilecegi gosterilmistir (Navarre vd., 2024).
Seg¢ici lazer ergitme ile liretilmis AlSi10Mg alasiminda yapilan
parametrik  analizlerde ise, uygun lazer  glci-hiz
kombinasyonlariyla yalnizca yorulma agisindan kritik bolgelerde
sertligin yaklasik %30-35 oraninda azaltilabildigi, buna karsilik
g6zenek blylmesinin kontrol altinda tutulabildigi ve bdylece
yerel silineklik kazanimi ile genel dayanim arasinda dengeli bir
tasarimin miimkiin oldugu ortaya konmustur(Kramer, Jarwitz,
Schulze, & Zanger, 2024).

2.7. Lazer Temizleme

Lazer temizleme, eklemeli imalat siireclerinde katmanlar
aras1 veya nihai yiizeyde olusan oksit, ciiruf, yag, boya ve gevsek
toz pargaciklarini temassiz bi¢imde uzaklastirmak i¢in kullanilan
bir ardil islemdir. Nanosaniye darbeli lazer 1511 ile ylizeyde ¢ok
kisa siireli 1s1l ve mekanik etkiler olusturularak kaplama/partikiil—
alt malzeme ara yiizeyinde yiiksek gerilmeler ve ivmeler yaratilir;
bdylece istenmeyen tabaka veya parcaciklar, kimyasal banyo
veya kumlama gibi temasli yontemlere ihtiya¢ duymadan, kuru
ve secici bir sekilde kaldirilabilir (Rozin, Sultan, & Cetinkaya,
2024).

Tel-ark ergitmeli eklemeli imalatta (WAAM) aliminyum
alasimi ince cidarli duvarlara katmanlar arasinda lazer temizleme
uygulanan bir ¢alismada, senkron tel-toz beslemeli WAAM
siirecinde her katmandan Once oksit ve ciiruf tabakasinin
nanosaniye darbeli lazer ile kaldirildig1 bir diizenek gelistirilmis;
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uygun glic ve frekans araliklarinda yan duvar diizligiiniin
iyilestigi ve kesit gozenekliliginin lazer temizleme uygulanmayan
duruma kiyasla yaklasik yariya diistiigii gosterilmistir (Meng vd.,
2024). Kuru ve hedefli pargacik uzaklastirma yaklasimlarinda ise,
diz referans yiizeylere yerlestirilen metal tozlarin nano-saniye
darbeli lazer ile belirli bir alanda segici olarak kaldirilabildigi,
partikiil boyutu ve lazer noktasina uzakliga baglh bir “minimum
uzaklagtirilabilir ¢ap” tanimlanabildigi ve yontemin toz yatagi
parcalarindaki i¢ kanal ve bosluklarda artik toz temizligi i¢in
onemli bir potansiyel tasidigi ortaya konmustur (Rozin vd.,
2024).

Yonlendirilmis enerji  biriktirme siireglerinde, lazer
temizlemenin degisken polariteli ark temizleme ile birlikte
kullanildig1 daha yeni bir ¢calismada, 6nce darbeli lazerle katman
yuzeyindeki oksit filmi ve sigramalarin biiyiik kismi kaldirilmas,
ardindan plazma ark ile Ozellikle girinti ve golgede kalan
bolgelerdeki ince oksit kalintilar1 uzaklastirilmistir. Bu bilesik
yaklagim sonucunda aliiminyum alagimi numunelerde ara tabaka
porozitesinin %0,05 gibi ¢ok diisiik degerlere indirilebildigi ve i¢
kalite ile mekanik performansin belirgin sekilde iyilestirilebildigi
rapor edilmistir (Liu vd., 2025).

3. SONUC

Eklemeli Lazer tabanli ardil iglemler, eklemeli imalatla
tiretilen metal parcalarin gelisiminde, en az prosesin kendisi kadar
doniistiiriicii bir rol iistlenmistir. islemsiz 3B basilmis durumda
iken yiiksek pirizliliik, gozeneklilik, cekme kalint1 gerilmeleri
ve karmagik yiizey kusurlariyla sinirlanan bu parcalar; lazer
parlatma, lazerle yiizey soklama, lazer yiizey tekstiirleme, lazer
yeniden ergitme, lazer mikro isleme, lazer 1s1l islem ve lazer
temizleme gibi ardil teknikler sayesinde daha giivenli,
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ongorilebilir ve ¢ok islevli miihendislik Dbilesenlerine
doniismektedir.

Malzeme bilimi, lazer teknolojisi ve  sayisal
modellemenin entegrasyonu, bu ardil islemleri yalnizca “yiizey
diizeltme adim1” olmaktan ¢ikarip; yorulma, korozyon, triboloji
ve biyolojik yanitin aktif olarak tasarlandigi ¢ok 6lcekli yilizey
miithendisligi araclarina doniistiirmiistiir. Lazer parlatma ve
yeniden ergitme ile merdiven basamagi etkisi ve ¢entik olusturan
ylizey kusurlar1 giderilirken; lazerle yiizey soklama derin basma
kalint1 gerilme alanlar1 iireterek yorulma dayanimini belirgin
bi¢imde artirmakta, lazer yiizey teksturleme ise mikro/nano
topografya iizerinden hiicre tutunmasi, siirtlinme katsayisi veya
adezyon gibi islevsel ¢iktilar1 programlayabilmektedir (Dilshad
Alam Digonta & Fatemi, 2024; Villapan vd., 2023)

Son yillarda, lazer ardil islemler giderek daha fazla
yerinde (in-situ) veya entegre siire¢ler halinde ele alinmaktadir.
Lazer toz yatagi ergitmede liretimle es zamanli yeniden ergitme
veya segici 1s1l iglem stratejileriyle, katmanlar aras1 mikro yap1 ve
kalint1 gerilme durumu daha baski asamasinda kontrol
edilebilmekte; bliyiik 6lcekli sistemlerde ise ekstriizyon kafasinin
hemen ardina yerlestirilen lazer kaynaklari ile katman arayiizleri

her geciste yeniden 1sitilarak bag dayanimi ve anizotropi
yonetilebilmektedir (Schimbéck vd., 2024; Zhou vd., 2025).

Bu egilim, lazer temizleme ve lazer mikro islemenin de
tiretim dongiisli icine alinmasiyla, destek alma, toz temizligi ve
ylizey bitirme adimlarmin tek bir platformda biitliinlesik hale
gelmesine olanak tanimaktadir.

Bununla birlikte, lazer ardil islemlerin olgunlagmasi
oniinde 6nemli zorluklar da bulunmaktadir. Her bir proses i¢in
dar enerji yogunlugu pencereleri, ¢ok parametreli tarama
stratejileri  ve karmasik  termo-mekanik geri  besleme
mekanizmalar1 s6z konusudur; bu durum, farkli alasimlar ve
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geometri tiirleri i¢cin dogrudan 6lgeklenebilir, genellenmis islem
tariflerinin olusturulmasini zorlastirmaktadir.

Ayrica, lazer ardil islemler yiizey kusurlarint ve
gozenekliligi azaltirken, yanlis secilmis parametreler yeni
catlaklar, yeniden katilasma yapilar1 veya istenmeyen doku
degisimleri de iiretebilmektedir. Bu nedenle, cok 6lcekli deney—
similasyon verilerinin birlestirildigi tahmin edici modeller, siire¢
pencerelerinin standartlastirilmasit ve farkli ardil iglemlerin
birbirleriyle etkilesimini dikkate alan tasarim kurallarina ihtiyag
duyulmaktadir.

Gelecege bakildiginda, lazer ardil islemlerinin; yapay
zeka destekli optimizasyon, dijital ikiz tabanl siire¢ simiilasyonu
ve gelismis ¢evrim i¢i gozlem teknikleriyle birlikte, eklemeli
imalatin ayrilmaz bir tasarim parametresi haline gelmesi
beklenmektedir. Yorulma davranisi zayif olan eklemeli imalat
metaller i¢in, lazerle ylizey soklama ve lazer parlatmanin birlikte
kullanildigy hibrit stratejiler; i¢ kusur duyarliligini azaltan, yiiksek
cevrimli yorulma dayanimini iyilestiren ¢éziimler sunmaktadir.

Benzer sekilde, lazer yiizey tekstiirleme ile biyolojik
yanit1 programlanan implantlar ve es zamanli uygulanan lazer 1s1l
islemle gerilme durumunun kontrol edildigi bilesenler, sadece
geometrisi degil, fonksiyonel ylizey oOzellikleri de tasarimla
birlikte diisiiniilen yeni bir eklemeli imalat paradigmasini isaret
etmektedir.

Sonug olarak lazer ardil iglemler, eklemeli imalat1 sadece
“net sekle yakin tiretim” teknolojisi olmaktan ¢ikararak, yorulma,
korozyon, triboloji ve biyofonksiyonellik gibi kritik performans
Olclitlerinin yiizey ve yakin yilizey miihendisligiyle birlikte ele
alindig1 kapsamli bir {iretim ekosistemine doniistiirmektedir. Bu
vizyonun tam anlamiyla hayata gecebilmesi i¢in malzeme
bilimciler, siire¢ miihendisleri, tasarimcilar, hesaplamali
modelleme uzmanlar1 ve endiistriyel uygulayicilar arasinda giiglii
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bir disiplinler aras1 igbirligi gereklidir. Mevcut siireg
pencerelerinin netlestirilmesi, sorumlu ve giivenli uygulama
standartlarinin gelistirilmesi ve maliyet-etkin hibrit sistemlerin
yayginlagmasiyla lazer tabanh ardil islemler; eklemeli imalatin
hem endiistriyel 6l¢ekte giivenilirligini artiracak, hem de tasarim
ozgirliigiini  ger¢ek  anlamda  fonksiyonel — Ozgiirlige
dontstiirecektir.
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ROBUST STATISTICAL ANALYSIS OF
PARAMETERS AFFECTING ANNULAR FIN
EFFICIENCY USING NUMERICAL DATA

Ramazan YILMAZ!

1. INTRODUCTION

In industrial applications, heat exchangers are
fundamental components that enable energy transfer between
two fluids through a temperature difference. Fins, which
enhance the thermal performance of these systems, increase
convective heat transfer by enlarging the surface area (Shah &
Sekuli¢, 2003; Incropera & DeWitt, 2007). Fin geometry,
material properties, and flow conditions play decisive roles in
heat transfer. In particular, annular fins are frequently preferred
due to their durability, low manufacturing cost, and ability to
maintain a more uniform temperature distribution (Kraus et al.,
2001; Yildiz & Yiincii, 2004).

Heat transfer in annular fins occurs through the
interaction between conduction along the fin material,
convection with the surrounding fluid, and radiation to the
environment. Therefore, variations in fin geometry can lead to
significant differences in thermal efficiency (Bahadori &
Vuthaluru, 2010; Kirtepe et al., 2017). The effects of geometric
parameters such as fin height, spacing, and thickness on heat
transfer and pressure drop have been examined both numerically
and experimentally in previous studies (Bilirgen et al., 2013;
Chen & Hsu, 2008; Kumar et al., 2017). These studies provide a
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comprehensive assessment of how fin geometry and surface
conditions influence the overall performance of heat exchanger
systems.

In recent years, Computational Fluid Dynamics (CFD)
methods have become powerful tools for analyzing fin
geometries. CFD-based models enable three-dimensional
investigation of thermal behavior under various material and
geometric configurations (Petracci et al., 2016; Yilmaz et al.,
2018). Through these numerical approaches, variables such as
temperature distribution, heat flux, and fin efficiency can be
examined in detail, thereby reducing the cost and time
constraints associated with experimental studies (Cengel &
Boles, 2008). Annular fins with rectangular profiles are
particularly common in CFD research because of their ease of
fabrication and geometric simplicity (Yilmaz & Ozbalta, 2021).

Although deterministic numerical methods have
traditionally been widely used in engineering sciences, the
presence of physical, geometric, and numerical uncertainties has
increased the importance of statistical analyses. Statistical
approaches strengthen classical engineering interpretations by
revealing the relative contributions of multiple parameters to
thermal efficiency (Field, 2018; Faul et al., 2007; Lakens, 2022).
In this context, heteroskedasticity-consistent methods have been
developed to correct variance estimation in regression models
(White, 1980), and robust regression techniques enable more
reliable parameter estimation in the presence of non-constant
variance or outliers (Huber, 1973).

The availability of open-source software tools has further
supported the use of these methods. The jamovi software (The
jamovi project, 2024) and the R programming language (R Core
Team, 2024) allow researchers to conduct both classical and
robust analyses through the GAMLj module (Gallucci, 2019,
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2020). Additionally, tools developed by Ludecke, Ben-Shachar,
Patil, and Makowski (2020) contribute to transparent and
reproducible estimation of model parameters.

This study simultaneously evaluates the geometric and
physical parameters affecting the thermal efficiency of
rectangular-profiled annular fins using a combination of CFD
and statistical methods. The aim is to quantitatively analyze the
thermal behavior of the annular fin under varying conditions and
to identify statistically significant parameter interactions. The
model considers a single fin and neglects radiation effects and
hydrodynamic losses. Nevertheless, the combined numerical-
statistical framework provides a comprehensive and reliable
basis for assessing the thermal performance of annular fins.

2. MATERIALS AND METHODS
2.1. Data Collection

The numerical dataset used in this study was generated
based on the Computational Fluid Dynamics (CFD) model
proposed by Yilmaz and Ozbalta (2021). In their work, Yilmaz
and Ozbalta (2021) validated the CFD model by comparing the
results with both analytical solutions and the experimental
findings reported by Chen and Hsu (2008). To avoid
unnecessary repetition, the detailed validation steps from the
original work are not restated here.

In the present study, the model was reconstructed in
COMSOL Multiphysics® (COMSOL AB, 2017) under steady-
state and three-dimensional conditions. The boundary conditions
included a constant-temperature base surface, convective heat
transfer on external surfaces, and the neglect of radiation effects.
The Heat Transfer in Solids interface was employed for solving
the energy equation. Mesh independence was ensured by
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evaluating multiple mesh densities and confirming that
variations in fin efficiency remained within acceptable limits.

Using the validated model structure, the thermal
performance of the rectangular-profiled annular fin was re-
solved by varying only the geometric and physical parameters:
air inlet velocity (u), fin thickness (th), thermal conductivity
coefficient (k), radius ratio (rr), and temperature difference
(AT). The original validation process was not repeated, but the
numerical solution procedure remained fully consistent with the
referenced study. As a result, a reliable dataset suitable for
statistical analysis was obtained.

To introduce controlled variance into the dataset and
evaluate numerical sensitivity, four mesh levels were used:
extremely coarse, extra coarse, coarser, and fine. The dependent
variable was defined as fin efficiency (1), while the independent
variables were u, th, k, AT, and rr.

2.2. G*Power Analysis: Determination of Sample Size

A multiple linear regression model was designed to
examine the effects of five independent variables on fin
efficiency. To ensure adequate statistical power, an a priori
power analysis was conducted using G*Power 3.1.9.7.

The analysis parameters were defined as follows:
» Test family: F tests

» Statistical test: Linear multiple regression (fixed
model, R2 deviation from zero)

» Type of analysis: A priori — compute required
sample size

> Effect size (f2): 0.15 (medium effect; Cohen,
1988)

» a error probability: 0.05
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» Power (1 —p): 0.95
» Number of predictors: 5

The required minimum sample size was calculated as N
= 138, corresponding to a statistical power of 95%.

In this study, four levels were selected for each
parameter, as summarized in Table 1. The thermal conductivity
levels correspond to AISI 304, AISI 4340, aluminum, and
copper, respectively. The radius ratio was defined as the ratio of
the outer fin radius to the inner radius. The inner radius was
fixed at 0.0135 m, and only the outer radius was varied.

Table 1. Parameter values

Parameter Values Unit

u 3 5 7 9 m/s

th 0.5 1 15 2 mm

k 14.9 44.5 238 400 W/m K
AT 10 20 30 40 K

rr 2 3 4 5 -

A full factorial design consisting of 4° combinations was
implemented, and each combination was solved under four mesh
structures, resulting in 4096 observations, which is well above
the minimum required sample size.

2.3. Statistical Analysis

The Kolmogorov-Smirnov test was used to assess the
distribution characteristics of the variables. Depending on
normality, either parametric or nonparametric correlation
analysis was performed to determine relationships between the
dependent and independent variables.

Initially, a standard linear regression model was
considered; however, the model assumptions were not satisfied.
Therefore, the analyses were performed using the GAML;j3
module in jamovi, employing the General Linear Model (GLM)
framework. Due to heteroskedasticity and non-normal residuals,
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heteroskedasticity-consistent robust standard errors (HC3) were
applied. This method reduces the influence of non-constant
variance and outliers while preserving unbiased coefficient
estimates (Huber, 1973; White, 1980).

Statistical significance was evaluated at p <.05.

Model specifications and parameter estimates are
presented in Table 2. Two-way, three-way, and four-way
interaction terms were included. The model assumed Gaussian
error distribution and employed Wald confidence intervals.

Table 2. General linear model

Info Description

Model Type Linear Model (OLS for continuous y)

Model Im (n ~ 1 +u+ th+k+rr+u*th + u*k + th*k + u*rr +
th*rr + k*rr + u*th*k + u*th*rr + u*k*rr + th*k*rr +
u*th*k*rr)

Distribution Gaussian (Normal distribution of residuals)

Sample size 4096

Converged Yes

Y transform None

Confidence Wald

interval method

SE method Robust

Note All covariates are mean-centered

The dataset consisted of 4096 observations, and the
GLM successfully converged. All variables were mean-
centered, and no transformations were applied. This approach
enabled evaluation of both main effects and interactions,
providing a statistically robust interpretation of the numerical
results.

3. RESULTS
3.1. Data Structure and Descriptive Statistics

The descriptive statistics of the dataset are presented in
Table 3. For all variables, 4096 observations are available, and
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no missing data exist. This indicates that data integrity was
preserved throughout the analysis and that the statistical power
of the model is high.

The skewness values being close to zero show that the
distributions of the variables are largely symmetric. Negative
skewness indicates concentration of data to the right of the
mean, whereas positive skewness indicates concentration to the
left (Tabachnick & Fidell, 2019). In this study, most variables
exhibited low skewness levels.

The kurtosis values are mostly negative, indicating
platykurtic distributions—meaning that extreme values are rare
and the distribution is flatter than a normal distribution (West,
Finch, & Curran, 1995). This suggests that there are no
substantial outliers and that the model is relatively insensitive to
such observations.

Overall, the skewness values ranging between -0.445
and 0.363 and the kurtosis values between -1.50 and -1.14
demonstrate that the distributions are not highly asymmetric and
generally exhibit a platykurtic structure. Therefore, the data
structure can be considered suitable for multiple linear models.

Table 3. Descriptives

Descriptives

Skewness Kurtosis
N Missing  Mean SE SD Skewness  SE Kurtosis ~ SE
n 4096 0 0.62041 0.00450  0.288 -0.445 0.0383 -1.14 0.0765
u 4096 0 6.00000 0.03494  2.236 0.000 0.0383 -1.36 0.0765
th 4096 0 0.00125 8.74e-6  5.59%-4  0.000 0.0383 -1.36 0.0765
k 4096 0 17435000 2.43668  155.947  0.363 0.0383  -1.50 0.0765
AT 4096 O 25.00000 0.17471  11.182 0.000 0.0383 -1.36 0.0765
r 4096 0 3.50000 0.01747 1118 0.000 0.0383  -1.36 0.0765

3.2. Distribution Characteristics of the Data

The distribution statistics are presented in Table 3, and
the results of the normality tests are shown in Tables 4-8. The
skewness and kurtosis values for all variables fall within +1.5,
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indicating that the distributions are generally symmetric or
slightly platykurtic.

However, the Kolmogorov—-Smirnov test results (Tables
4-8) were significant for all variables (p < .001), indicating that
the dataset does not fully meet the normality assumption.
Deviations from normality are particularly evident for air inlet
velocity (u), thermal conductivity coefficient (k), and radius
ratio (rr). Despite this, because the deviations suggest a
symmetric but not strictly normal structure, linear models with
Robust SE estimation were considered appropriate (Tabachnick
& Fidell, 2019).

Thus, although the dataset shows a generally balanced
distribution, it does not fully satisfy the classical normality
assumption. Therefore, robust or nonparametric approaches
were preferred in subsequent analyses, including correlation and
modeling.

Table 4. Tests of normality (u)

u Kolmogorov-Smirnov?
Statistic df Sig.
n 3 146 1024 .000
5 118 1024 .000
7 102 1024 .000
9 .093 1024 .000

Table 5. Tests of normality (th)

th Kolmogorov-Smirnov?
Statistic df Sig.
n .0005 .099 1024 .000
.0010 101 1024 .000
.0015 143 1024 .000
.0020 163 1024 .000
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Table 6. Tests of normality (k)

k Kolmogorov-Smirnov?
Statistic df Sig.
n 14.9 172 1024 .000
44.5 .106 1024 .000
238.0 112 1024 .000
400.0 128 1024 .000

Table 7. Tests of normality (AT)

AT Kolmogorov-Smirnov?
Statistic df Sig.
n 10 .106 1024 .000
20 .106 1024 .000
30 .106 1024 .000
40 .106 1024 .000

Table 8. Tests of normality (rr)

rr Kolmogorov-Smirnov?
Statistic df Sig.
n 2 224 1024 .000
3 .180 1024 .000
4 143 1024 .000
5 135 1024 .000

3.3. Correlation Analysis

According to the Kolmogorov—-Smirnov test (p < .05),
the data do not follow a normal distribution. Therefore,
nonparametric correlation analysis was conducted to examine
the relationships among variables (Table 9).

The results show statistically significant correlations
between fin efficiency (1) and the independent variables (p <
.01). Only temperature difference (AT) was not significantly
correlated with efficiency (p = 0.004, p = .784); thus, AT was
excluded from the modeling stage.

The thermal conductivity coefficient (k) exhibited the
strongest positive correlation with fin efficiency (p = 0.656),
indicating that higher thermal conductivity significantly

281



Makine Miihendisligi

increases heat transfer effectiveness. Fin thickness (th) also
showed a positive significant correlation (p = 0.253), meaning
that increased thickness enhances conduction and efficiency.

Conversely, air inlet velocity (u) (p = —0.116) and radius
ratio (rr) (p = —-0.610) were negatively correlated with fin
efficiency. This demonstrates that higher air velocities and
larger radius ratios reduce thermal efficiency. The rr variable
particularly highlights the determining effect of geometric ratio
on efficiency.

Overall, the correlation results indicate that fin efficiency
increases most strongly with k and decreases most strongly with
rr, supporting the direction of the multivariate model.

Table 9. Correlation values between parameters and fin thermal

efficiency
Correlations
u th k AT
Spearman's n Correlation - 253" 656" .004 -
rho Coefficient 116™ .610™

Sig. (2-tailed)  .000 .000 .000 .784 .000
N 4096 4096 4096 4096 4096
**_Correlation is significant at the 0.01 level (2-tailed).

3.4. Model Fit Results

The General Linear Model (GLM) results are presented
in Table 10. The model is highly significant overall (F(15, 4080)
= 1104, p < .001). The coefficient of determination (R? = 0.802)
and adjusted R2 (0.802) indicate that approximately 80% of the
total variance in fin efficiency is explained by the independent
variables.

This demonstrates that the model successfully represents
the factors affecting fin efficiency. The inclusion of interaction
terms shows that not only main effects but also variable
interactions contribute significantly to efficiency. Thus, the high
R2 value confirms the reliability of the model and indicates that
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k, rr, th, and u collectively play important roles in explaining
thermal efficiency.

Table 10. Model results

Model Fit
R2 Adj. R? df df (res) F p
0.802 0.802 15 4080 1104 <.001

3.5 Statistical Significance of the Model

The ANOVA results within the GLM framework are
presented in Table 11. The overall model effect is highly
significant (F(15, 4080) = 1103.68, p < .001, n?, = 0.802). The
model explains 80% of the variance in fin efficiency, indicating
strong collective explanatory power.

Table 11. The ANOVA results

ANOVA Omnibus tests

SS df F p n’p

Model 272.554 15 1103.680 <.001 0.802
u 3.932 1 238.904 <.001 0.055
th 19.639 1 1212.010 <.001 0.226
k 130.633 1 9673.095 <.001 0.660
rr 110.941 1 8126.349 <.001 0.623
u*th 0.012 1 0.747 0.388 0.000
u*k 0.031 1 2.353 0.125 0.000
th*k 0.052 1 3.649 0.056 0.001
u*rr 0.140 1 10.135 0.001 0.002
th*rr 0.744 1 55.968 <.001 0.011
k*rr 4171 1 383.535 <.001 0.058
u*th*k 0.058 1 4.174 0.041 0.001
u*th*rr 0.013 1 0.983 0.321 0.000
u*k*rr 0.332 1 30.710 <.001 0.005
th*k*rr 1.838 1 159.772 <.001 0.027
u*th*k*rr 0.017 1 1.518 0.218 0.000
Residuals 67.171 4080

Total 339.725 4095

Note. Inferential tests and p-values of the effects are adjusted for heteroskedasticity.

All main effects were statistically significant (p < .001).
The largest effect size belonged to k (F = 9673.10, %, = 0.660),
demonstrating its decisive role. This was followed by rr (F =
8126.35, 1% = 0.623) and th (F = 1212.01, 1% = 0.226).
Although air inlet velocity (u) had a significant effect, its
contribution was smaller (F = 238.90, n%, = 0.055).
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Among two-way interactions, th*rr (p < .001) and k*rr
(p < .001) were significant, indicating that the effects of
thickness and conductivity depend on the radius ratio. The three-
way interactions u*th*k (p = .041) and th*k*rr (p < .001) were
also significant. The four-way interaction (u*th*k*rr) was not
significant (p = .218).

Overall, the ANOVA results show that the model is
highly significant and that k and rr are the dominant variables
influencing fin efficiency. These findings indicate that thermal
performance is shaped by the combined effects of material
properties and geometric ratios.

3.6. Interpretation of Model Coefficients

The parameter estimates are presented in Table 12,
including estimates (Estimate), standard errors (SE), confidence
intervals, and standardized coefficients (p).

Table 12. The parameter estimates

Parameter Estimates (Coefficients)
95% Confidence Intervals

Names Estimate SE Lower Upper B df t p

(Intercept) 0.620 0.002  0.616 0.624 0.000 4080  309.059 <.001
u -0.014 0.001  -0.016 -0.012 -0.108 4080  -15.457 <.001
th 123.867 3.558 116.836 130.898 0.240 4080 34.814 <.001
k 0.001 0.000  0.001 0.001 0.620 4080  98.352 <.001
m -0.147 0.002 -0.151 -0.144 -0.571 4080 -90.146 <.001
u*th 1.370 1585  -1.774 4.515 0.006 4080  0.864 0.388
u*k 0.000 0.000 -0.000 0.000 0.010 4080 1.534 0.125
th*k -0.041 0.021  -0.086 0.004 -0.012 4080  -1.910 0.056
u*rr -0.002 0.001  -0.004 -0.001 -0.020 4080  -3.184 0.001
th*rr 21.568 2.883  15.280 27.857 0.047 4080  7.481 <.001
k*rr 0.000 0.000  0.000 0.000 0.111 4080  19.584 <.001
u*th*k 0.019 0.009  -0.001 0.039 0.013 4080  2.043 0.041
u*th*rr -1.282 1293  -4.094 1.531 -0.006 4080  -0.992 0.321
u*k*rr -0.000 0.000  -0.000 -0.000 -0.031 4080  -5.542 <.001
th*k*rr 0.217 0.017  0.177 0.258 0.074 4080  12.640 <.001
u*th*k*rr 0.009 0.008 -0.009 0.027 0.007 4080 1.232 0.218

Note. Inferential tests and p-values of the effects are adjusted for heteroskedasticity.

The t and p values are based on heteroskedasticity-
consistent standard errors. The intercept is positive (Intercept =
0.620, p < .001), representing the baseline efficiency when all
variables are at their mean values. All main effects are
statistically significant (p < .001). Air inlet velocity (u)
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negatively affects efficiency (B = —0.108). Fin thickness (th) (f =
0.240) and thermal conductivity coefficient (k) (B = 0.620) have
positive effects. Radius ratio (rr) has a strong negative effect (3
= —0.571); as the outer radius increases, efficiency decreases.
Regarding interaction terms, th*rr (p <.001) and k*rr (p < .001)
were significant, showing that the effects of thickness and
conductivity depend on radius ratio. The interactions u*th*k (p
= .041) and th*k*rr (p < .001) were also significant. The four-
way interaction was not significant (p = .218).

According to the contribution analysis (Figure 1), k
accounts for 47.98% of the variance, and rr accounts for
40.69%. Together, they explain nearly 89% of the total variance.
Fin thickness contributes 7.19%, while u contributes 1.46%.
Only the k*rr interaction contributes meaningfully (1.54%).

Others
1% 3%

Figure 1. Percentage distribution of parameters

Thus, k, rr, and th are the most influential variables, and
interaction terms make only limited contributions to model
performance.
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4. DISCUSSION
4.1. Evaluation of Model Assumptions

The fundamental model assumptions were evaluated by
examining the distribution characteristics of the residuals and
the relationships among variables (Table 13 and 14).

Table 13. Test for homogeneity of residual variance

Test for Homogeneity of Residual Variance

Test Statistics dfl p
Breusch-Pagan Test 450 15 <.001

Table 14. Test for normality of residuals

Test for Normality of residuals

Test Statistics p
Kolmogorov-Smirnov 0.112 <.001
Shapiro-Wilk 0.898 <.001

Homogeneity and Normality of Residual Variance:
According to the Breusch—Pagan test (%*(15) = 450, p < .001),
the residual variances were not homogeneous. Similarly, the
Kolmogorov-Smirnov (D = 0.112, p < .001) and Shapiro-Wilk
(W = 0.898, p < .001) tests indicated that the residuals did not
follow a normal distribution (Table 14). These results show that
the assumptions of classical linear regression (Ordinary Least
Squares, OLS) were violated. Therefore, the Robust SE (robust
standard errors) method was applied to reduce sensitivity to
heteroskedasticity (non-constant variance). This approach
preserves the reliability of parameter estimates and the validity
of significance levels, even when homogeneity of variance and
normality assumptions are not satisfied. Visual inspections also
support these findings.

In the Q-Q plot (Figure 2), the observations do not
systematically deviate from the theoretical normal line, with
only minor deviations at the extremes.
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Standardized Residuals

Theoretical Quantiles

Figure 2. Q-Q Plot

The residual histogram (Figure 3) shows a distribution
that is not perfectly symmetric but not highly skewed. In the
residual—predicted scatterplot (Figure 4), the residuals appear
randomly distributed without any discernible pattern.

density
AN
5

0.2 0.0 0.2 04
Residuals

Figure 3. Residual histogram
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o g ©

Residuals

Predicted

Figure 4. Residual-predicted scatterplot

These observations indicate that although the residual
variance varies among observations, the model does not exhibit
systematic bias. In other words, despite the presence of
heteroskedasticity, the prediction errors do not show directional
deviation.

4.2. Multicollinearity Analysis

For all independent variables, VIF = 1.00 and Tolerance
= 1.00 were obtained (Table 15). These results clearly indicate
that no multicollinearity exists in the model. Therefore, the
variables are independent of each other, the regression
coefficients were estimated stably, and no artificial correlation
effects were introduced into the parameter estimates.

288



Makine Miihendisligi

Table 15. Collinearity statistics

Collinearity statistics

Term VIF Tolerance
u 1.00 1.00
th 1.00 1.00
k 1.00 1.00
rr 1.00 1.00
u*th 1.00 1.00
u*k 1.00 1.00
th*k 1.00 1.00
u*rr 1.00 1.00
th*rr 1.00 1.00
k*rr 1.00 1.00
u*th*k 1.00 1.00
u*th*rr 1.00 1.00
u*k*rr 1.00 1.00
th*k*rr 1.00 1.00
u*th*k*rr 1.00 1.00

4.3. General Evaluation

The assumption test results indicate that classical OLS
assumptions were partially violated. However, the use of the
Robust SE method made the model resistant to these violations,
ensuring that significance levels could be interpreted reliably.

Furthermore, the low VIF values show that the model
parameters are independent, and the interaction terms did not
introduce excessive correlation. This confirms that the high R?2
value (0.802) reflects genuinely meaningful variable effects
rather than artificial explanatory power.

In conclusion, the assumption-related limitations were
successfully addressed through the Robust SE approach. As a
result, the physical and geometric variables affecting fin
efficiency were identified statistically and reliably. The applied
method improved the statistical validity of the numerical model
outputs and strengthened the physical interpretability of the
results.
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4.4. Rationale for Parameter Levels and Mesh
Selection

Five independent variables (air inlet velocity, fin
thickness, thermal conductivity coefficient, radius ratio, and
temperature difference) were initially evaluated. However, the
correlation analysis showed no significant relationship between
temperature difference (AT) and fin efficiency (p = 0.784).
Therefore, AT was excluded from the final model, and analyses
were conducted using four independent variables.

Four levels were selected for each independent variable.
This four-level design allows modeling not only linear but also
nonlinear (quadratic or interaction) effects. While three-level
designs provide limited ability to capture second-order trends, a
four-level factorial structure can better represent potential
curvilinear relationships (Cohen, 1988; Field, 2018).

The four-level design also enhances statistical power.
Based on the a priori G*Power analysis, the minimum required
sample size was N = 138. However, the four-level factorial
design with four replications yielded 4096 observations,
ensuring a statistical power of 95% and enabling reliable
evaluation of interaction terms (Faul et al., 2007; Lakens, 2022).

In the numerical modeling stage, four mesh structures
(extremely coarse, extra coarse, coarser, and fine) were used to
generate artificial variation and test mesh independence. Testing
multiple mesh densities is essential in CFD analyses for
determining how solution accuracy depends on mesh size and
for minimizing systematic errors (Ferziger & Peri¢, 2002;
Versteeg & Malalasekera, 2007).

This combined approach introduced both geometric and
numerical variation into the model, enabling a more reliable
assessment of the effects of physical parameters on fin
efficiency. Therefore, the use of a four-level factorial design
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together with four mesh structures improved both the statistical
and numerical accuracy of the model, making the results robust
and generalizable.

5. CONCLUSION

In this study, the fundamental parameters affecting the
thermal efficiency of annular fin geometry were statistically
examined based on numerical modeling results. Since the data
structure did not fully satisfy the assumptions of classical linear
regression, the General Linear Model (GLM) was constructed
using the Jamovi software, and the Robust Standard Errors
(HC3) method was applied. This approach vyielded results
resistant to heteroskedasticity and deviations from normality.

The findings indicate that fin efficiency is most strongly
determined by the thermal conductivity coefficient (k) and the
radius ratio (rr). Together, these two variables account for
approximately 89% of the explanatory power of the model,
clearly demonstrating the dominant influence of material
selection and geometric ratios on thermal performance. Fin
thickness (th) exhibited a positive and significant effect on
efficiency, while air inlet velocity (u) showed a negative but
comparatively weaker influence. These results suggest that
materials with high conductivity should be preferred, the radius
ratio should be kept balanced, and excessively high air velocities
should be avoided to achieve optimal thermal efficiency.

Most interaction terms in the model contributed
minimally. However, the significant interactions th*rr, k*rr, and
th*k*rr indicate that material properties and geometric factors
must be evaluated together. In particular, the th*k*rr interaction
showed that as thickness and conductivity increase, the
influence of the radius ratio becomes stronger.
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According to the assumption tests, the residuals did not
satisfy homogeneity of variance (Breusch—Pagan, p < .001) and
deviated from normality (Kolmogorov—Smirnov and Shapiro—
Wilk, p < .001). Nevertheless, the Robust SE approach
maintained the reliability of the model and preserved the validity
of the significance levels of the estimated parameters.
Additionally, the VIF value of 1.00 for all variables confirmed
the absence of multicollinearity.

In conclusion, the model exhibited high explanatory
power (R? = 0.802), demonstrating that the thermal efficiency of
annular fins can be statistically and consistently explained
through physical and geometric parameters. This approach
provided statistical validation of CFD-based numerical
modeling outputs and established a reliable foundation for
parametric optimization in engineering applications.

For future studies, it is recommended that multiple fin
configurations, different flow directions, and variable boundary
conditions be incorporated into the model to provide a
comprehensive evaluation of thermo-hydrodynamic
performance. Such an expanded statistical model could be
applicable not only at the single-fin level but also in the overall
design of heat exchanger systems.
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FOTOVOLTAIK PANEL TEMiZLEME
YONTEMLERI

Veli Berke KAYIKCIOGLU!?
Girkan KARA?
Hakan OZCAN3

1. GIRIS

Fotovoltaik (FV) paneller, giines enerjisini direk elektrik
enerjisine doniistiiren sistemlerdir. FV panelin koruyucu cami,
bulunduklar1 iklim ve cografi sartlara gore yil i¢inde iizerlerinde
kum, toz, camur, kus diskisi, yaprak vb. atiklar birikerek
Kirlenebilmektedir ve bu kirlenmesi panellerin verimini olumsuz
etkilemektedir. Ozellikle giines panellerinin  yerlestirildigi
bolgenin cografi konumu, panel ylizeylerinin farkli sekillerde
Kirlenmesine ve bunun sonucu olarakta enerji verimliliklerinde
%32’ye varan yiksek oranlarda diisiislere neden olabilecegi tespit
edilmistir (Dorobantu et al., 2011; Kaldellis & Kokala, 2010;
Zaihidee et al., 2016). Yagislarin iicretsiz bir temizleme etkisi
olmakla birlikte mevsimsel olarak degiskenlik gosterirler. Bazi
durumlarda, oOzellikle kirlenmenin yogun oldugu, yagis
miktarinin veya yogunlugunun goreceli olarak yeterli olmadigi
durumlarda yagisin temizleme kapasitesi yetersiz kalmaktadir.
Hatta, hafif bir yagistan sonra bazi durumlarda FV panel
performanslarinda keskin diislisler oldugu gdzlemlenmistir.

1 Ondokuz Mays Universitesi Miithendislik Fakiiltesi Makine Miihendisligi Bol{imi,
ORCID: 0009-0004-8419-5550.

2 Ars. Gor., Ondokuz Mayis Universitesi Miihendislik Fakiiltesi Makine
Miihendisligi Boliimii, ORCID: 0000-0003-0365-3827.

3 Prof. Dr., Ondokuz Mayis Universitesi Miihendislik Fakiiltesi Makine
Miihendisligi Boliimii, ORCID: 0000-0002-7848-3650.
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Diger yandan, riizgarin fiziksel etkisinin ayrica kirlenmenin
belirli bir dereceye kadar azaltilmasmma veya ortadan
kaldirilmasina yardimci olabilecegi goriiliis olsa da, her durumda
optimum enerji Oretimi icin yuzeyi temizleyecek suya ihtiyag
duyuldugu gosterilmistir. Ozellikle yiiksek tozlu bélgelerde,
panellerin yiizeyinde bulunan cam kismin tozlanmasi sonucunda
hiicreler daha az giines 1s18ina maruz kalirlar ve bu sebepten
dolay1 da verimliliklerinde azalma meydana gelir. Tozlanmanin
yiiksek oldugu ¢61 ortaminda yapilan bir caligmada, giines
1simimin yogun oldugu haziran ayinda 23 giin boyunca 2 adet FV
panelin biri temizlenip digeri temizlenmemistir. Deney sonuglart,
elektriksel giic degerinde %10 degerinde bir diisiis meydana
geldigini gostermistir (Bonkaney et al., 2017).

Son yillarda kiiresel capta yasanan tiiketim artisindan
kaynakli giin gectikge artan enddiistriyel tiretim yatirimlari ile
enerjiye duyulan ihtiya¢c her gun artarak devam etmektedir.
Ulkemizin fosil enerji kaynaklarmin sinirli olmasi, enerjinin ithal
edilmesi gerekliligini dogurmakta ve bu durum yillik biitgelerde
cari agik olusmasina sebep olmaktadir. Bununla birlikte fosil
yakit kokenli geleneksel enerji kaynaklari ile yapilan enerji
uretimi, ylksek dizeyde Kkirletici emisyon salinimi nedeniyle
cevresel tahribata neden olmakta ve kiiresel 1sinmaya sebebiyet
vermektedir. Ulkemiz, bilinen yenilenebilir enerji kaynaklari
acisindan oldukg¢a yiliksek kabul edilebilecek bir potansiyele
sahiptir. Fakat her yenilenebilir enerji kaynaginin, kendine 6zgii
isterleri vardir. Bu isterler, s6z konusu yenilenebilir enerji
kaynagindan enerji tretim verimliligini birinci dereceden
etkilediginden her bir ister gbz 6niinde bulundurulmali, isterlerin
saglanamadig1r kosullarda bu isterlerin sebep oldugu verim
diisiisiinden kaginmanin yollar1 aranmalidir. Ornegin giines
enerjisi  sistemleri i¢in kullanilan fotovoltaik panellerin;
yuzeylerinde olusan Kirliliklerden %15, giines 1sinlarinin panel
ylizeyinden yansimalarinin yeterince engellenememesi ve tam
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olarak  sogurulamamasindan %5 verim kaybi oldugu
bilinmektedir (Bahtiyar, 2006). Bu sebeple FV santralinin
konumlandirildig1 bolgeye baglh olarak; toz birikmesi, canlilarin
sebep oldugu kirlilik, nem, yagmur, ¢ig ve kar gibi panel
ylizeyinden 1s1mn gegisini engelleyerek verim diisiisiine sebep
olabilecek riskler, yatirnmcilar tarafindan detayll sekilde
incelenmekte ve heniliz kurulum asamasinda gerekli dnlemler
almmaktadir. Bahsedilen Kirlilik risklerinin 6nlenmesi veya
temizlik onlemlerinin alinmasi, FV panel Gzerine gelen giines
1sinlarinin panel igerisinde bulunan hiicrelere daha ylksek oranda
ulagmasini saglamakta ve olast verim kayiplarinin Oniine
gecmektedir. Bu bolimde, FV panellerin {izerinde olusan
kirliliklerin  temizlenmesinde mevcut durumda kullanilan
yontemler incelenmistir.

2. FOTOVOLTAIK PANEL

Gunimuzde FV sistemler yaygin olarak kullanilmaktadir
ve  Onlimiizdeki donemde daha da  yayginlasacagi
ongoriilmektedir. Hali hazirda silikon FV panel Gretiminde en
yaygin olarak kullanilan elementlerden biridir. Bu yapilarda, yari
iletken bir malzeme olan silikon plakalar bir dizi islemden
gecerek FV hiicreleri olusturur. Sekil 1’de FV panel Uretim sireci
kisaca Ozetlenmistir.

A W[r‘-' N
AN A
ﬁ MunsmknnuzenneNTm

Yuzey lemileme atman Uygulanmas/
Slkzkun Slicon Kike Silikon kitelernDiimleamed ko Plaka Prosedlri Yanima Oyl Proseser

Lt b Kortakiarm ]
Almas ve bn vk Kontaklarm Bitire it Bl oruyuru Fim Ve Camn Montzjlnmes

Sorarf blnmag Alimingum Gergerenin Montajanmas

Sekil 1. FV panel tretimi (EUD & Robsys, 2024)
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FV enerji santralleri, ¢ok sayida FV paneli icerirler ve elde
edilebilecek en yiiksek giicti tiretecek sekilde tasarlanirlar. Ancak
FV enerji tesislerinde gblgeleme, tozlanma, kablolama,
uyumsuzluk ve evirici performansi, nem, sicaklik gibi ¢esitli
nedenlerden dolay1 kayiplar yasanmaktadir ve bu da verimi
blylk derecede etkilemektedir (Diez-Mediavilla et al., 2012;
Maghami et al., 2016). Verim diisiisiine neden olan bu durumlar
arasinda toz birikmesi, dogrudan 151k gecisini olumsuz etkilemesi
nedeniyle verim kaybi1 agisindan en etkililerinden biridir.
Panellerin kirlenmesi maksimum gii¢ ¢ikigini azaltarak panel
verimini diistirmektedir. Bu verim diististinii neden olan kirlenme
faktorleri toz ve kum, kus pisligi, polen, yagmur lekeleri gibi
farkli kaynaklardan gelebilmektedir.

3. TEMIiZLiK YONTEMLERIi

FV panellerin yap1 malzemeleri ¢esitlilik gosterse de, tiim
paneller 6n yilizeyden arka aydmlatma yilizeyine kadar birkag
katmandan olusacak sekilde tasarlanir. Giines 15181, Once
koruyucu bir katman (genellikle cam) tizerinden gecger ve daha
sonra seffaf bir temas katmani araciligryla giines hiicresinin igine
kadar girmektedir. Dolayisiyla, FV panellerin en dis katmani olan
ve bahsedildigi gibi genellikle de camdan {iretilen yiizeyleri,
sanayi ve ¢evresel faaliyetlerden dolay1 toz ve kil benzeri opak
partikillerin atmosferde siirekli artis gostermesinden ciddi
sekilde kirlenmektedir. Bu kirlenmenin boyutuna bagli olarak da,
FV panellerin verimlerinde ciddi diisiisler gozlemlenmekte hatta
asir1 kirlenme durumlarinda panellerin tamamen devre disi
kaldigi gozlemlenmektedir. FV panellerin Kirlilik nedeniyle
sayilarindaki azalis1 engellemek ic¢in sistematik bir sekilde
temizlenmesi gerekmektedir.

FV panellerin diizenli olarak temizlenmesi, sistemin enerji
uretim veriminin diismemesi ve siireklilik agisindan ¢ok
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onemlidir. Giines enerjisi; ekonomik, temiz ve strdurulebilir bir
enerji kaynagi olmasmin yaninda toz birikimi, sicaklik
dalgalanmalari, dogal yasam kaynakli kirlilikler (kus pislikleri
vb.) ve polen gibi potansiyel Kirleticilerden yiksek dizeyde
etkilenmeleri sebebiyle enerji Uretiminde azalma gibi bir takim
dezavantajlara sahiptir. Ozellikle ¢oller ve sanayi bélgeleri gibi
yiiksek toz ve kiil oranma sahip bolgelerde kurulu olan giines
enerjisi tesislerinin, panel yiizeylerinde olusan bu kirlilikler
hasebiyle enerji Uretim verimlerinin %30’lara varan oranlarda
azalabildigi literatiirde yer alan pek ¢ok caligsma ile kanitlanmistir
(Nezamisavojbolaghi et al., 2023).

FV panel egimi, panelin kuruldugu dogrultu, yiizey
diizgiinliigli, yilizey kaplamadaki malzemelerin bilesimi ve
oranlari, ortam sicakligt ve rlizgar hiz1 gibi cesitli unsurlar,
fotovoltaik panellerin  yilzeyinde toz ve Kkir birikimini
etkilemektedir. Ayrica tozun ve kir tabakasmin kimyasal,
biyolojik ve elektrostatik 6zellikleri verimi etkileyeceginden toz
ve kir tabakasinin FV panel yuzeylerindeki birikimi Gzerinde
etken bir rol oynamaktadir. Toz birikimi, daha Oncede
vurgulandigr  gibi gilines panellerine 1518in  ulagsmasini
engellemekte ayn1 zamanda da gilinesten gelen 15181n bir kisminin
FV panel yiizeyinden dogrudan yansimasma, bir kisminin
kirilmasina ve bir kisminin da dagilmasina neden olmakta, bu da
fotonlarin sogurulmasini yani emilimini azaltmakta ve panel ¢ikis
giiclinii diistirerek verim kaybina yol agmaktadir. Dolayisiyla,
panellerin temizligi ¢ok Onemlidir ve belirli araliklar ile
temizlenmesi gerekmektedir. Uygulamada FV panellerin yiizey
temizleme islemleri, temasli ve temassiz ylizey temizleme olarak
ikiye ayrilmaktadir.

Gunumuzde, FV panellerin manuel olarak veya otomasyon
sistemleri kullanilarak temizlenmesi, FV panellerin (zerlerinde
biriken kirlilikleri uzaklastirmak ve verimliligini arttirmak i¢in
kullanilan iki temel stratejidir (Nezamisavojbolaghi et al., 2023).
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Ancak sz konusu bu temizlik metotlarinin uzun temizleme
streleri, su gereksinimlerinin yiiksek olmast ve panel
yuzeylerinin zarar gérmesine neden olabilmeleri gibi bir dizi
dezavantajlart  bulunmaktadir. Ayrica, bu metotlar bazi
durumlarda panel temizliginde yetersiz kalabilmektedir. Bu
durum, FV panellerin enerji Uretim verimlerinde yasanabilecek
s0z konusu kirlilikler kaynakli diisiislerin 6niine gegmek adina
yeni temizleme yoOntemlerine olan ilgiyi gin gectikce
artirmaktadir. Otomasyon sistemleri ile panel temizleme, manuel
temizleme yontemlerine kiyasla elektrostatik veya mekanik
teknikleri kullanarak daha etkili ¢oztimler sunmaktadir ancak bu
yontemler ek enerji tlketimi ve daha yiksek maliyetler
yaratmaktadir (Y1lmaz, 2024).

Manuel temizlik yonteminde ¢alisan tarafindan kullanilan
firga vb. malzeme ile FV panelin cam yiizeyi sekil 2a)’da
gosterildigi  lizere  temizlenmekte ve  yilizey kirden
arindirilmaktadir. Bu sayede FV panelden elde edilecek olan
verimin artmasi saglanmaktadir. Ancak daha 6nce de anlatildigi
lizere bu yontem temasli oldugu i¢in zamanla FV panel yiizeyine
zararlar meydana getirmektedir.

Sekil 2b)’de gosterildigi iizere otomatik temizleme robotu,
fotovoltaik panelin cam yiizeyini temizlemek maksadiyla yatay
dogrultuda hareket eden dikey bir firgayla donatilmistir. Bu
sistemler elektrikle caligmaktadir ve otomatik olarak devreye
girebilecek sekilde tasarlanabilmektedir.  Temizlik islemi
sirasinda panellerin 1slatilmasi i¢in robota bir su hortumu entegre
edilmistir. Fakat bu temizlik yontemi de temasl oldugu igin
zamanla FV panel yuzeyine zararlar meydana getirmektedir.

Sekil 2c)’de gosterilen su plskirtme nozul sistemi, FV
panel cam yizeyini birincil temizlik hammaddesi olarak suyu
kullanmaktadir. Bu sayede giines panellerinin cam yiizeylerinden
toz, pislik, kalintt vb. atiklar1 temizleyerek fotovoltaik
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panellerden elde edilecek olan verimi arttirmaktadir (Najmi &
Rachid, 2023).

Sekil 2. (a) Manuel Temizlik, (b) Robotik Sistem ile Temizlik, (c)
Su puskirtme ile Temizlik (Najmi & Rachid, 2023)

Temassiz temizlik yontemlerinde en ¢ok kullanilan
yontemler elektrostatik temizleme, ultrasonik akustik temizleme
ve kaplama yontemidir.

Elektrostatik temizlemede paralel elektrotlar tarafindan
iretilen  elektrodinamik  kuvvet kullanilarak FV  panel
ylizeyindeki kalintilar yiizeyden uzaklastirilmaktadir. Baska bir
ifadeyle, bir elektrot ¢cok yiiksek negatif voltajla yiiklenmekte ve
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diger elektrotlar pozitif yilklenmektedir. Bu da toz pargaciklarinin
panellerden disar1 atilmasina neden olmaktadir. Ancak yiiksek
elektrik tiiketimi ve uygulanabilirligi yagis1 ¢cok alan bolgelerle
sinirlt oldugundan fazla tercih edilmemektedir.

Ultrasonik akustik temizleme ydntemi hassas yuzey
temizligi ve partikiil yonlendirme uygulamalari i¢in yaygin olarak
kullanilmaktadir. Ultrasonik ses dalgalari, egimli panel
yilizeylerine etki eder ve gaz halindeki mikro hava akimlari
olusturmaktadir. Bu da akustik alanlarla iliskili yilizeylerin
titresmesine neden olmaktadir. Titresim etkisi, normalde diger
temizlik yontemleriyle erisilemeyen yiizeylerin ve alanlarin
temizlenmesine katkida bulunmaktadir. Ancak ultrasonik akustik
temizleme teknigi, siirekli olarak kendini temizleyen panel
uygulamalar i¢in degerlendirildiginde enerji tiiketiminde bir
avantaj olarak kabul edilse de, 90 dB'lik bir ses yogunlugu
zamanla FV panellere zarar verdiginden dolay: siirekli ¢alisan
sistemler i¢in istenen bir Ozellik degildir (Altintag & Arslan,
2021).

Diger bir kirlilik dnleyici yontem olan yiizey kaplama, FV
panellerin cam yuzeylerinin lizerlerinin 151k gegirgenligine zarar
vermeyecek  sekilde hidrofobiklestirme 6zelligine  sahip
malzemeler ile kaplanmasi seklinde tanimlanmaktadir. Kaplama
ile hidrofobiklestirilmis olan yiizeyin, izerine damlatilmis olan su
damlasi ile temas agisinin 90°’den fazla olmaktadir. Bu sayede
panel yilizeyine yagmur ile veya piiskiirtme ile gelen su
damlaciklari, panel ylzeyinde kiiresele yakin bir formda
kalmakta ve egimli panel yiizeyinden akisi esnasinda toz vb.
kirleticileri toplayarak panel ylizeyinden uzaklastirabilmektedir.

Su damlalarinin panel ylizeyi ile yaptigi temas agisinin
150°’den fazla olmasi durumunda yuzeyin slperhidrofobik
karakterde olmasi1 anlamina gelmektedir. Siiperhidrofobik
yuzeylerde panel yiizeyine gelen su, damlaciklara pargalanmasi
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icin gerekli olan gerilim {izerine etki etmediginden neredeyse hig
par¢alanmadan biiylik damlalar halinde egimli panel yilizeyinden
akmaktadir. Damlalarin panel yiizeyi ile temas ettigi aginin
90°’nin altinda olmas1 durumunda ytzey hidrofilik ylzey olarak,
10°’nin altinda olmas1 ise siiperhidrofilik ylzey olarak
tanimlanir. Bu yuzey 0zelliklerinin sematik gortntiileri Sekil 3’te
gosterilmistir. Hidrofilik karakterli yuzeylerde panel yiizeyine
gelen su, hidrofobik yiizeylerin aksine ylizey temizligini akis
sirasinda siipiirerek degil, panel ylizeyine yayildig1 bolgelerdeki
kirleticilere yapigsarak yapmaktadir. Bu senaryoda su damlalari
yuvarlanma hareketinden ziyade yiizeye yapisarak hareket
ettiginden Kirleticilerin biiyilk bir kismini toplayamamakla
birlikte mevcut Kkirlerin yuzey (zerine daha kuvvetli
yapismalarina sebebiyet verebilmektedir (Nosonovsky &
Bhushan, 2009). Bu sebeple hidrofobik ve stperhidrofobik
kaplamalar, hem toz ve Kirlerin ylzeye tutunmalarini
zorlagtirarak kirleticilerin ylizeyde birikmelerini 6nlemekte hem
de siirekli bakim gerektirmemekle beraber panelin ortalama enerji
uretim verimliligini artirmaktadir. Ayrica, panel temizligi sadece
su kullanilarak yapilabildiginden panel yiizeylerinde mekanik
temas kaynakli ¢izilme veya temizlik kimyasallar1 kaynakli
deformasyonlar olusma riski de ortadan kalkmaktadir.

Temassiz ylizey temizlemede kullanilan baslica yontem
olan yizey kaplama, temizlik i¢in ayrica enerji harcanmasinin
ontine gecerek bakim ve isletme maliyetlerinin artmasini
engellemektedir (Nezamisavojbolaghi et al., 2023).
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a) Su damlasi

b) o<1’ 0<90" 0>90' 0>150°
Stiperhidrofilik Hidrofilik Hidrofobik  Siiperhidrofobik

Sekil 3. a) Su temas acis1 (0), (b) Olgiilen su temas acisina gore
1slatma alanlar (Yilmaz,2024)

Ornegin Xu, J. ve arkadaslar, yiiksek gecirgenlige ve
mikemmel siiperhidrofobik dzelliklere sahip Sol Jel yontemiyle
bir kaplama hazirlamistir. Elde edilen kaplamalarin temas agist
Olclim sonugclarina gore sekil 4’te de goriildiigii lizere su temas
acist ise 152°’ye kadar ¢ikmistir (Xu et al., 2017).

152°

Sekil 4. Temas acis1 6l¢iim sonucu (Xu et al., 2017)

Ayrica temizlik yontemlerinin degerlendirilmesi i¢in ¢esitli
metotlardan yararlanilmaktadir. Bunlardan biri de MCDM
(Multi-Criteria Decision Making) yaklasimidir. MCDM, Tiirk¢e
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manastyla Cok Kriterli Karar Verme yontemleri, birden fazla
kriterin es zamanli g6z Oniinde bulundurulmasi gereken
durumlarda optimum kriter korelasyonu tespit etmek igin
kullanilan karar verme yontemlerinin genel adidir. PSI yontemi
ise (Preference Selection Index), oldukg¢a basit, hizli ve agirlik
hesaplama gerektirmeyen bir siralama teknigi olmasi sebebiyle
yaygin olarak tercih edilen bir Cok Kriterli Karar Verme
yontemidir.

Giines enerjisi alaminda Urdiinlii uzmanlarla yapilan
anketler sonucu gerekli veriler toplanmistir. PSI teknigiyle
temizlik yontemleri degerlendirildiginde otomatik temizlik
sisteminin tercih indeksi 0.31853, elektrostatik temizlik
yonteminin 0.27412, manuel temizlik yénteminin 0.40807 ve
kaplama yonteminin ise 0.32674 olarak hesaplanmistir. Ancak
giiniimiiz kosullarinda artis gosteren masraflarin ve ayrica su
tasarrufuna verilen 6nemin artmasi ile kaplama yéntemine olan
talep giderek artmaktadir (Obeidat vd., 2020).

Son zamanlarda, FV panellerin verimini arttirmak
amaciyla ylizey temizliklerini saglayabilmek i¢in artan maliyetler
ve en onemlisi su kaynaklarinin azalmasindan dolay1 TiO2, SiO2
tirevleri gibi fotokatalitik ve hidrofobik-hidrofilik 6zelliklere
sahip nano materyaller arastirmacilar tarafindan ilgiyle
incelenmektedir. Bunun nedeni, nanotozlarin kendiliginden
temizlenebilen antibakteriyel ve hidrofobik malzeme olarak
potansiyel bir kullanim alanina sahip olmasidir (Chermahini et
al., 2018). Giines panellerinde kullanilan yansima ve kirlenme
onleyici kaplamalarin olumsuz kosullara kars1 dayanikliliklar1 ve
151k gecirgenlikleri, FV panellerde yasanabilecek olasi verim
distislerinin =~ Oniine  gegmek adina  olduk¢ca  Onemli
parametrelerdir. Bu sebeple panel ylzeylerini kaplarken
kullanilan kaplama malzemelerinin igerikleri belirlenirken
dikkatli olunmalidir. FV panel yilizey kaplamalarinda yaygin
olarak kullanilan malzemeler ve bu malzemelerin kaplama
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karakteristiklerine etki edebilecek baz1 Ozellikleri asagida
verilmistir (Y1lmaz, 2024).

Tablo 3.1. FV Panel Yiizey Kaplamalarinda Kullanilan Baz1
Malzemelerin Ozellikleri (Yilmaz, 2024)

Malzeme | Kirllma indisi | Isik Gegirgenligi | Mekanik Dayanim
SiO;
Mng
TiO, Yuksek
SizNg
Zr0; Yiiksek
A|203 Yiksek

Literatiirde kaplama yontemi olarak kullanilan baslica 5
yontem bulunmaktadir. Bunlar Kimyasal Buhar Biriktirme
(CVD), Termal Buharlasma Yardimli Kaplama, Glancing Angle
Deposition (GLAD), Elektroegirme Yontemi ve Sol Jel
Yontemidir. Literatiirde kullanilan kaplama yontemleri arasinda
Sol Jel yontemi, en ekonomik ve en kullanigh kaplama yontemi
olarak degerlendirilebilir. Sol Jel yontemi ile Uretilen kaplamalar,
yikksek 151k gegirgenlikleri ve superhidrofobiklestirmeye
yatkinliklar1 sebebiyle yaygin olarak tercih edilmektedir. Stuper
ince kaplamalarin Uretiminde Sol Jel yonteminin yaygin olarak
tercih edilmesinin sebebi, bu alanda kullanilan diger yontemlere
gore daha basit ve daha diisiik maliyetli bir yontem olmasidir. FV
panellerde bu yontem panellere; yizeyden yansimayi 6nleme,
kendi kendini temizleme, antibakteriyellik ve zararli ultraviyole
isinlarindan  koruma  gibi  ozellikler kazandirmak igin
kullanilmaktadir (Shanmugam vd., 2020).

4, SONUC VE ONERILER

FV panellerin verimliligini artirmak i¢in, cam yiizeylerde
kullanilabilecek temizlik yontemleri temasli ve temassiz temizlik
yontemleri olmak tizere iki ana gruba ayrilabilmektedir. Temaslh
ve temassiz temizlik yontemleri incelendiginde zaman, masraflar
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ve panel yiizeyine zarar parametreleri gz Oniine alinarak
temassiz temizlik yoOntemlerinden kaplama yoOntemleri en
avantajli temizlik yontemi oldugu degerlendirilmistir. Manuel
temizleme teknikleri, yaklasik 9.25 $/kW’a mal olan temizleme
araclar1 (firgalar dahil) gerektirmektedir. Isletme maliyeti ise her
temizleme dongusu igin 0.19 $/kW'a ulagsmaktadir. Elektrostatik
temizleme tekniginin sermaye maliyetinin 26 $/kW oldugu
bildirilmigtir. ~ Isletme  maliyeti  kapsaminda,  sistemin
performansinin siirdiiriilmesi i¢in bir temizleme dongiisii bagina
gereken enerji tiketiminin 0.2 Wh/m? oldugu hesaplanmistir.
Dolayisiyla, 10 m? bir alan igin hesap yapildiginda FV sistem
alan1 ve 0.175 $/kWh elektrik tarife degeri dikkate alindiginda
isletme maliyetinin 0.00035 $/kW oldugu Ongoriilmektedir.
Kaplama yontemlerinde (hidrofobik ve hidrofilik) kendi kendini
temizleme teknikleri, sirasiyla 9 $/kW ve 7 $/kW tutarinda ilk
yatirim gerektirmektedir. Bu hesaplamalar géz niine alindiginda
en diisiik sermaye maliyetine sahip temizlik yontemi kaplama
yontemidir. Literatiir incelendiginde, enerji verimliligi agisindan
gelistirilecek kaplamalar, FV panellerin verimliligini artirarak,
enerji iretiminde Onemli bir artis saglandigi gorilmistiir.
Kirlenme ve dis etkenler (toz, kir, su lekeleri vb.) nedeniyle
kaybolan enerjinin azaltilmasi, potansiyel bakim ve onarim
maliyetlerinin az olmast hem ekonomik hem de cevresel fayda
sagladigt  gozlemlenmistir. Ayrica  fotokatalitik  ve
superhidrofobik-stperhidrofobik  6zellikler ~ kullanilarak — su
damlaciklarinin ylizeyde kayarak kirleri temizlemesi incelenerek
giinimiiz kosullarinda hayati éneme sahip olan su tasarrufuna
yardime1 oldugu da goriilmistiir.

Son olarak, FV panellerin temizligi {izerine yiiriitiilen
calismalarin gelistirilmesine yonelik ileriye doniik arastirma
gereksinimleri ve Oneriler agagida maddeler halinde sunulmustur:

. Farkl1 iklim ve cografi kosullar1 kapsayan kapsamli saha
caligmalarina ihtiya¢ vardir. Tozlanma dinamiklerinin
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bolgesel farkliliklar goOstermesi nedeniyle, temizlik
yontemlerinin etkinligi ve ekonomik sonuglart ancak ¢esitli
iklim  bolgelerinde uzun donemli  karsilastirmali
calismalarla degerlendirilmelidir.

Su tiiketimini minimize eden veya su kullanimini tamamen
ortadan kaldiran temizlik teknolojilerinin gelistirilmesi
onem arz etmektedir. Ozellikle su kaynaklarmin sinirh
oldugu bolgelerde, mevcut su bazli temizlik yontemleri
stirdiiriilebilir degildir.

Toz birikiminin izlenmesi ve temizlik zamanlamasinin
optimize edilmesi i¢in yapay zeka tabanli modellerin
gelistirilmesi gerekmektedir. Makine Ogrenimi ve veri
analizine dayali modeller, tozlanma oraninin tahmini, verim
kayiplarinin  hesaplanmast ve en uygun temizlik
stratejisinin belirlenmesi agisindan 6nemli bir potansiyel
sunmaktadir. Bu tliir modeller, isletme ve bakim
faaliyetlerinin  daha  verimli  yOnetilmesine  katki
saglayacaktir.

Temizlik yontemlerinin FV modulleri Uzerindeki uzun
donem etkilerinin incelenmesi  gereklidir. Mekanik
firgalama, robotik temizlik sistemleri veya kimyasal
temizlik malzemelerinin panel yiizeyinde olusturabilecegi
asinma, mikro yapisal zarar, optik gecirgenlik kaybi1 gibi
etkiler yeterince arastiritlmamistir. Bu nedenle, uzun vadeli
dayaniklilik ve performans analizleri yapilmalidir.

Kendini temizleyen yiizey kaplamalarinin performansinin
artirllmas1 ve ticarilestirilmesine yonelik c¢alismalar
desteklenmelidir.  Stperhidrofobik, fotokatalitik veya
antistatik  Ozelliklere sahip kaplamalarin laboratuvar
ortaminda basarili sonuglar verdigi bilinmekle birlikte, dis
ortam kosullarindaki kararlilik, UV dayanimi, mekanik
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asinmaya kars1 direng ve maliyet etkinligi bakimindan daha
fazla gelistirilmesi gerekmektedir.

Otomatik  temizlik  sistemleri igcin  standart test
protokollerinin  olusturulmas:  gerekmektedir.  Farkli
firmalar tarafindan gelistirilen robotik veya otomatik
temizlik sistemlerinin performansinin karsilastirilabilmesi
icin  uluslararas1  diizeyde  standardize  edilmis
degerlendirme yontemleri ve olgiitler belirlenmelidir.

Ekonomik analizlerin kapsami genisletilmelidir. Temizlik
yontemlerine iligkin yatirim maliyetinin, geri 6deme
stresinin, fayda—-maliyet oraninin ve sistem verimindeki
artisin biitlinciil bir yaklasimla analiz edilmesi, 6zellikle
blyluk Olcekli FV santrallerinde karar vericilere dnemli
katk1 saglayacaktir.
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EFFECT OF CFRP PLY ORIENTATION ON
STRESS DISTRIBUTION IN ALUMINIUM-
CFRP ADHESIVELY BONDED SINGLE-LAP
JOINTS

Ahmet CALIK?

1. INTRODUCTION

Adhesively bonded joints offer key advantages over
mechanical fastening for lightweight structures: continuous load
transfer, reduced stress concentrations caused by holes, improved
fatigue performance, and the ability to join dissimilar
materials.(Feih & Shercliff, 2004; Mattos et al., 2011; Pinto et al.,
2013) In aerospace, automotive, and rail applications, hybrid
joints combining CFRP and aluminium alloys are particularly
attractive because they enable high specific stiffness and strength
while preserving manufacturability and cost-
effectiveness.(Huang et al., 2013; Wang et al., 2021) However,
these hybrid joints introduce complexities, such as residual
thermal stresses that arise from the differential thermal expansion
coefficients between carbon fiber reinforced polymers and
aluminum during the curing process (Carbas et al., 2021).

Despite these benefits, adhesively bonded single-lap
joints (SLJs) are known to exhibit non-uniform stress
distributions along the overlap due to combined shear and peel
stresses induced by eccentric loading.(Kim et al., 2007) These
effects become more complex in CFRP-metal joints because
CFRP is anisotropic: its stiffness and coupling behaviour depend

L Prof. Dr., Burdur Mehmet Akif Ersoy Universitesi, Miihendislik-Mimarlik
Fakiiltesi, Makine Miihendisligi Boliimii, ORCID: 0000-0001-7425-4546.
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strongly on fibre orientation. Therefore, changing CFRP ply
angle can influence the joint’s deformation pattern, the load path,
and ultimately the magnitude of critical stresses in the adhesive
and at the interface.(Fink et al., 2009; PLAKA et al., 2022; Vigén
etal., 2024)

This chapter focuses on a numerically efficient way to
explore this sensitivity: a parametric FE study in which CFRP
orientation is varied and stress values along the adhesive length
are compared using consistent post-processing. The work is based
on an aluminium adherend bonded to a CFRP adherend using an
adhesive layer, modelled in ANSYS Workbench, with stress
values read along the adhesive bond line.

2. PROBLEM DESCRIPTION AND MODELLING
STRATEGY

2.1. Joint configuration

The investigated structure is an adhesively bonded single-
lap joint composed of two adherends: CFRP at the lower adherend
and an aluminium alloy at the upper adherend, connected through
an adhesive layer. The CFRP material orientation is rotated to
form different angles with the global x-direction, and FE analyses
are performed for each orientation angle (Figure 1).

Boundary conditions and loading follow a standard
tensile-type SLJ configuration: one end of the joint is fixed while
a force is applied at the opposite end. Stress values are evaluated
along the adhesive overlap length (*bond length”) to obtain
comparative distributions (Table 1).
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Table 1. Geometry and loading conditions of the SLJ

Parameter Symbol | Value Unit
Adhesive thickness ta 0.15 mm
Aluminium adherend length Lai 100 mm
Composite (CFRP) adherend length Lcrre 100 mm
Adherend width (both adherends) b 25 mm
Overlap (bond) length Ly 25 mm
Overlap (bond) width by 25 mm
Equivalent applied force Feq 17 kN

Figure 1. Geometric dimensions of the SLJ.

2.2. Material models

ANSYS Engineering Data is used to assign material
properties to aluminium, CFRP, and the adhesive (Table 2). The
chapter uses the same modelling approach as in the provided
results: aluminium is treated with an isotropic elastic (and
optionally bilinear hardening) definition, the adhesive is
modelled as isotropic linear elastic, and CFRP is defined as an
orthotropic elastic material (carbon fibre lamina). The relevant
property panels are shown in the study documentation.

2.3. Finite element mesh

A 3D finite element discretization is used. The mesh
statistics reported for the representative model are approximately
149,226 nodes and 30,875 elements (as indicated in the mesh
statistics panel). The mesh model is shown in Figure 2.
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Figure 2. Mesh model

Table 2. Material properties

Material Property Symbol Value Unit
(Constitutive model)
Aluminum Alloy NL | Density p 2770 | kg/m?
(Isotropic linear elastic) Young’s modulus E 71.0 | GPa
Poisson’s ratio (\nu) 033 | -
Bulk modulus (K) 69.608 | GPa
Shear modulus (G) 26.692 | GPa
Yield strength gy 280 | MPa
Tangent modulus (E_D) 0.5 | GPa
Carbon Fiber | Density (\rho) 1800 | kg/m?
(Orthotropic linear | Young’s modulus (X-direction) E: 230 | GPa
elastic) Young’s modulus (Y-direction) E, 23 | GPa
Young’s modulus (Z-direction) Es 23 | GPa
Poisson’s ratio Vip 0.20 | -
Poisson’s ratio Vo3 0.40 | -
Poisson’s ratio Vi3 0.20 | -
Shear modulus Gy 9.0 | GPa
Shear modulus Gy 8.2143 | GPa
Shear modulus Gis 9.0 | GPa
Adhesive (DP460) Young’s modulus E 1.984 | GPa
(Isotropic linear elastic)) | Poisson’s ratio v 037 | -

2.4. Output quantities and post-processing

For each CFRP orientation case, two primary results are

extracted along the adhesive bond length:

Equivalent (von Mises) stress distribution (reported in MPa in the

graphs)

Maximum shear stress distribution (reported in MPa in the

graphs)

These are sampled along the overlap coordinate (bond
length) so that peak locations and peak magnitudes can be

compared consistently across fibre angles.
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3. RESULTS

3.1. Von Mises stress distribution along the bond
length

The computed von Mises stress distributions show a
pronounced non-uniform pattern along the overlap. For all
considered CFRP orientation angles, stresses are relatively high
near the overlap ends, decrease toward the mid-overlap region,
and then rise again approaching the opposite overlap end—
forming a characteristic U-shaped distribution along the bond
length.

A comparison across orientation angles indicates that the
magnitude of the peak von Mises stress is strongly orientation-
dependent. In the presented curves (multiple angles including 0°,
15°, 30°, 45°, 60° 75° 90°), certain orientations generate
noticeably higher peaks at the overlap end(s), while others reduce
end-peaks and flatten the stress gradient.

This behaviour is consistent with the mechanics of SLJs,
where eccentric loading produces bending, causing combined
shear/peel effects. When the CFRP principal stiffness direction is
rotated, the joint’s axial and bending stiffness distribution
changes, altering how load is transferred into the adhesive and
how strongly the overlap ends are stressed.

Based on the stress profiles extracted along the overlap
length, the peak values show a strong dependence on the CFRP
orientation angle. The maximum (peak) von Mises stress reaches
11.651 MPa at 45°, whereas it decreases to 6.379 MPa at 75°,
corresponding to an approximate 45.25% reduction relative to the
45° case. A similar trend is observed for the peak maximum shear
stress: the peak value is 11.651 MPa at 45°, but drops to 3.586
MPa at 90°, yielding an approximate 69.22% reduction. For
reference, changing the angle from 30° to 0° reduces the peak von
Mises stress from 9.866 to 6.610 MPa (=33.00%), while the peak
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maximum shear stress decreases from 9.866 to 3.717 MPa
(=62.32%). These results highlight that fibre orientation can be
effectively used as a design lever to mitigate critical peak stresses
in aluminium—-CFRP hybrid single-lap joints. The von Mises
stress distributions for different CFRP orientation angles are
presented in Figure 3.
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Figure 3. Von Mises stress (MPa) along the adhesive bond length
for different CFRP orientation angles.

3.2. Maximum shear stress distribution along the
bond length

The maximum shear stress distributions follow a similar
trend: relatively large values near the overlap ends and reduced
values toward the mid-overlap. Across the studied orientation
angles, the peak shear stress near the overlap end is the dominant
feature, and the sensitivity to CFRP orientation is again evident.

In practical terms, adhesive shear stress is a primary driver
for failure initiation in many bonded-joint scenarios (especially if
peel is not explicitly assessed). Therefore, orientations that reduce
end-peaks are beneficial for increasing damage tolerance and
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improving fatigue resistance. The maximum shear stress
distributions are shown in Figure 4.
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Figure 4. Maximum shear stress (MPa) along the adhesive bond
length for different CFRP orientation angles.

4. DISCUSSION
4.1. Why do overlap ends govern peak stresses?

In single-lap joints, the line of action of the applied load
does not pass through the adhesive mid-plane due to the lap
geometry, producing a bending moment. This leads to:

Concentrated load transfer near overlap ends (shear-lag
effect)

Additional peel-like effects caused by rotation of
adherends

Strong stress gradients near geometric and stiffness
discontinuities
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In hybrid joints, these effects are amplified by the stiffness
mismatch between aluminium and CFRP. Even when the
adhesive is modelled elastically, the localised end-peaks remain
pronounced.

4.2. Role of CFRP orientation

CFRP orientation influences the joint response through
directional stiffness control:

At some angles, the CFRP adherend becomes more
compliant in the load direction, increasing deformation and
potentially raising adhesive shear demand near the ends.

At other angles, CFRP is stiffer in the load direction,
which can shift load transfer and reduce or redistribute peak
stresses.

Orientation also affects coupling (in general), which can
modify bending/rotation tendencies and thereby alter stress
distributions along the overlap.

The plotted results clearly indicate that ply angle is an
effective parameter for stress tailoring in CFRP-aluminium SLJs,
even without changing geometry or adhesive type.

4.3. Design implications

From a design standpoint, the most valuable outcomes of
this parametric study are:

Peak stress ranking: ldentify fibre angles producing the
lowest overlap-end peaks (for both von Mises and maximum
shear stress).

Gradient control: Flatter stress curves generally imply
reduced localisation and improved durability.
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Hybrid-joint optimisation: CFRP orientation can be
combined with geometric tuning (e.g., tapering, spew fillets,
chamfers) and adhesive selection to further reduce end-peaks.

5. CONCLUSIONS

This chapter presented a finite element investigation of an
adhesively bonded aluminium—CFRP single-lap joint in which
CFRP orientation was varied and stress distributions were
extracted along the adhesive bond length using ANSYS
Workbench.

The main conclusions are:

Both von Mises stress and maximum shear stress are
strongly non-uniform along the overlap, with pronounced peaks
near overlap ends and a minimum near the mid-overlap.

CFRP orientation substantially affects stress magnitudes
and gradients, demonstrating that layup/orientation tailoring is an
effective strategy to mitigate critical adhesive stresses in hybrid
SLJs.

Overlap-end stress peaks remain the dominant design
concern; therefore, fibre-angle optimisation should be considered
alongside classical joint-improvement measures (fillets, adherend
tapering, adhesive thickness control, etc.).
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DUNYADA VE TURKIYE’DE YENILENEBILIR
ENERJi KAYNAKLARININ GUNCEL DURUMU

Gurkan KARA!
Seyda OZBEKTAS?

1. GIRIS

Yenilenebilir enerji; fosil yakitlarin kullaniminin sebep
oldugu c¢evresel, ekonomik, jeopolitik ve teknolojik sorunlar ile
ilgili giin gectikge artan endiselere paralel olarak akademik
cevrelerin ve kiiresel enerji politikalarinin 6nemli bir hedef
noktas1 haline gelmistir(Gielen et al., 2019). 21. yiizyilin ilk
ceyregi itibar1 ile kiiresel enerji {retiminde yenilenebilir
kaynaklarin pay1; iklim degisikligi ile miicadele, enerji giivenligi,
enerji  bagimsizligit ve {ilkelerin siirdiiriilebilir ekonomik
kalkinma planlariin gergeklestirilebilmesi adina biiyUk bir
Osman et al., 2023). Gelisen teknoloji ve tiiketim aliskanliklar
hasebiyle kiiresel ¢capta enerji tiiketiminde yasanan dramatik artis,
fosil yakitlara dayali enerji iiretiminin basta sera gazi
emisyonlarinin artis1 ve bunun sonucunda ortaya ¢ikan kiiresel
1sinma gibi ¢evresel etkileri olmak tizere pek ¢ok dezavantajindan
dolay1 fosil yakit enerjisi karsisindaki en biiyiik rakip olan
yenilenebilir enerji kaynaklarina halihazirda yonelmis olan ilgiyi
daha da artirmis ve gelinen noktada pek cok farkli agidan
zorunluluk haline getirmistir(Bashir et al., 2024).

L Ars. Gor, Ondokuz Mayis Universitesi Miihendislik Fakiiltesi Makine
Miihendisligi Boliimii, ORCID: 0000-0003-0365-3827.

2 Ars. Gor., Ondokuz Mayis Universitesi Miihendislik Fakiiltesi Makine
Miihendisligi Bolimii, ORCID: 0000-0001-7399-733X.
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Yenilenebilir enerjinin; glines, riizgar, hidrolik, biyoenerji
ve jeotermal enerji gibi dogal kaynaklardan elde edilmesi
sebebiyle cevre iizerindeki olumsuz etkileri fosil yakitlara
nazaran ¢ok daha disiiktiir(Candra et al., 2023). Diinya genelinde
bu kaynaklardan enerji elde edilebilmesi icin kurulan tesislerin
sayilarinin artmasiyla birlikte elde edilen enerji miktar1 da her
gecen yil artmakta, buna paralel olarak enerji {retim
teknolojilerinde elde edilen ilerlemelerle birlikte enerji tretim
verimliligi de yiikselmektedir(Neuhoff et al., 2022). Buna
mukabil her bir yenilenebilir enerji kaynaginin kendine 6zgii
kurulum maliyetleri ve verimli enerji iiretimini saglayabilmek
adina 6zel kurulum alani/bdlgesi gibi gereksinimleri vardir.
Ozellikle son yillarda yasanan Rusya-Ukrayna gerginligi ve takip
eden siiregte yapilan yaptirimlar sonucunda yasanilan enerji krizi
gibi durumlarin enerji bagimsizliginin éneminin bir kere daha
anlagilmis olmasin1  saglamasi, {retim teknolojilerindeki
gelismeler ile kurulum maliyetlerinin zamanla diismesi ve
yenilenebilir enerji yatirimlarinin finansal agidan daha cazip hale
gelmesiyle yenilenebilir enerji kaynaklarina daha fazla yatirim
yapilmasinin 6nii agilmistir(Hille, 2023; Sart et al., 2025). Bu
calismada yenilenebilir enerji kaynaklar1 arasinda faydalanma
orani en yliksek kaynaklar olan; gilines enerjisi, riizgar enerjisi,
hidroelektrik enerji ve biyoenerji kaynaklarinin diinyada ve
Tiirkiye’deki mevcut durumu gilincel veriler kullanilarak
incelenmistir.

2. DUNYADA VE TURKIYE’DE GENEL ENERJi
DURUMU

2.1. Dunyada Genel Enerji Durumu

Bu boélimde kiresel capta mevcut durumdaki enerji
tretimlerinin  kaynaklara gore dagilimi gilincel verilerle
incelenmis ve yillara gore degisim trendleri karsilastirilmistir.
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Kiiresel capta elektrik tiretimi i¢in kullanilan kaynaklardan
tiretilen elektrik miktarlarinin  yillara gore degisimi, bu
kaynaklarin sektor i¢erisindeki pay1 ve giincel durumdaki kurulu

glic miktarlarim1 karsilagtirmali olarak gosteren grafikler; Sekil
2.1. ve Sekil 2.2.’de verilmistir.
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Sekil 2.1. Diinya Genelinde Kaynaklara gore Elektrik Uretim
Miktarlarinin ve Elektrik Uretiminde Kullanmilan Kaynaklarin
Paylarmin Yillara Gore Degisimleri (Ritchie et al., 2025; Ember,
2025; IRENA, 2025; Ozbektas et al., 2023)

Dogalgaz
2056

Sekil 2.2. 2024 Yih itibariyla Diinyada Elektrik Uretimi i¢in
Toplam Kurulu Gii¢ Dagilimi (GW) (Ritchie et al., 2025; Ember,
2025; IRENA, 2025)

Sekil 2.1°de verilmis olan grafikler, 2000-2024 yillari
arasinda diinya genelindeki elektrik iiretiminin farkli enerji
kaynaklarina gore nasil degistigini ve bu enerji kaynaklarinin
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kiiresel ¢aptaki elektrik iiretimi igindeki paylarinin yillar i¢indeki
degisimlerini gostermektedir. Yapilan arastirmalar, ozellikle
komiiriin elektrik iiretiminde biiylik bir {iretim payimna sahip
oldugunu ve bu paymn yillar igerisinde 6nemli Slgiide arttigini
gostermektedir. Buna karsin riizgar enerjisi ve glines enerjisi gibi
yenilenebilir enerji kaynaklarinin kiiresel elektrik tiretimindeki
paymin, 6zellikle son yillarda belirgin bir sekilde arttig1 grafikte
goriilmektedir. 2024 yili itibariyle, glines enerjisinin tretimdeki
paymin 6nemli bir artis gosterdigi ancak yine de komiir ve gazin
toplam {iiretimdeki payina yaklagamamistir. Bu durum komiiriin
giiniimiizde hala kiiresel elektrik tiretiminde baskin bir kaynak
olmaya devam ettigini ancak yenilenebilir enerjiye yonelik ilginin
kararl bir sekilde artis gosterdigini goz 6niine koymaktadir.

2000-2024 yillar1 arasinda komiiriin elektrik tiretimindeki
paymin biiylik dlgiide azalmasina ragmen hala en biiyiik paya
sahip oldugu goriilmektedir. Bununla birlikte riizgar ve giines
enerjilerinin elektrik iiretimindeki paylar1 ayni siirecte artis
gostermistir. Riizgar enerjisinin liretimdeki payi, ozellikle son
yillarda hizli bir artis gdstermistir. Glines enerjisi ise erken
2000’lerde sektor icerisinde c¢ok diisiik bir paya sahipken
ozellikle 2020 yili itibariyle 6nemli bir kirilimla yiikselise
gecmistir. Biyoenerji gibi diger kaynaklarin payr ise bu
kaynaklarin yaninda daha diisiik kalmistir. Grafikte gézlenebilen
bu trend, konvansiyonel kaynaklardan yenilenebilir enerji
kaynaklarina olan gecisin hizlandigin1 ancak bu ge¢isin heniiz
komiir ve gazin elektrik iretimindeki mutlak hakimiyetini
gecebilecek seviyede olmadigini gostermektedir.

Sekil 2.2.°de 2024 yili itibariyle diinyada elektrik
tretiminde kullanilan kaynaklarin islenmesinde kullanilan
tesislerin mevcut kurulu giic dagilimimi gosteren grafik
verilmistir. Giines enerjisinin 1865 GW’lik kurulu giiciiyle kdmiir
ve dogalgazdan sonraki en biiyllkk paya sahip oldugu
gorulmektedir. Rizgar enerjisi, 1133 GW ile 6nemli bir paya
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sahip olurken, rlizgar enerjisini sirastyla hidroelektrik enerjisi,
niikleer enerji ve biyoenerji takip etmistir. Bu durum,
yenilenebilir enerji kaynaklarimin kurulu giiciiniin geleneksel
enerji kaynaklarina gore daha hizli bir sekilde arttigini ve 2024
yilt itibariyle bu egilimin kiiresel elektrik iiretiminde daha
belirgin hale geldigini vurgulamaktadir.

Genel perspektife bakildigi zaman; yenilenebilir enerji
kaynaklarinin kiiresel bazli elektrik uretiminde ve kurulu gug
dagilminda gin gectikge artan bir paya sahip oldugu
gortlmektedir. Ozellikle giines ve riizgar enerjisinin payimnda son
yillarda gézlenen artis, yenilenebilir enerjinin gelecekteki kiresel
enerji Oretimindeki kritik rolini g6z Oniine koymaktadir.
Bununla birlikte, komiir ve dogalgaz gibi geleneksel enerji
kaynaklar1 hala 6nemli bir iiretim payina sahip olmaya devam
etmektedir. Bu durum, yenilenebilir enerjiye gecis stirecinin uzun
zaman alabilecegini ve mevcuttaki konvansiyonel enerji Gretim
altyapilarinin hala biiyiik ol¢iide fosil yakitlar iizerine kurulu
oldugunu ortaya koymaktadir. Yenilenebilir enerji kaynaklarinin
artan payma ragmen, fosil yakitlara olan bagimliligin devam
etmesi, kiiresel enerji gecisinin tamamlanmasinin uzun vadeli bir
stire¢ gerektirecegini gostermektedir.

2.2. Turkiye’de Genel Enerji Durumu

@
S

-
N
S
@
S

121,31

=
1=}
S

IS

S

S
=
&
z 3
Z £
b= £ 30,7 3555
E 80 5. 10
8 46754 7457 5 30
S 60 /_ 6328 = 483
= 38,19 22 ae
w08 53 185
[ 3
868 © 014 d— A
0 o 1L 2,54
P O P EF DO LD D S N ¥ g @O N T O ® O N
SN SS883E%EEE88s8¢g%§
il vil
Komir Gaz Hidro Koémiir Gaz Hidro

Ruzgar Giines Biyoenerji Riizgar Giines Biyoenerji

Sekil 2.3. Tiirkiye’de Kaynaklara gore Elektrik Uretim Miktarlarinin ve Elektrik
Uretiminde Kullanilan Kaynaklarin Paylarimin Yillara Gore Degisimleri (Ritchie
et al., 2025; Enerji ve Tabii Kaynaklar Bakanhg, 2025)
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Tirkiye Ozelinde elektrik tiretimi i¢in kullanilan
kaynaklardan tiretilen elektrik miktarlarinin yillara gore degisimi,
bu kaynaklarin sektor icerisindeki payr ve giincel durumdaki
kurulu giic miktarlarini karsilastirmali olarak gosteren grafikler;
Sekil 2.3. ve Sekil 2.4.’de verilmistir.

Biyoenerji Diger
1.95 kaynaklar
5 17

Hidrolik
324

Dogalgaz
26,9

Sekil 2.4. 2024 Yih itibartyla Tiirkiye’de Elektrik Uretimi icin Toplam
Kurulu Gii¢ Dagilimi (GW) (Ritchie et al., 2025; Enerji ve Tabii
Kaynaklar Bakanhgy, 2025)

Sekil 2.3’de verilmis olan grafik, Turkiye'deki elektrik
uretimi miktarmin, 2000-2024 yillar1 arasinda farkli enerji
kaynaklarina gore degisimini ve Turkiye'deki toplam elektrik
retiminin, enerji kaynaklari bazinda paylarinin ayni periyottaki
degisimlerini gostermektedir. Grafiklerden de goriilebilecegi
Uzere, komiir ve dogalgaz gibi fosil yakitlarin Ulkemizin elektrik
uretimindeki payi, toplam elektrik Gretiminin biyldk bir
boluminl olusturmakta olup son yillarda riizgar ve giines
enerjilerinin  toplam {iretimdeki paylar1 belirgin bir sekilde
artmistir. Hidroelektrik kaynaklardan elektrik tretiminin toplam
uretimdeki pay1 daginik bir goriiniim sergilese de ortalama olarak
bakildiginda 2000-2010 yillar1 arasinda neredeyse sabit kalirken,
2014 yilindan itibaren ortalamada hafif bir asagi yonli kirilim
yasanmistir. Biyoenerji ise her ne kadar son yillarda artis
gostermeye baglasa da diger enerji kaynaklarina gore elektrik
uretiminde oldukca diisiik seviyelerde kalmis ve kayda deger bir
seviyeye gelememistir. Bu veriler, Tlrkiye'nin enerji Gretiminde

330



Makine Miihendisligi

fosil yakitlara olan bagimliliginin hala 6nemli diizeyde oldugunu,
bunun yaninda yenilenebilir enerjiye yonelik artan yatirimlarin,
gelecekteki iiretim profilini degistirebilecegini gostermektedir.

Komir kaynakli elektrik tiretimi, toplam Uretim icindeki
dominant payini1 korumakla beraber, 6zellikle 2014 yilinda keskin
sekilde diisiise gecen dogalgazin olusturdugu kaynak acigi
sebebiyle 2024 yili itibariyle %35,55'e yiikselmistir. Riizgar ve
giines enerjilerinin toplam Uretimdeki payi, 2000'lerin basina
kiyasla 6nemli Olclide artmis ve 2024 yili itibariyle riizgar
enerjisinin pay1 %10,71, giines enerjisinin ise %7,52 seviyelerine
ulagsmigtir. Hidroelektrik enerjisinin pay1 ise genel siirecte inis-
cikislar yasasa da ortalama seviyesini korumus ve yaklasik
%21,85 seviyesinde kalmistir. Biyoenerji iiretimi, toplam
miktarinin diisiik oldugu gibi oransal olarak da yine sinirl bir
paya sahip olmustur.

Sekil 2.4.°de verilmis olan grafik 2024 yili itibar ile
Turkiye'deki elektrik Gretimindeki toplam kurulu giicun
kaynaklara gore dagilimin1 gostermektedir. Hidroelektrik
enerjisi, dogalgaz enerjisi ve komur enerjisi, onceki yillarda
oldugu gibi 2024 yilinda da kurulu giciin oldukga buyuk bir
kismini olusturmakta olup sirasiyla 32,4, 26,9 ve 21 GW’lik
paylara sahip olmuslardir. Yenilenebilir enerji kaynaklari
arasinda, giines enerjisi 19,9 GW ile biiylik bir paya sahipken,
rizgar enerjisinin kurulu gict 13 GW olmustur. Biyoenerji ise
diisiik bir payla 1,95 GW'lik kurulu gii¢ kapasitesine sahiptir. Bu
veriler, Tirkiye'de 2024 yilinda enerji tiretiminde geleneksel
kaynaklarin hala énemli bir rol oynadigini, ancak yenilenebilir
enerji yatirnmlarinin giderek arttigini gostermektedir.

Genel gorinimde Turkiye'deki enerji tretiminde kémur
ve dogal gazin hala baskin bir yer tuttugu, ancak yenilenebilir
enerji kaynaklarmin hizla arttigi gdzlemlenmektedir. Ozellikle
rlizgar ve gilines enerjisinin {retimdeki payr artarken,
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hidroelektrik enerjisi de dnemli bir liretim kaynagi olmaya devam
etmektedir. Tiirkiye'nin 2024 yili itibariyle kurulu giiciinde de
yenilenebilir enerji kaynaklarinin artan bir sekilde yer aldig,
ancak geleneksel fosil yakit kaynaklarinin hala en biiyiik paya
sahip oldugu sdylenebilir. Bu durum, Tiirkiye'nin enerji gegisinde
onemli bir yol kat ettigini, ancak fosil yakitlara olan bagimliligin
hala biiyiik o6l¢iide devam ettigini gostermektedir. Ayrica,
yenilenebilir enerji kapasitesinin artigi, enerji gilivenligi ve
bagimsizligi, cevre dostu Uretim ve sirddrulebilir ekonomik
kalkinma hedefleri agisindan olumlu bir gelismedir.

3. DUNYADA VE TURKIYE’DE YENILENEBILIR
ENERJi DURUMU

Bu bélimde dunyada ve Tirkiye’de glncel konjonktirde
yenilenebilir enerji kaynaklarinin enerji iiretimindeki paylari,
kaynak tiirlerine gore ayr1 ayr1 incelenmistir.

3.1. Giines Enerjisi
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Sekil 3.1. Giines Enerjisinin Diinyadaki Durumu (Ritchie et al.,
2025; Ember, 2025; IRENA, 2025; Ozbektas et al., 2023)
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Sekil 3.1.’de verilmis olan grafiklerin her biri, dinya
genelinde glines enerjisi kullanimindaki farkli parametreleri
gostermektedir. 2014-2024 yillar1 arasindaki Kuresel giines
enerjisi kurulu gic kapasitesi verileri incelendiginde, Cin'in
glines enerjisi kurulu gu¢ kapasitesinin sureg icerisinde dramatik
bir sekilde arttig1 gorulmektedir. Cin, s6z konusu donemde giines
enerjisi kurulu gii¢ kapasitesini neredeyse 5 kat artirarak 2024
yilinda 887 GW kurulu gii¢ ile diinyadaki en biiyiik kurulu giines
enerjisi kapasitesine sahip tlke konumuna gelmistir. Cini 177,47
GW ile Amerika ve yaklagik 92 GW ile Almanya ve Japonya
takip ederken Tirkiye'nin gilines enerjisi kapasitesindeki artis
oldukga sinirli seviyede kalmistir. Dunyada ulkelere gore giines
enerjisinin toplam kurulu gugcleri icindeki paylarini gosteren
grafik incelendiginde, Almanya’nin bu alandaki en blyik paya
sahip ulke oldugu goriilmekte olup, 2024 yili itibartyla Ulkedeki
toplam kurulu gilines enerjisi kapasitesinin %36,44'i  giines
enerjisinden elde edilmektedir. Almanya’y1 sirasiyla %28,19 ile
Japonya ve %27,6 ile Cin takip ederken Tirkiye 6zelinde giines
enerjisinin toplam kurulu gii¢ igerisindeki paymnin %16,92
seviyelerinde kaldigi goriilmektedir. Diinyada giines enerjisine
dayali elektrik tretimi verileri incelendiginde kiresel bazda
giines enerjisinden elde edilen elektrik miktarinin yillar iginde
artis gosterdigi gorulebilmektedir. Cin, yillar i¢inde artan kurulu
guc kapasitesi sebebiyle burada da 2024 yil1 i¢in 839,04 TWh ile
en biiyiik paya sahip lilke olarak 6ne ¢ikmaktadir. Cin’i 303,17
TWh ile Amerika takip ederken diger iilkeler 100 TWh
seviyelerinde kalmistir. Tirkiye'nin ise yine diger ilkelerden
diisiik seviyelerde kaldigi goriilebilmektedir. Diinyada giines
enerjisinin Ulkelerin toplam elektrik Gretimi icindeki paylarini
gosteren grafik incelendiginde; Almanya, giines enerjisinin
elektrik tiretimindeki paymi artiran baslica lilke olarak dikkat
¢ekmektedir. 2024 yili itibariyla Almanya'da giines enerjisinin
toplam elektrik iretimi icerisindeki payr %15,46 olarak
gerceklesmistir. Almanya’yr sirastyla %9,51 ile Japonya ve
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%8,32 ile Cin takip ederken Turkiye %7,52 ile Cin’in hemen
arkasinda yer almaktadir. Genel olarak, diinya genelinde giines
enerjisi kullaniminda Cin'in liderligi belirgindir ve diger tilkelerle
arasindaki fark giderek artmaktadir. Tiirkiye'nin giines enerjisi
kapasitesi ve tliretimi ise nispeten diisiik kalmaktadir, bu da
iilkenin bu alandaki yatirnmlarimi artirmasi gerektigine isaret
etmektedir.
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Sekil 3.2. Giines Enerjisinin Tiirkiye’deki Durumu (Ritchie et al.,
2025; Enerji ve Tabii Kaynaklar Bakanhg, 2025; IRENA, 2025)

Sekil 3.2.°de verilen Tiirkiye’deki kurulu giic grafigi
incelendiginde 2014-2024 yillar1 arasinda Tiirkiye'nin giines
enerjisi  kurulu glclnin  belirgin  bir artis  gosterdigi
gortlmektedir. 2014 yili itibartyla 1-2 GW seviyelerinde olan
kurulu giig, 2024 yili itibariyla yaklasik 20 GW degerlerine
ulagsmigtir. Bu artig, Tiirkiye'nin gilines enerjisi altyapisina yonelik
artan yatirimlarini1 ve bu alanda saglanan kapasite biiyiimesinin
bir tezahurudir. Tarkiye'nin toplam kurulu enerji kapasitesindeki
gilines enerjisinin pay1 da kurulu giicteki artisa paralel sekilde
artmistir. 2014 yilinda giines enerjisinin kurulu giiciin igindeki
pay1 %3 civarlarinda iken, 2024 yilinda bu oran %16'ya kadar
yiikselmistir. Bu artis, Tiirkiye'nin yenilenebilir enerji
politikalarina verdigi dnemin ve giines enerjisine yonelik yapilan
yatirrmlarin  somut bir gostergesidir. Dolayisiyla, giines
enerjisinin toplam kurulu kapasitedeki payinin artmasi, iilkenin
enerji stratejisinde yenilenebilir kaynaklarin daha fazla yer
edinmeye bagladigin1 ortaya koymaktadir. Tiirkiye'de giines
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enerjisinden iretilen elektrik miktar1 da 2014 ile 2024 yillan
arasinda Onemli bir artig sergilemistir. 2014 yilinda giines
enerjisinden elde edilen elektrik iiretimi yaklagik 1 TWh iken,
2024 yil itibartyla bu miktar 7-8 TWh seviyelerine ulagmuistir.
Bu, giines enerjisi santrallerinin kapasitesindeki artisa ve bu
alandaki verimliligin ylikselmesine paralel bir gelisme
gostermektedir. Tiirkiye’nin giines enerjisinden sagladig elektrik
uretimi, toplam elektrik tretimi igerisinde giderek daha dnemli
bir paya sahip olmaktadir. Giines enerjisinin Tiirkiye’nin toplam
elektrik tiretimindeki pay1 da gozle goriliir bir artig gostermistir.
2014 yilinda bu oran yaklasik %1 seviyelerinde iken, 2024 yili
itibariyla %7 seviyelerine ¢ikmistir. Bu artis; giines enerjisinin
toplam tiretimdeki pay1 her ne kadar hala beklenenin altinda olsa
da Tirkiye'nin enerji {iretiminde yenilenebilir kaynaklarin
giderek daha fazla rol oynamaya basladigini ve giines enerjisinin
toplam elektrik iiretimindeki etkinliginin arttigini gostermektedir.
Ayrica bu durum, Tirkiye'nin enerji giivenligi ve siirdiiriilebilir
enerji  hedefleri agisindan oOnemli bir gelisme olarak
degerlendirilebilir.

3.2. Ruzgar Enerjisi
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Sekil 3.3. Riizgar Enerjisinin Diinyadaki Durumu (Ritchie et al., 2025;
Ember, 2025; IRENA, 2025; Ozbektas et al., 2023)
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Diinya genelinde ruzgar enerjisinin mevcut durumunu
gosteren grafikler Sekil 3.3’de verilmistir. Toplam kurulu gicl
gosteren grafik incelendiginde; Cinin, giines enerjisinde oldugu
gibi rlzgar enerjisinde de dinya genelindeki kurulu gic
kapasitesinde uzak ara lider oldugu gézlemlenmektedir. Cin’in
kapasitesi 2024 yil1 itibar1 ile yaklasik olarak 521,75 GW olarak
gerceklesmistir. Almanya, Amerika, Hindistan, Ingiltere ve
Turkiye gibi tlkeler Cin’i takip etmekle birlikte bu kapasitenin
oldukca altinda kalmistir. Ozellikle Amerika'nin ve Almanya’nin
kurulu rizgar enerjisi gu¢ kapasitesinde istikrarli bir artis
gozlense de bu lkeler toplam kurulu gug olarak hala Cin’in ¢ok
gerisindedir. Rizgar enerjisinin tlkelere gore toplam kurulu gic
icerisindeki paylarim  gdsteren grafik, Ingiltere’nin  ve
Almanya’nin yaklasik %30’luk pay ile bu alanda 6ne ¢iktigini
gostermektedir. Cin’in en yliksek kurulu giice sahip olmasina
ragmen kurulu giiciin toplam giice oraninda Almanya’nin ve
Ingiltere’nin bu denli geride kalmasi, Cin’in sahip oldugu yiiksek
enerji ihtiyacina binaen sahip oldugu yenilenemez enerji
santrallerinin fazlaligindan ileri gelmektedir. Rlzgar enerjisinden
toplam elektrik Uretimini gosteren grafige bakildiginda, Cin’in bu
alanda da bas1 ¢ektigi gortilmektedir. 2024 yili itibariyla Cin,
rizgar enerjisinden 997,04 TWh'lik Uretim gerceklestirdigi, diger
ulkelerin ise kurulu giigler arasindaki fark ile paralel olarak bu
tiretimin ¢ok daha diisiik seviyelerinde kaldigi ancak Almanya ve
Amerika’nin rizgar enerjisinden elektrik tretiminde belirgin bir
artig gorildigi gozlenmektedir. Rizgar enerjisinden elde edilen
elektrigin toplam elektrik Gretimi icerisindeki payi gosteren
grafik de kurulu gii¢ pay1 grafiginde oldugu gibi Almanya’nin ve
Ingiltere’nin bu alandaki kararlihgmni gdstermektedir. 2024 yil
itibar1 ile toplam elektrik iiretiminde riizgar enerjisinin payinin
her iki iilke i¢in de yaklasik olarak %30 seviyelerinde
gerceklestigi ve bu paym her gecen yil daha da arttigr fark
edilmektedir. Turkiye’de ise bu payin siirekli artis gostermesine
ragmen oldukca diisiik seviyelerde kaldig1 goriilmektedir. Sekil
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3.4.°de Tiirkiye’nin riizgar enerjisindeki durumunun yillara gore
degisimini  gosteren  grafikler verilmistir.  Grafiklerden
goriilebilecegi tizere, TUrkiye’de riizgar enerjisinin kurulu gicu
2014’den 2024°e kadar siirekli bir artis gostermistir. 2024 yili
itibariyla Tirkiye'nin kurulu rlzgar enerjisi gucunin 14 GW
civarinda oldugu goriilmektedir.
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Sekil 3.4. Riizgar Enerjisinin Tiirkiye’deki Durumu (Ritchie et al.,
2025; Enerji ve Tabii Kaynaklar Bakanhgi, 2025; IRENA, 2025)

Ayrica, ayn1 donem igerisinde riizgar enerjisinin toplam
kurulu gii¢ icerisindeki pay1 da artig gostermekle birlikte 2024 y1l1
itibartyla toplam kurulu gii¢ i¢indeki pay yaklasik olarak %12’ye
ulasmigtir. Tirkiye'nin riizgar enerjisinden elde ettigi elektrik
uretimi de kurulu glice paralel olarak artis gostermektedir. 2024
yili itibartyla yillik rlizgar enerjisiyle iiretilen elektrik miktari
yaklasik 25 TWh’ye ulasmistir. Bu deger, toplam elektrik
Uretiminin yaklasik olarak %210’una tekabil etmektedir. Genel
olarak, Turkiye'nin ruzgar enerjisi kapasitesinin ve dretiminin
arttig1 ve bu sektore yonelik yatirimlarin devam etmesiyle birlikte
Turkiye’nin gelecek yillarda riizgar enerjisi alanindaki payini
artirmaya devam edecegi degerlendirilmektedir.

3.3. Hidroelektrik Enerji

Dinya genelinde hidroelektrik  enerjinin  yakin
tarihlerdeki durumunu gosteren grafikler Sekil 3.5.’de verilmistir.
Dinyada genelindeki hidroelektrik enerji  kurulu gig
kapasitesinin alanda 6nde gelen tlkelere gore tarihsel durumunu
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gosteren grafik incelendiginde Cin, 2024 yili itibartyla yaklasik
385 GW ile diinya genelinde en yuksek kurulu gug kapasitesine
sahip Ulke olarak 6ne ¢ikmaktadir. Cin’i takip eden Kanada
(109,98 GW) ve Amerika (84,17 GW) gibi Ulkeler ile
kiyaslandiginda Cin’in kurulu gii¢ kapasitesi ile aralarindaki fark
oldukga belirgindir. Tiirkiye ise kurulu gii¢ bakimindan diger
tilkelerin gerisinde kalmis ve 2024 yili itibar ile yaklasik olarak
32 GW kurulu giice sahip olmustur.
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Sekil 3.5. Hidroelektrik Enerjinin Diinyadaki Durumu (Ritchie et
al., 2025; Ember, 2025; IRENA, 2025; Ozbektas et al., 2023)

Dinyada Ulkelere gore hidroelektrik enerjisine dayali
elektrik Uretimini gosteren grafik, Cin’in 2024 yili itibariyla
1354,25 TWh elektrik tretimiyle yine lider konumunda oldugunu
gostermektedir. Kanada ise 413,21 TWh elektrik tretimi ile ikinci
sirada yer almaktadir. Tiirkiye ise 2024 yili igin 74,57 TWh
elektrik iiretimi ile kiyas edilen iilkeler arasinda son sirada yer
almaktadir. Hidroelektrik enerjisinin Glkelerin toplam kurulu
gucleri icerisindeki paylarina bakildiginda 2020 senesine kadar

338



Makine Miihendisligi

lider konumda olan Brezilya’'nin 2020 sonrasinda liderligi
Kanada’ya biraktigi goriilmektedir. Kanada’da hidroelektrik
enerji kurulu giiciinlin toplam kurulu gii¢ icerisindeki pay1 2024
yilti¢in %54,32 olurken, Kanada’yi sirasiyla %44,74 ile Brezilya
ve %27,56 ile Tirkiye takip etmektedir. Ay sekilde
hidroelektrik enerjisinin (lkelerin toplam elektrik Gretimleri
icerisindeki paylarinit gosteren grafik incelendiginde de 2024
senesi i¢in Kanada ve Brezilya’'nin yaklasik %55 ile 6nde geldigi,
Turkiye’nin ise bu iki iilkenin ardindan %21,85 ile ii¢iincii sirada
geldigi goriilmektedir.
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Sekil 3.6. Hidroelektrik Enerjinin Tiirkiye’deki Durumu (Ritchie
et al., 2025; Enerji ve Tabii Kaynaklar Bakanhgi, 2025; IRENA,
2025)

Sekil 3.6.°da verilmis olan grafik incelendiginde,
Tiirkiye’nin hidroelektrik kurulu giiciiniin 2014 yilindan itibaren
istikrarli bir artig gosterdigi ve 2024 yili itibariyla 30 GW
seviyesinin iizerine ¢iktig1 goriilmektedir. Ancak toplam kurulu
giic icerisindeki payin oOzellikle 2015 yilindan sonra diisiis
egilimine girdigi ve 2024 yilinda %25 bandia yaklastig
g6zlemlenmektedir. Bu veriler, hidroelektrik yatirimlart devam
etse de, ulusal enerji portfoyline eklenen diger enerji
kaynaklarinin biiylime hizinin hidroelektrikten daha yuksek
oldugunu ve hidroelektrigin paymin oransal olarak azaldigim
gostermektedir. Toplam elektrik tretimi verileri, kurulu gugcteki
bahsedilen kararli artisin aksine degisken bir goriiniim
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sergilemistir. Elektrik iiretimi ile toplam tiretimdeki pay arasinda
tam bir korelasyon mevcuttur. Ornegin, 2019 yilinda iiretim zirve
yaparak toplam pay1r %30 seviyelerine tasirken, 2021 yilinda
belirgin bir diisiis yasanmustir. Bu durumun sebebi hidroelektrik
santrallerin iretim performansinin, kurulu kapasiteden ziyade
hidrolojik kosullara dogrudan bagimliligindan kaynaklanmasidir.
Teoride uUretim Kkapasitesi artsa dahi, kurak gegen yillarda
verimlilik ve toplam Uretimdeki pay diisebilmektedir.

3.4. Biyoenerji
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Sekil 3.7. Biyoenerjinin Diinyadaki Durumu (Ritchie et al., 2025;
Ember, 2025; IRENA, 2025; Ozbektas et al., 2023)

Sekil 3.7°de verilmis olan grafikler, diinya genelinde
iilkelere gore elektrik liretiminde biyoenerji kullaniminin yakin
tarihteki durumlarin1 géstermektedir. Biyoenerjiye dayali toplam
kurulu guc kapasitelerini gosteren grafik incelendiginde Cin’in,
ozellikle 2019 yilindan sonra bu alanda yiikselise gectigi ve 2024
yili itibart ile 19,14 GW ile diger iilkeleri geride biraktig
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gorilmektedir. Cin’i, 17,79 GW kurulu gii¢ ile 6nemli biyoenerji
politikalariyla taninan Brezilya takip ederken Turkiye'nin kurulu
guci ise 2024'te 1,95 GW olarak gortlmektedir. Biyoenerjinin
ulkelerin toplam kurulu gucleri icindeki paylarin1 gosteren grafik,
Brezilya'nin, 2024 yili igin %7,24 ile en yiksek orana sahip llke
oldugunu gostermektedir. Brezilya’y1 takip eden Almanya ise
%3,65 pay ile 2. sirada yer almakta olup, Tirkiye’nin pay1 ise
%1,66 ile oldukca diisiik seviyede kalmistir. Bu durum,
biyoenerjinin Turkiye 6zelinde daha smirlh bir yer tuttugunu
gostermektedir. Biyoenerjiye dayali toplam elektrik Gretimi
grafiginde yer alan veriler, Cin’in yiiksek kurulu giicli hasebiyle
toplam elektrik iiretiminde de lider konumda oldugunu ortaya
koymaktadir. 2024 yil1 itibariyla Cin, biyoenerjiye dayali elektrik
uretiminde 208,5 TWh ile 2. sirada yer alan ve 2024 yili i¢in
58,24 TWh diretime ulagsmis olan Brezilya’'nin uzak ara
onundedir. Turkiye'nin biyoenerjiden elektrik tretimi ise 2024'te
8,68 TWh olarak gergeklesmis ve kiyas edilen iilkelere gore
oldukga diisiik seviyelerde kalmistir. Biyoenerjinin tlkelerin
toplam elektrik Gretimleri igerisindeki payini gosteren grafik
incelendiginde; toplam kurulu gii¢ olarak Cin ve Brezilya gibi
tilkelere gore daha miitevazi seviyelerde olan Almanya’nin, 2024
yili i¢in %9,58 pay ile en Onemli paya sahip iilke oldugu
goriilmektedir. Almanya’y1 %7,81 pay ile Brezilya takip ederken,
biyoenerji 6zelinde en yiksek kurulu giice ve en yuksek elektrik
tiretimine sahip olan Cin, oldukca yiiksek enerji ihtiyaci ve bu
ihtiyaca binaen yoneldigi farkli enerji kaynaklar1 sebebiyle
biyoenerjinin toplam elektrik Uretimi igerisindeki payinda 2024
yilt i¢in %2,07 ile kiyas edilen iilkeler arasinda son siralarda yer
almigtir. Genel olarak diinya genelinde Cin kapasite biiyiikligii,
Almanya ise sisteme entegrasyon basarisi ile one ¢ikarken
Turkiye biyoenerji alaninda da global trendi geriden takip
etmektedir.
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Sekil 3.8.°de Biyoenerjinin Tiirkiye’deki durumunu
gosteren grafikler verilmistir. Tirkiye’de biyoenerjiye dayali
kurulu giic 2014-2024 yillar1 arasinda 6nemli bir artis gostermis
ve 2024'te toplam kurulu gii¢ 2,5 GW seviyelerine ulagmustir.
Ayn1 donemde biyoenerjiye dayali giiciin, Tiirkiye'nin toplam
kurulu guicuin i¢indeki payinin da paralel olarak arttig1 fakat 2024
yilinda toplam kurulu giicte farkli kaynaklarin payinin artmastyla
bir Onceki yila gore toplam giicteki payda bir miktar diisiis
yasandig1 goriilmektedir.
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Sekil 3.8. Biyoenerjinin Tiirkiye’deki Durumu (Ritchie et al.,
2025; Enerji ve Tabii Kaynaklar Bakanhgi, 2025; IRENA, 2025)

Biyoenerji kurulu gucinin toplan guc icerisindeki
payinda istikrarli sekilde yasanan bu artis, biyoenerji
kaynaklarmin Tiirkiye'deki enerji portfoyiinde giderek daha
onemli bir yer edindigini gostermektedir. Turkiye'nin
biyoenerjiye dayali elektrik tiretimi de, 2014-2024 déneminde
belirgin bir sekilde artis gostermistir. Elektrik Uretimi 2024'te 10
TWh seviyelerine ulasmis olup, biyoenerjinin Turkiye’nin toplam
elektrik iiretimi i¢indeki payr %2,5 civarina gelmistir. Bu,
biyoenerjinin Tiirkiye’de enerji liretiminde daha fazla katki
saglamaya bagladigin1 ve gelecekteki potansiyelinin arttigini
gostermektedir.

Genel olarak, bu veriler biyoenerjinin diinya ¢capinda hizla
gelisen ve biiylik kapasitelere ulasma potansiyeli olan bir sektor
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oldugunu ancak Tiirkiye'nin bu alanda heniiz diger {ilkelerle
yarisabilecek bir konumda olmadigin1 gostermektedir. Bu durum,
biyoenerjiden faydalanma oranlarinin artirilmasina yonelik daha
fazla yatirnm ve politika destegi gerekliligini ortaya koymaktadir.

4. SONUC

Bu caligmada; 21. yiizyilda kiresel politikalardaki
dogrudan veya dolayli yoldan en onemli gundem belirleyici
hususlardan biri olan enerji doniisiimii, gevresel ve ekonomik
strdurdlebilirlik, enerji bagimsizhigt ve ekonomik kalkinma
perspektifleriyle ve giincel tretim verileriyle ele alinmistir. Fosil
yakitlarin ¢ikartim, islenme ve tiiketim agamalarinin her birinin
neden oldugu c¢evresel Kirlilik ve jeopolitik riskler, yenilenebilir
enerji kaynaklarina yonelimi bir tercih olmaktan ¢ikarip kiiresel
bir zorunluluk haline getirmistir(Adma & Hanita, 2025; Zakeri et
al.,, 2022). Caligma kapsaminda incelenen 21. Yiizyilin ilk
ceyregine ait veriler, enerji Uretiminde konvansiyonel
paradigmanin degistigini ve bu degisimin dinamiklerini somut
gostergelerle ortaya koymaktadir.

Kiiresel olgekte yapilan analizler, komiir ve dogal gazin
elektrik  dretimindeki hakimiyetini korumalariyla birlikte,
yenilenebilir enerji kaynaklarinin toplam Uretim igerisindeki
paymin, Ozellikle son on yilda ivmelenen bir artis trendine
girdigini gostermektedir. Cin’in giines, riizgar ve hidroelektrik
alanindaki agresif kapasite artisi ile hacimsel liderligi elinde
tuttugu, Almanya gibi gelismis ekonomilerin ve Brezilya gibi
ekonomik ve politik agidan konvansiyonel kaynaklara erisim
konusunda tehditler altindaki Glkelerin ise toplam Uretim icindeki
ylksek paylar ile sisteme entegrasyon ve verimlilik noktasinda
oncii olduklar goriilmiistiir. Bu durum, enerji gecisinin sadece bir
kapasite kurulumu degil, ayn1 zamanda stratejik bir altyapi
dontisiimii oldugunu kanitlamaktadir.
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Tiirkiye 6zelinde gerceklestirilen incelemeler ise, iilkenin
yenilenebilir enerji kurulu giiciinde istikrarli bir biiyiime trendi
yakaladigini, ancak fosil yakitlara olan bagimliligin halen devam
ettigini ortaya koymaktadir. Hidroelektrik santraller, Tiirkiye'nin
yenilenebilir enerji portfdyiiniin omurgasini olusturmaya devam
etse de, tiretim verilerindeki dalgalanmalar bu kaynagin iklimsel
kosullara ve hidrolojik risklere karst hassasiyetini teyit
etmektedir. Buna karsilik, riizgar ve giines enerjisi yatirimlarinin
artisi, enerji arz giivenliginin ¢esitlendirilmesi adina umut verici
olsa da, kiiresel rakiplerle kiyaslandiginda Tiirkiye'nin
potansiyelinin heniiz tam anlamiyla degerlendirilemedigi
anlasilmaktadir. Biyoenerji ise gelisime agik bir alan olarak,
hentiz marjinal bir paya sahiptir.

Nihai olarak; teknolojik gelismelerin maliyetleri
diisiirmesi ve uluslararast konjonktiiriin dayattig1 enerji
bagimsizlig1 ihtiyaci, yenilenebilir enerji yatirimlarini finansal
acidan daha cazip hale getirmistir. Tirkiye’nin enerji
projeksiyonlarinda, kuruldugu bolgenin  dogal florasini
etkileyebilen ve enerji iiretim miktari agisindan stokastik yapidaki
hidroelektrik santraller ile enerji Gretimi yerine, daha
ongoriilebilir ve tamamlayic1 nitelikteki giines, riizgar ve
biyoenerji yatirimlarina agirlik vermesi elzemdir. Surddrulebilir
bir ekonomik kalkinma, enerji bagimsizligi ve temiz enerji
hedeflerine ulasilabilmesi, mevcut potansiyelin 6ngorusel
politikalarla hayata gecirilmesine ve yerli teknoloji tretiminin
desteklenmesine baglidir.
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INVESTIGATION OF MARANGONI
CONVECTION DEPENDING ON GRAVITY
CONDITIONS AT DIFFERENT VISCOSITIES

Ela KATI SUNAY!

1. INTRODUCTION

Marangoni convection movements, occurring due to the
effect of surface tension, are one of the fundamental mechanisms
determining heat and mass transfer, particularly in micro-scale
systems and environments where gravity is minimal. They play a
significant role in many critical applications such as
semiconductor crystal production, microfluidic technologies,
biomedical devices, and aerospace engineering.

Marangoni convection initiates with a surface movement
from a hot region to a cold region resulting from the change in
viscosity depending on the temperature difference on the free
surface of the fluid. This surface movement leads to the
development of circulation within the fluid volume, distinctly
shaping the flow structure. However, this flow structure is
influenced by many parameters such as the viscosity of the fluid,
temperature gradient, ambient conditions, and boundary
conditions. In this context, numerical and experimental studies
have generally focused on fluids with constant viscosity.
However, the viscosity values of fluids used in industrial
applications vary. This situation is important in terms of system
design and performance. Therefore, the comparative

1 Asst. Prof. Dr.Ela KATI SUNAY, Siileyman Demirel University, Faculty of
Engineering and Natural Sciences, Department of Mechanical Engineering,
ORCID: 0000-0002-4135-5241.
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investigation of the behaviors of fluids with different viscosities
under Marangoni convection is of great importance for both
theoretical knowledge accumulation and the performance of
industrial applications.

Under normal gravity conditions, Marangoni convection
always occurs in conjunction with natural convection. Natural
convection, caused by density changes dependent on temperature
differences, can in most cases suppress Marangoni convection
flows, alter their direction, or reduce the stability of the flow. For
this reason, numerical and experimental studies conducted under
microgravity conditions, where the effect of natural convection is
largely reduced or completely eliminated, are of great
importance. They allow for the examination of Marangoni
convection flows in a more distinct, stable, and pure state, thereby
providing a better understanding of the fundamental physical
behaviors of Marangoni convection.

Literature studies examining convection mechanisms
emerging under the effect of surface tension and the effects of
these processes on semiconductor crystal growth offer a
significant foundation for understanding the theoretical bases of
the subject. Ostrach (1977; 1979; 1982) is one of the pioneering
researchers examining steady surface-tension-driven flow
movements. In his studies, he addressed flow fields originating
from surface tension under different physical conditions using
analytical methods. Focusing on cases where temperature and
viscosity gradients are effective together, Ostrach developed
important dimensionless parameters that can be used to define
such flow fields. He expressed the importance of space studies by
examining  surface-tension-driven  flow movements in
environments with low gravity. Furthermore, by emphasizing that
these parameters should be taken into account in related studies,
he presented a methodological basis for subsequent research.
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Preisser et al. (1983) examined the conditions under which
oscillatory surface tension movements occur using different
parameters and defined the point where the fluid moving under
the effect of surface tension transitions from steady flow to
periodic oscillatory flow as the "critical Marangoni number."”
However, Kamotani et al. (1992; 1995), in their experimental
studies, showed that the critical Marangoni number alone was not
sufficient to explain the flow. They revealed that there is an
additional factor determining the flow, which could be the shape
deformations occurring on the free surface of the fluid during
flow.

In a numerical study conducted by Zeng et al. (1999), it
was revealed that the aspect ratio in a half-floating zone
configuration using silicone oil as the fluid affected the radial
frequency of the oscillation. Lai (2004) examined the oscillatory
surface-tension-driven convection movements of a fluid with a
high Prandtl number using an open boat configuration and
showed that the dimensionless parameters in the continuity,
Navier-Stokes, and energy equations in fluid mechanics each
affect the flow separately.

Selver et al. (2013) examined the steady surface tension
movements and natural convection movements of silicone oil
with a viscosity of 5 ¢St under normal and low gravity conditions
in an open boat configuration. As a result of the study, the flow
characteristics of the fluid under normal and low gravity were
numerically demonstrated, and it was determined that these
differences emphasized the importance of the buoyancy effect.

Karabiyik  (2015) comparatively examined the
movements originating from surface tension and natural
convection of water and silicone oil fluids in an open boat
configuration under the normal gravity vector using numerical
methods. Within this scope, streamlines, isotherms, and velocity
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vectors were evaluated for different aspect ratios. As a result of
the research, it was determined that single-cell circulation
occurred for both fluids at large aspect ratios; whereas, in cases
where the aspect ratio was small, water developed a multi-cellular
circulation structure.

Mielniczuk et al. (2018) examined capillary interactions
in the floating zone configuration using an analytical model. In
the study, it was determined that the effect of gravity caused a
loss of symmetry in the configuration, leading to negative results.
To prevent this deformation, additional tests were carried out
under micro-gravity conditions, and better results were obtained
compared to experiments under normal gravity.

Mendis et al. (2021) examined the surface tension
convection movements of Si-Ge fluid in three dimensions under
different aspect ratios and zero gravity conditions in a half-
floating zone configuration where the cold surface was at the top
and the hot surface was at the bottom. The study showed that the
aspect ratio significantly affected flow behaviors.

Sequeira et al. (2022) analyzed the flow field using
various modern image-based velocity measurement techniques
using video data from NASA's STDC-1 experiments. The
obtained experimental findings were compared with numerical
simulation results. With this study, high-resolution and reliable
information regarding temperature-induced Marangoni flows
under low gravity conditions was obtained.

Wang et al. (2025) numerically examined surface-tension-
driven flows occurring under micro-gravity conditions within a
semi-elliptical container. In this study, investigating the effect of
surface geometry (especially the ellipticity ratio) on
thermocapillary forces, the effect of surface shape on symmetry
and its capacity to direct liquid motion were analyzed.
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In the study we have conducted, the open boat
configuration, a method used in the investigation of Marangoni
convection movements, was modeled in two dimensions, and
numerical analyses were performed via the ANSYS Fluent
program. To reveal the effects of viscosity on the speed, stability,
and structural arrangement of the flow, silicone oil at three
different viscosities was used as the fluid. Numerical analyses
were carried out under both normal and micro-gravity conditions
to evaluate the natural convection effects within Marangoni
convection movements.

2. MATERIALS AND METHODS

The open boat configuration we modeled consists of a
square prism-shaped container where one of the opposing long
vertical walls is heated, the other is cooled, and the short vertical
walls and the base are insulated (Figure 1).

Silicone o
B

\"\Ho: fluid inlet pipe _ Cold fluid gu'.let pipe

“\ Hot fluid outlet pipe

Figure 1. Schematic representation of the open boat configuration
(Selver et al., 2019)

When Figure 1 is examined, it is seen that one of the two
long vertical walls on the sides serves as a cooler and the other as
a heater. Thus, the silicone oil is heated by one of the side long
vertical surfaces and cooled by the other. The viscosity of the
fluid in the cooled region increases compared to the viscosity of
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the fluid in the heated region. This situation causes a viscosity
difference to form on the liquid free surface, thus giving rise to
Marangoni convection (surface-tension-driven convection)
movement. To examine this situation numerically, first; the 2-
dimensional geometric model of the open boat configuration seen
in Figure 1 and the silicone oil within it was created using the
ANSYS Fluent program. The geometric model used in our
numerical analyses and the mesh structure belonging to this
model are given in Figure 2.

Figure 2. Geometric model and mesh structure of the open boat
configuration

In the square-shaped geometric model seen in Figure 2;
the left vertical line constitutes the heater wall, the right vertical
line the cooler wall, the top horizontal line the silicone oil free
surface, and the bottom horizontal line the container base. In our
geometric model, the aspect ratio is Ar= 1 (Ar=H/L, where
H=Silicone oil height, L=distance from the heater wall to the
cooler wall).

In order to examine the effects of viscosity on the speed,
stability, and structural arrangement of the flow in the open boat
configuration we modeled, numerical analyses were performed
using the physical properties (Masud J., 1997) of silicone oils
having viscosity values of 1 cSt, 2 cSt, and 5 cSt.
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In the numerical analyses, to ensure the fluid remains in
steady Marangoni convection movement, the heater wall
temperature was kept constant at Th = 298 K (25 °C) and the
cooler wall temperature at Tc = 288 K (15 °C). For the aspect
ratio to be Ar = H/L = 1, the dimensions of the geometric model
were determined as H = 0.01 m and L = 0.01 m. Since the force
creating Marangoni convection is effective along the free surface
of the liquid from the heater surface to the cooler surface, this
region constitutes a highly sensitive area in numerical analysis.
Therefore, care was taken regarding the mesh structure and
quality created for analysis in the geometric model. The flow type
of the fluid was accepted as laminar, and analyses were carried
out using the SIMPLER algorithm. In the analysis process, it was
assumed that the fluid free surface in the geometric model is
completely flat and horizontal; there is no heat transfer between
the free surface and the external environment (adiabatic
condition), and there is no heat exchange via radiation between
the walls of the two-dimensional geometric model and the
environment. Keeping all these specified criteria constant, a total
of 6 numerical analyses were performed for three different
silicone oils with viscosities of 1 ¢St, 2 cSt, and 5 cSt under
normal gravity (9.81 m/s?) and micro-gravity (1.0 x 107 m/s?)
conditions.

3. RESULTS

In this study we conducted, three different silicone oils
with viscosity values of 1 cSt, 2 cSt, and 5 ¢St were used as the
numerical analysis fluid, and Marangoni convection movements
were ensured to remain in a steady state by keeping the heater
wall temperature at TH= 298 K (25 °C) and the cooler wall
temperature at TC= 288 K (15 °C) in the geometric model.
Numerical analyses were performed for each of the three different
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silicone oil fluids at both normal gravity vector values and micro-
gravity vector values.

In Marangoni convection, temperature change occurs in
two ways: surface flow and gravity-driven flow. In almost all
fluids, surface tension decreases as temperature increases. The
temperature difference formed on the liquid free surface causes a
flow to occur from the hot surface towards the cold surface.
Figure 3 shows the streamlines of silicone oils at viscosity values
of 1 cSt, 2 cSt, and 5 ¢St performing Marangoni convection
movement within the open boat configuration under normal
gravity conditions. In our geometric model, the left vertical edge
is modeled as the heater wall and the right vertical edge as the
cooler wall. In our configuration, fluid particles proceed from the
hot region towards the cold region under the effect of surface
tension movement.

I T [T

— I“

Figure 3. Image of streamlines of silicone oils at 1 cSt, 2 cSt, and 5
¢St viscosity values performing Marangoni convection movement
under normal gravity conditions

When Figure 3 is examined, it is seen that there are distinct
differences in the streamlines of silicone oils with different
viscosity values under the effect of Marangoni convection and
natural convection. While a flow cycle with a single vortex cell is
seen within the configuration in the numerical analysis where
silicone oil with 1 ¢St viscosity is used, it is seen that the main
vortex cell center approaches the heater wall and additionally a
small vortex cell center forms on the side close to the cooler wall
in the numerical analysis where silicone oil with 2 cSt viscosity
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is used. In the numerical analysis where silicone oil with 5 cSt
viscosity is used, a flow cycle formed around 2 vortex cell centers
developed on both the cold wall side and the hot wall side is seen.

Under terrestrial conditions (normal gravity conditions),
Marangoni convection and natural convection occur together.
Experiments using micro-gravity conditions are important to
eliminate the effects of natural convection movements on
Marangoni convection movements and to observe Marangoni
convection more easily. Therefore, the analyses in our study were
performed under both normal gravity vector conditions and low
gravity vector conditions. Figure 4 shows the streamlines of
silicone oils at viscosity values of 1 cSt, 2 cSt, and 5 cSt
performing Marangoni convection movement within the open
boat configuration under a low gravity vector.

e
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e
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Figure 4. Image of streamlines of silicone oils at 1 ¢St, 2 ¢St, and 5
¢St viscosity values performing Marangoni convection movement
under micro-gravity conditions

When Figure 4 is examined, it is seen that a single vortex
cell center forms in all three silicone oils at viscosity values of 1
cSt, 2 cSt, and 5 ¢St under the micro-gravity vector. While it is
seen that the vortex cell center is lower than the liquid free surface
and closer to the cooler wall in the numerical analysis where
silicone oil with a 1 ¢St viscosity value is used, it is seen that the
vortex cell center approaches both the liquid free surface and the
heater wall in configurations where silicone oils with 2 ¢St and 5
cSt viscosity values are used. If we explain and compare the
streamlines in Figure 3 and Figure 4 in detail; Marangoni

356



Makine Miihendisligi

convection formed within the open boat under terrestrial
conditions (normal gravity) (Figure 3) is also under the effect of
natural convection forces. The hot wall temperature (Tr) in the
configuration is always higher than the fluid temperature (Tid)
(Tw > Trid). Therefore, a boundary layer formation occurs within
the free surface convection currents limited by the vertical wall.
The formed boundary layer is in contact with the hot wall; it
develops starting from the base of the hot wall upwards and
extends to the point where the wall intersects with the free
surface. The fluid density outside the boundary layer is higher
than the fluid density in the boundary layer. Therefore, the general
movement of the fluid separates from the flow movement in the
boundary layer. The fluid located in the boundary layer rises
vertically along the hot wall under the effect of buoyancy forces.
During this vertical rise, the stagnant fluid within the
configuration is volumetrically dragged towards the boundary
layer. Thus, the fluid transported to the boundary layer proceeds
towards the upper part of the wall by being heated by the hot wall.
This movement continues on the free surface extending between
the top point of the hot wall and the top point of the cold wall,
combining with surface tension effects resulting from viscosity
difference. Heat and mass transfer occurring due to surface-
tension-driven convection starting on the free surface causes the
formation of a vortex cell in the flow field. As long as the
temperature difference between the hot and cold walls persists,
convection flow continues. Briefly, under terrestrial conditions, a
temperature gradient forms from the base of the configuration
upwards with the effect of natural convection. Therefore, in all
three configurations in Figure 3, the circulation of the convection
movement fills the rectangular container. In analyses performed
under low gravity conditions (Figure 4), since buoyancy forces
lose their effect, the flow is determined solely by surface-tension-
driven convection forces. When the results obtained under these
conditions are examined, it is seen that the temperatures in the
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region where the vortex cells are located are higher than the
stagnant region temperatures located below them. Consequently,
the fluid density in the stagnant region is greater than the density
in the vortex region. This situation reduces the penetration
distance of the vortex cells into the fluid.

The temperature distributions within the configuration of
silicone oils at viscosity values of 1 cSt, 2 cSt, and 5 cSt
performing Marangoni convection movement are given in Figure
5 and Figure 6.

‘g:

Figure 5. Image of isotherms of silicone oils at 1 c¢St, 2 ¢St, and 5
¢St viscosity values performing Marangoni convection movement
under normal gravity conditions

In Figure 5, the isotherms (equal temperature curves) of
silicone oil fluids at viscosity values of 1 cSt, 2 ¢St, and 5 ¢St
performing Marangoni convection movement within the open
boat configuration under the normal gravity vector are seen.
When the isotherms belonging to silicone oils at different
viscosities are examined, it is seen that more irregular isotherm
structures form in the fluid with 1 ¢St viscosity. In the fluid with
2 cSt viscosity, the temperature distribution has taken a more
balanced and regular state. In the fluid with 5 cSt viscosity, it is
seen that the isotherms are more horizontal and more regular. To
speak generally; under terrestrial conditions, the isotherms within
the configuration show a more regular stratified distribution
towards the depths of the configuration due to the effect of natural
convection. When the configurations are examined, the effect of
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natural convection occurring in this region is seen in the isotherms
in the heater wall region.
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Figure 6. Image of isotherms of silicone oils at 1 c¢St, 2 cSt, and 5
¢St viscosity values performing Marangoni convection movement
under micro-gravity conditions

In Figure 6, the isotherms of silicone oils at viscosity
values of 1 cSt, 2 cSt, and 5 cSt performing Marangoni
convection movement within the open boat configuration under
micro-gravity conditions are seen. When the surface tension-
driven Marangoni convection movements of silicone oils at
different viscosities under micro-gravity conditions are
examined, distinct changes were observed in the distribution
character of the temperature field depending on the increase in
viscosity. In the fluid with 1 ¢St viscosity, since sensitivity to
temperature gradients formed on the surface is high, the curves
are placed at more frequent intervals from the surface towards the
lower regions. In the fluid with 2 ¢St viscosity, it is seen that the
distances between the curves increase. In the fluid with 5 cSt
viscosity, it was determined that the temperature field showed a
spread over a smoother and wider area.

Under low gravity conditions; as a result of the
elimination of the buoyancy effect originating from natural
convection, it is seen that the isotherms in Figure 6 are distinctly
different from the isotherms in Figure 5. The difference seen here,
as we mentioned above, also explains the difference between the
streamlines in Figure 3 and the streamlines in Figure 4.
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The velocity vectors of the fluid particles determine the
circulation shape and circulation speed of the fluid within the
configuration. In order to see the magnitudes of these velocity
vectors in detail, horizontal and vertical lines were placed inside
the geometric model, and velocity vectors were examined by
separating them into their components in x and y directions. In
Figure 7 and Figure 8, horizontal lines were placed at equal
intervals within the configuration, and velocity vectors in the y-
direction along these lines were examined.

.E
.

Figure 7. Regional image of velocity vectors in the y-direction of
silicone oils at 1 ¢St, 2 cSt, and 5 cSt viscosity values performing
Marangoni convection movement under normal gravity
conditions

In Figure 7, the regional image of velocity vectors in the
y-direction of silicone oils at viscosity values of 1 cSt, 2 c¢St, and
5 ¢St performing Marangoni convection movement under
terrestrial conditions is seen. In these analyses under the effect of
normal gravity, both natural convection and Marangoni
convection exist together. When the components in the y-
direction (Vy) of the velocity vectors within the configurations are
compared; in the configuration where silicone oil with a 1 cSt
viscosity value is used, it is seen that the velocity vectors in the
inner parts of the geometric model are larger than those in the
configurations with 2 ¢St and 5 cSt viscosity values. In
configurations with 2 ¢St and 5 ¢St viscosity values, it is seen that
velocity vectors in the inner parts of the geometric model are
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small, while velocity vectors in regions close to the heater and
cooler walls are large.

Figure 8. Regional image of velocity vectors in the y-direction of
silicone oils at 1 ¢St, 2 cSt, and 5 cSt viscosity values performing
Marangoni convection movement under micro-gravity conditions

In Figure 8, the regional image of velocity vectors in the
y-direction of silicone oils at viscosity values of 1 cSt, 2 ¢St, and
5 ¢St performing Marangoni convection movement under micro-
gravity conditions is seen. In these analyses under the effect of
micro-gravity, only the Marangoni convection effect exists.
When the components in the y-direction (Vy) of the velocity
vectors within the configurations are compared; here too, it is
seen that in the configuration where silicone oil with 1 cSt
kinematic viscosity is used, the velocity vectors in the inner parts
of the geometric model are larger than those in configurations
with 2 ¢St and 5 cSt kinematic viscosity. In configurations
possessing 2 ¢St and 5 ¢St kinematic viscosity, it is seen that
velocity vectors in the inner parts are small, while velocity vectors
in the parts of the heater wall close to the liquid free surface are
larger.

In Figure 9 and Figure 10, to see the velocity vector
magnitudes of the circulation within the configuration in the x-
direction in detail, vertical lines were placed at equal intervals
within the configuration, and velocity vectors in the x-direction
along these lines were examined.
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Figure 9. Regional image of velocity vectors in the x-direction of
silicone oils at 1 ¢St, 2 cSt, and 5 cSt viscosity values performing
Marangoni convection movement under normal gravity
conditions

In Figure 9, the regional image of velocity vectors in the
x-direction of silicone oils at viscosity values of 1 c¢St, 2 ¢St, and
5 ¢St performing Marangoni convection movement under normal
gravity conditions is seen. In these analyses under terrestrial
conditions, both natural convection and Marangoni convection
exist together. When the components in the x-direction (Vx) of
the velocity vectors within the configurations are compared; it is
seen that in the configuration where silicone oil with 1 cSt
kinematic viscosity is used, the velocity vectors in the inner parts
of the geometric model are larger than those in configurations
with 2 ¢St and 5 ¢St kinematic viscosity. Conversely, when the
components in the x-direction (Vx) of the velocity vectors at the
base part of the geometric model are compared, it is seen that Vx
is smallest in the configuration where silicone oil with 1 cSt
Kinematic viscosity is used, Vx is larger in the configuration
where silicone oil with 2 ¢St kinematic viscosity is used, and Vx
is largest in the configuration where silicone oil with 5 cSt
kinematic viscosity is used.

In Figure 10, the regional image of velocity vectors in the
x-direction of silicone oils at viscosity values of 1 c¢St, 2 cSt, and
5 ¢St performing Marangoni convection movement under micro-
gravity conditions is seen. In these analyses under the effect of
micro-gravity, only the Marangoni convection effect exists.
When the components in the x-direction (Vx) of the velocity
vectors within the configurations are compared,; it is seen that in

362



Makine Miihendisligi

the configuration where silicone oil with 1 ¢St kinematic viscosity
is used, the velocity vectors in the inner parts of the geometric
model are larger than those in other configurations.
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Figure 10. Regional image of velocity vectors in the x-direction of
silicone oils at 1 cSt, 2 cSt, and 5 ¢St viscosity values performing
Marangoni convection movement under micro-gravity conditions

The velocity vectors of fluid particles determine the
circulation shape and circulation speed of the fluid within the
configuration. Therefore, the relationships of Figure 7, Figure 8,
Figure 9, and Figure 10, which show the images of velocity
vectors in our configurations, with each other and with other
figures were examined. In the configurations in Figure 7 and
Figure 9, it is seen that the velocity vectors, and consequently the
circulation of the convection movement, descend to the base of
the rectangular container. This situation was also explained in the
streamlines in Figure 3. In analyses performed under low gravity
conditions, due to the elimination of natural convection
(buoyancy effect), only surface-tension-driven convection forces
are effective within the configuration. When results obtained
under these conditions are examined, it is seen that the
temperature of the region where vortex cells are located is higher
than the stagnant region temperature located below these cells.
Due to this temperature difference, the fluid density in the
stagnant region becomes greater than the density in the vortex
region. Consequently, the depth of penetration of the vortex cells
into the fluid decreases. We had explained this situation while
examining the streamlines in Figure 4. The situation described
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here is also clearly seen when the velocity vectors in Figure 8 and
Figure 10 are examined. It is seen that the velocity vectors in
regions close to the bases of the configurations in Figure 8 and
Figure 10 are quite small.

4. CONCLUSION

Marangoni convection is a type of flow that initiates with
surface tension changes dependent on temperature difference and
creates circulation within the fluid volume. Many physical
parameters, especially viscosity, play a determining role in this
process. Furthermore, under terrestrial conditions, i.e., normal
gravity conditions, Marangoni convection will always appear
together with natural convection. Natural convection movements
can, in most cases, weaken Marangoni flows or disrupt their
stability. Therefore, studies conducted in micro-gravity
environments where natural convection is minimal or completely
eliminated are important for examining Marangoni convection
more clearly and stably.

The viscosity and gravity parameters we mentioned above
formed the basis of our study. In our study, the open boat
configuration, one of the configurations used in the investigation
of surface tension convection, was modeled in two dimensions,
and numerical analyses were performed with the ANSY'S Fluent
program. Steady-state Marangoni convection movements formed
by three silicone oil fluids at different viscosities were
numerically evaluated under both normal and micro-gravity
conditions.

In numerical analyses, it was seen that circulation velocity
values in the configuration where silicone oil with a 1 cSt
viscosity value was used were larger than the velocity values in
configurations where silicone oil fluids with 2 ¢St and 5 ¢St
viscosity were used. Furthermore, when all results were
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compared with each other, it was seen that the results in the
configuration where silicone oil with a 1 ¢St viscosity value was
used were distinctly separated from the results obtained from
configurations where silicone oil fluids with 2 ¢St and 5 ¢St
viscosity were used.

Under normal gravity conditions, convection flow spread
to the entire rectangular container at all viscosity values.
Conversely, under low gravity conditions, since buoyancy forces
originating from natural convection were eliminated, flow
occurred only with Marangoni forces originating from surface
tension. In these conditions, because the temperature of the
regions where vortex cells were located was higher than the
temperature of the stagnant regions at the bottom, the fluid
density in the stagnant region was higher. This situation
significantly reduced the penetration of vortex cells to the lower
regions of the container.

In our study, it was observed that the viscosity changes of
the fluid affected the speed of the Marangoni convection flow,
temperature distribution, streamlines, the formed vortex cell
structure, and the number of formed vortex cells. It was seen that
the change in the gravity vector affected the structure of the
Marangoni convection flow, vortex cell centers, and the spread of
vortex cells within the convection.

The results we obtained reveal that Marangoni convection
shows high sensitivity to viscosity and gravity conditions. These
findings show that fluid viscosity is a critical design parameter
for processes such as heat transfer, thin film production, crystal
growth, and microfluidic applications, especially those carried
out in micro-gravity environments. Furthermore, the study
contributes to a more accurate understanding of the interaction of
Marangoni convection with natural convection and creates a
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reference for the behavior of surface-tension-driven flows in
environments where the gravity effect is reduced.

Three-dimensional models, time-dependent surface
tension effects, variable physical properties, or different geometry
configurations can be used to expand the scope of this study.
Thus, the role of Marangoni convection in more complex
engineering applications can be revealed in more detail.
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KAYNAKLI PARCALARDA ARTIK GERILME
VE BURULMA YUKLEMESININ ETKILERI
UZERINE DERLEME

Emre AYDINLIY
Farshid KHOSRAVI?

1. GIRIS

Kaynakl1 yapilar (kopriiler, gemiler, basingh kaplar, boru
hatlar1 ve arag sasileri) ¢ogunlukla ¢ekme, egilme ve burulmanin
birlikte etkidigi c¢ok eksenli yiikleme kosullar1 altinda
caligmaktadir. Kaynakli birlesimlerin yapisal biitiinliigiinii
sinirlayan iki temel unsur bulunmaktadir: (i) kaynak islemi
sirasinda olusan ve genellikle akma mukavemetine yakin
biiyiikliiklere ulasabilen artik gerilmeler (KAG) ve (ii) kaynak
geometrisinden kaynaklanan gerilme yigilmalar1 (Gurney, 1979;
Maddox, 1991).

Ozellikle gekme yoniindeki artik gerilmeler, servis yiikleri
altindaki efektif gerilme araligini artirarak yorulma catlaklarinin
hem baslama hem de ilerleme safhasim1i hizlandirmaktadir
(Barsom & Rolfe, 1999; Suresh, 2004). Kaynakli yapilarda
burulma yuklemesi ise esas olarak kayma gerilmeleri tretmesine
ragmen, geometrik siireksizlikler ve artik gerilmeler nedeniyle

karmasik bir gerilme durumu ortaya cikarmaktadir (Haibach,
1989; Radaj vd., 2006).

1 Manisa Celal Bayar Universitesi, Lisansiistii Egitim Enstitiisii, ORCID: 0009-0006-
4283-331X.

Dog. Dr., Manisa Celal Bayar Universitesi, Miihendsilik ve Doga Bilimleri
Fakiiltesi, Makine Miihendisligi Boliimii, ORCID: 0000-0002-8866-114X.
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Bu derlemenin amact kaynakli parcalarda artik
gerilmelerin olusumu ve yorulma iizerindeki etkilerini, burulma
altindaki gerilme yogunlagsmalarini ve ¢ok eksenli yorulma
yaklagimlarmni literatiirdeki temel calismalar 1s181nda biitiinciil bir
bakis agisiyla sunmaktir.

2. KAYNAK ARTIK GERILMELERININ
OLUSUMU VE ETKILERI

2.1. Olusum Mekanizmalar1 ve Dagilim

Kaynak artik gerilmeleri, kaynak sirasinda meydana gelen
lokal 1simnma-soguma dongiileri ve buna bagli genlesme—
bliziilmenin ¢evre malzeme tarafindan kisitlanmasi sonucu ortaya
cikar (Masubuchi, 1980). Ozellikle celiklerde kat1 hal faz
doniigiimleri (6r. Ostenit—martenzit) artik gerilme dagilimini
onemli 6lcude etkilemektedir (Withers & Bhadeshia, 2001). Alin
ve kose kaynaklarinda, kaynak dikisi boyunca boylamsal ¢ekme
artik gerilmeleri genellikle malzemenin akma mukavemetine
yakin seviyelere ulasirken, ana malzemede bunlar1 dengeleyen
basma gerilmeleri olusur (Smith et al., 2000; Dong & Brust,
2000). En yiiksek artik gerilme bileseni ¢ogu durumda boylamsal
dogrultudadir.

2.2. Yorulma Omriine Etkileri

Kaynak artik gerilmelerinin yorulma davranisi {izerindeki
etkileri, farkli malzemeler ve kaynak detaylar1 i¢in ¢ok sayida
deneysel ve analitik ¢alismada incelenmistir. Bu g¢aligmalarin
temel bulgular1 Tablo 1°de 6zetlenmistir.

Cekme artik gerilmeleri, yorulma omrii {izerinde son
derece olumsuz bir etkiye sahiptir. Ozellikle yiiksek cevrimli
yorulma (HCF) bolgesinde, efektif ortalama gerilmenin artmasina

neden olarak catlak baslama Omriinii 6nemli Ol¢lide kisaltir
(Suresh, 2004; Hobbacher, 2016).

370



Makine Miihendisligi

Artik gerilmelerin ¢atlak ilerlemesi iizerindeki etkisi,
gerilme siddet faktorii (K) yaklagimiyla degerlendirilmektedir.
Pozitif (¢ekme) artik gerilmeler, etkin AK degerini artirarak
catlak ilerleme hizin1 yiikseltmektedir (Barsom & Rolfe, 1999;
Garcia vd., 2016).

Tablo 1. Kaynak Artik Gerilmelerinin Yorulma Uzerindeki
Etkilerine Dair Literatur Ozeti

Kaynak Incelenen
Yazar(lar) Detay1 / Parametre Temel Bulgular
Malzeme
Genel Cekme arttk  gerilmeleri
Suresh malzemeler ~ Ortalama efektif ortalama gerilmeyi
(2004) (Gzellikle  gerilme etkisi 2rurarak  yorulma - catlag:
elikler) baglama Omriinii
¢ kisaltmaktadir.

Cekme arttk  gerilmeleri
Gerilme siddet c¢atlak ilerleme hizint
faktori (K, arttirmaktadir ve kirilma
AK) mekanigi analizlerinde
dikkate alinmaktadir.

Termal bizilme ve faz

Barsom &  Kaynakl ¢elik
Rolfe(1999) yapilar

\é\:wl;zzrsshi E;jrl;[;(h KAG olusum Cglgﬁlllrillglrgrei;lana nedenleﬁ(rjtili('

. mekanizmasi L '

(2001) birlesimler biyiklukleri akma
gerilmesine yakindir.

Kaynakl birlesimlerin

Hobbacher  Yapisal ¢elik  Yorulma yorulma dayanimi, artik

(2016) kaynaklari tasarimi gerilmeler nedeniyle ana

malzemeye gore diisiiktiir.

2.3. Artik Gerilme Giderme Yontemleri

Artik gerilmelerin etkisini azaltmak amaciyla en yaygin
kullanilan yontemlerden biri kaynak sonrasi 1sil islemdir
(PWHT). Bu yontem, malzemenin yiiksek sicakliklarda plastik
akma yoluyla gerilmeleri rahatlatmasini saglamaktadir (Withers
& Bhadeshia, 2001).

Mekanik yontemler (6rnegin ¢ekicleme ve ylizey
haddeleme) kaynak dikisi yiizeyinde basma artik gerilmeleri
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olusturarak yorulma 6mriinii artirabilmektedir (Radaj vd., 2006;
Juvinall & Marshek, 2012). Titresimle gerilme giderme (VSR)
yonteminin etkinligi ise literatiirde halen tartisilmaktadir (Munsi
vd., 2001).

3. KAYNAKLI BAGLANTILARIN BURULMA
ALTINDAKI DAVRANISI

3.1. Gerilme Yigilmasi

Burulma yiiklemesi altindaki kaynakli birlesimlerde
olusan gerilme yigilmalar1 ve bunlara ait gerilme yigilma
faktorleri (GYF), literatirde hem deneysel hem de nimerik
yontemlerle ayrintili bi¢imde ele alinmistir. Bu kapsamda one
¢ikan calismalar ve temel sonuglar1 Tablo 2’de verilmistir.

Burulma yiiklemesi altinda, teorik olarak saf kayma
gerilmesi s6z konusu olsa da, kaynakli birlesimlerde geometrik
stireksizlikler nedeniyle yiiksek gerilme y1gilmalari olusmaktadir.
Ozellikle boru-plaka, T-birlesim ve kose kaynaklarinda,
maksimum kayma gerilmeleri gogunlukla kaynak kokii veya dikis
ucu civarinda ortaya ¢ikar (Peterson, 1974; Lotsberg, 2006).

Sonlu Elemanlar Yontemi (SEY) ile yapilan ¢alismalar,
burulma altindaki gerilme yigilma faktorlerinin (GYF) kaynak
geometrisine ve kalinlik oranlarina giiclii bicimde bagli oldugunu
gostermektedir (Radaj vd., 2006).
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Tablo 2. Burulma Altindaki Kaynakh Birlesimlerde Gerilme
Yigilma Faktorii (GYF) Calismalan

Yikleme

Yazar(lar) Birlesim Tipi Tari

Temel Bulgular

Centiklerin burulma altindaki kayma

(Pleg;f)o : Gee()r]rﬁlef[;r‘??;:li( Burulma  gerilmesini ne 6l¢iide artirdigina dair
g temel GYF degerleri verilmistir.
Lotsber Plakali ve Sonlu elemanlar yontemi ile burulma
g kaynakl Burulma  altindaki yerel gerilme ve GYF

(2006) i .
yapilar hesaplarinin 6nemi vurgulanmustir.
Radaj, Birlesik . . . .
Sonsino &  Alin ve kose  ylkleme En yukse!§ ggrllmelermvgenelllkle
. kaynak kokiinde olustugu ve yorulma
Fricke kaynaklan (burulma acisindan kritik oldugu gosterilmistir
(2006) dahil) ¢ gug Suf.

3.2. Burulma Yorulmasi ve Cok Eksenli Modeller

Kaynakli pargalarda burulma ve birlesik yiiklemeler
altinda yorulma Omriiniin tahmini i¢in gelistirilen ¢ok eksenli
yorulma kriterleri, farkli varsayimlar ve hasar tanimlari
icermektedir. Bu calismada ele alinan baslica modeller ve
uygulama alanlar1 Tablo 3’te 6zetlenmistir.

Burulma yorulmasi altinda catlaklar, maksimum kayma
gerilmesi  diizleminde veya eksene yaklagik 45° egimli
maksimum normal gerilme diizlemlerinde baglayabilmektedir
(Fatemi & Socie, 1988; Shamsaei & Fatemi, 2014). Von Mises
esdeger gerilme yaklagimi burulma etkisini ¢ogu zaman yetersiz
temsil ederken, kritik diizlem tabanli modeller (Fatemi—Socie,
SWT) kaynakli birlesimlerde daha basarili sonuglar vermektedir
(Smith vd., 1970; Glinka vd., 1995).
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Tablo 3. Cok Eksenli Yorulma Modelleri ve Temel Kaynaklar:

Model / Kriter Temel Varsayim Uygulama Alam
Hasar, maksimum kayma Kaynakli birlesimler,
Fatemi— gerilmesi genligi ve eszamanli  burulma ve birlesik
Socie(1988) normal gerilmenin etkidigi kritik yiikleme altinda
diizlemde olugsmaktadir. yorulma
Cekme agirlikh

Smith-Watson— Maksimum normal gerilme ile
Topper gerinme genliginin ¢arpimi
(SWT)(1970) yorulma hasarini belirlemektedir.

yukleme (burulma igin
modifikasyon
gerekebilir)

Strain Energy Kritik diizlemde biriken gerinme

Density enerjisi yorulma hasarini kontrol
(SED)(1995) etmektedir.

Centikli bolgeler, ¢cok
eksenli yorulma

4. NUMERIK MODELLEME VE DENEYSEL
DOGRULAMA

SEY, kaynakli yapilarda hem artik gerilmelerin hem de
burulma altindaki gerilme dagilimlarinin belirlenmesinde temel
bir aragtir (Goldak & Akhlaghi, 2005). Termo-mekanik kaynak
simiilasyonlar1, artik gerilme alanlarinin daha gergekgi tahmin
edilmesini saglamaktadir (Peri¢ vd., 2022).

Deneysel calismalar ise o6zellikle boru ve kalin kesitli
kaynaklarda niimerik sonuclarin dogrulanmasi agisindan kritik
6neme sahiptir (Smith vd., 2000).

5. TARTISMA VE SONUC

Bu derleme c¢alismasinda, kaynakli pargalarda artik
gerilmeler ile burulma yiiklemesinin yorulma davranisi
tizerindeki birlesik etkileri kapsamli bigcimde incelenmistir.
Literatiir, kaynak islemi sirasinda olusan ve c¢ogu zaman
malzemenin akma mukavemetine yakin seviyelere ulasan ¢ekme
artik gerilmelerinin, burulma altinda olusan kayma gerilmeleri ile

374



Makine Miihendisligi

etkilesime girerek yorulma ¢atlagi baslama ve ilerleme siireglerini
onemli 6l¢iide hizlandirdigini agikca gostermektedir.

Burulma yuklemesi teorik olarak saf kayma gerilmesi
iiretse de, kaynak dikisinin geometrisi ve ¢entik etkisi nedeniyle
birlesim bolgelerinde yiiksek gerilme yigilmalart meydana
gelmektedir. Bu durum, ozellikle kaynak kokii ve dikis ucu
bolgelerini yorulma agisindan kritik hale getirmektedir. Mevcut
calismalar, burulma altindaki catlaklarin siklikla maksimum
normal gerilmenin olustugu yaklasik 45° egimli diizlemlerde
veya maksimum kayma gerilmesi diizlemlerinde basladigini
ortaya koymaktadir.

Yapisal tasarim agisindan degerlendirildiginde, yalnizca
harici burulma gerilmesinin degil, aym1 zamanda kaynak
prosesinden kaynaklanan artik gerilme dagilimmin da dikkate
alinmasi gerekmektedir. [IW ve benzeri tasarim kilavuzlar, artik
gerilmelerin etkisini dolayli olarak yorulma simiflar1 (FAT)
araciligiyla icerse de, kritik ve emniyetle iliskili bilesenler i¢in
yerel gerilme yaklagimlarina ve sonlu elemanlar yontemi (SEY)
temelli ayrintili analizlere ihtiya¢ duyulmaktadir.

Sonug olarak, kaynakli pargalarda burulma yiiklemesi
altinda giivenilir bir yorulma tasarimi yapilabilmesi i¢in artik
gerilmeler, gerilme yigilmalar1 ve ¢ok eksenli yorulma kriterleri
birlikte degerlendirilmelidir. Gelecekteki ¢aligmalarin, gelismis
kaynak yontemlerinin artitk gerilme seviyeleri tizerindeki
etkilerini ve bu gerilmelerin burulma altindaki mikro yapisal
degisimlerle etkilesimini daha gelismis niimerik ve deneysel
yaklagimlarla ortaya koymasi beklenmektedir.
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HAVUZ FOTOPOLIMERIZASYONU iLE
URETILEN PARCALARIN MEKANIK
OZELLIKLERI: SAF RECINELER VE DOLGU
MADDELI KOMPOZITLERIN INCELEMESI

Omer Dogan OZDEMIRLER!
Farshid KHOSRAVI?

1. GIRIS
1.1. Eklemeli Imalat Teknolojilerine Genel Bakis

Eklemeli imalat dijital bir 3B modelden yola ¢ikarak
malzemeyi ardistk katmanlar halinde birlestiren {iretim
teknolojilerinin genel adidir. Bu yaklasim geleneksel {iretim
yontemlerinden farkli olarak, karmasik geometrilerin iiretimini
dogrudan 3B modelden olusturmayi miimkiin kilar. Eklemeli
imalat siirecleri, iiriin gelistirme siiresini kisaltma, malzeme
israfin1 azaltma ve kisisellestirilmis tiretim kabiliyeti saglama
yonleriyle imalat sanayinde koklii bir donilisiim yaratmaktadir
(Gao et al., 2015; Ngo, Kashani, Imbalzano, Nguyen, & Hui,
2018; Tofail et al., 2018).

Eklemeli imalat yonteminde {iretim, “asagidan yukariya”
yapt ingas1 prensibini benimser. Eklemeli Imalat y&ntemleri
ISO/ASTM 52900 standardina gore yedi ana kategoride
tanimlanmistir:

1 Manisa Celal Bayar Universitesi, Lisansiistii Egitim Enstitiisii, ORCID: 0009-0002-
4685-1110.

Dog. Dr., Manisa Celal Bayar Universitesi, Miihendsilik ve Doga Bilimleri
Fakiiltesi, Makine Miihendisligi Boliimii, ORCID: 0000-0002-8866-114X.
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Baglayici piiskiirtme (Binder Jetting, BJ)

Yonlendirilmis enerji yigma (Directed Energy
Deposition, DED)

Malzeme ekstrizyonu (Material Extrusion,
ME/FFF)

Malzeme puskirtme (Material Jetting, MJ)
Toz yatag fiizyon (Powder Bed Fusion, PBF)
Sac laminasyon (Sheet Lamination, SL/LOM)

Havuz fotopolimerizasyonu (Vat
Photopolymerization, VPP) (Gao et al., 2015; Ngo
et al., 2018; Tofail et al., 2018).

Bu siniflandirma; eklemeli imalat siireclerini enerji tiiri,
malzeme formu ve birlestirme mekanizmasina gore gruplar.
Polimerlerde ¢ogunlukla eriyik biriktirme veya 1sikla kiirleme,
metallere yonelik sistemlerde ergitme ya da sinterleme,
seramiklerde ise baglayiciyla birlestirme kullanilir. Bu se¢imler,
ylizey kalitesi, boyutsal dogruluk ve katmanlar arasi bag
dayanimini dogrudan belirler. (Gao et al., 2015; Ngo et al., 2018).

Eklemeli imalat siirecinin genel is akisi dort temel
asamadan olusur :

1.

2
3.
4

Eklemeli imalata uygun tasarim
Modelin dilimlenmesi

Katmanli tiretim islemi

. Destekleri temizleme ve son islemler (0rnegin

ylizey piriizliliiglinlin giderilmesi, 1s1l islem veya
kiirleme).

Bu asamalarda yap1 yonelimi, katman kalinlig1 ve baski
parametreleri, parca geometrisi, Olgiisel dogruluk ve yiizey
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kalitesi Uzerinde belirleyici rol oynar (Ngo et al., 2018; Tofail et
al., 2018).

Eklemeli imalatin 6nemli avantajlarindan biri, geometrik
karmasikligin maliyete etkisini azaltmasidir. Kalip ve fikstiir
ihtiyacinin  ortadan kalkmasi, ozellikle disiik-orta hacimli
tiretimde maliyet etkinligi saglar. Ayrica ¢ok parcali montajlarin
tek parca olarak iiretilebilmesi, par¢a sayisini ve montaj kaynakli
hatalar1 diisiirerek “montajsiz tasarim” yaklagimini destekler.
(Gao et al., 2015; Ngo et al., 2018).

Eklemeli imalatin bir diger avantaji malzeme
verimliligidir; tretim sirasinda olusan hurda miktar1 oldukca
distiktir. Bu o6zellik, oOzellikle havacilik, otomotiv ve
biyomedikal uygulamalarda énemli bir ekonomik katki saglar.
Ayrica kisisellestirme, diisiikk envanter gereksinimi ve tedarik
zinciri esnekligi, eklemeli imalatin stratejik 6nemini giiglendirir.
(Gao et al., 2015; Ngo et al., 2018; Tofail et al., 2018).

Buna karsin, eklemeli imalatin sanayide yayginlagsmasi
icin astlmasi gereken temel sorunlar vardir. Baglica zorluk, tiretim
sirasinda olusan mikroyap1 ve buna bagli mekanik 6zelliklerin
giivenilir bigimde oOngoriillememesidir. Ayrica ayni parcanin
farkli makinelerde veya aymi makinede farkli zamanlarda
tiretildiginde ayni sonucu vermemesi (tekrarlanabilirlik), kalite
glivencesini giiglestirir. (Ngo et al., 2018; Tofail et al., 2018).

2. HAVUZ FOTOPOLIMERIZASYON (VPP)
SURECLERI VE TEKNOLOJILERI

2.1. Temel VPP Teknolojileri

Kivet fotopolimerizasyonu (Vat Photopolymerization,
VPP) teknolojileri, fotoduyarli sivi reginelerin segici olarak
katilastirilmas1 prensibine dayanan eklemeli imalat yontemleri
arasinda en yiiksek ¢oziiniirliik ve yiizey kalitesine sahip siirecleri
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kapsar (Whyte, Doeven, Sutti, Kouzani, & Adams, 2024). Bu
teknolojiler, kullanilan 151k kaynagi, projeksiyon yontemi ve
kiirleme mekanizmasina gore alt smiflara ayrilir. Giliniimiizde
temel VPP sistemleri Tablo 2-1°deki gibi siniflandirilmaktadir.

Tablo 2.1. Temel VPP Teknolojileri

Yontem Isik Kaynagi / Cozunurlik  Avantajlar Stmirlama  Kaynaklar
Mekanizma (um) lar

SLA UV lazer/ 25-50 Yiksek Diigiik (Zhang et al.,

(Stereolitog  noktasal tarama dogruluk, hiz, 2021; Afridi

rafi) iyi ylzey karmagik et al., 2024)
kalitesi sistem

DLP Projeksiyon 10-50 Hizl Piksel (Zhang et al.,

(Dijital Ipk ~ (DMD/LCD) Uretim, boyutuna  2021; Han et

isleme) homojen bagl al., 2019; Lee
enerji ¢ozunarl et al., 2022)
dagilimi ik smir1

CLIP UV 151k / 30-100 Katmansiz Oksijen (Al Rashid et

(Surekli oksijen Uretim, pencere al., 2021; Lee

Sivi Arayiiz  inhibisyonu yiiksek hiz omrd, etal., 2022;

Uretimi) regine Gracaetal.,

viskozite ~ 2024)
si

HARP UV projeksiyon ~ 50-100 Buyilk Sogutma  (Afridietal.,
(Yuksek + s1v1 sogutma oOlcekli sistem 2024; Graga
Alanli Hizli tretim, 1s1l karmagikl etal., 2024)
Bask1) kontrol 181
uSL Projeksiyon 1-5 Yiksek Sinirh (Whyte et al.,
(Mikro- (mikro-DMD) ¢ozlnurlik,  bask: 2024; Han et
stereolitogr mikro alani, al., 2019)
afi) yapilar diisiik hiz
2PP (iki- Femtosaniye <0.5 Alt mikron  Yavas (Al Rashid et
Foton lazer / dogrusal ¢ozlndrlik,  dretim, al., 2021;
Polimerizas  olmayan 3D yiksek Whyte et al.,
yonu) sogurma mikro/nano  maliyet 2024)
yapi1

VAM Cok agili 151k 50-300 Hacimsel Optik Whyte et al.,
(Katmansiz ~ projeksiyonu Gretim, hizalama  2024)
Kiivet izotropik ve
Fotopolime ozellikler yogunluk
rizasyonu) kontrolu

gerektirir

2.1.1. Stereolitografi (SLA)

Bu yontemde UV lazer, fotoduyarli regine ylizeyinde
secici olarak taranir ve izledigi hat boyunca fotopolimerizasyon
gergeklesir. SLA; yiliksek boyutsal dogruluk (£25 pum) ve ¢ok iyi
ylizey kalitesi ile One c¢ikar. Ancak lazerin noktasal tarama
prensibi Uretim hizini sinirlar; katman gegislerinde enerji yayilimi
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ve reginenin yeniden akis siiresi baskiyr uzatabilir. Bu nedenle
SLA, ince detay ve piiriizsiiz ylizey isteyen iglerde giiclii olsa da,
tarama stliresi ve sistem karmagikligi biiylik hacimli iiretimde
maliyet etkinligini azaltir(Al Rashid et al., 2021; Zhang et al.,
2021).

2.1.2.Dijital Isik isleme (DLP)

Bu sistemlerde, dijital mikro ayna cihaz1 (Digital
Micromirror Device, DMD) veya sivi kristal ekran (LCD)
kullanilarak bir katmanin tamami tek bir pozlama siiresinde
regineye yansitilir (Al Rashid et al., 2021; Han, Yang, Fang, &
Lee, 2019). DLP, SLA’ya gore daha yiiksek liretim hizi ve
homojen enerji dagilimi saglar. Ancak ¢oziintirliik, kullanilan
projeksiyon sisteminin piksel boyutuyla siirlidir (genellikle 10—
50 um) (Han et al., 2019; Lee et al., 2022).

Modern DLP sistemleri, pozlama siiresi ve 151k
yogunlugunu dinamik olarak optimize ederek kiirleme derinligini
ve katman baglanma kalitesini iyilestirmektedir (Lee et al., 2022).

2.1.3.Siirekli Siv1 Arayiiz Uretimi (CLIP)

Continuous Liquid Interface Production (CLIP), DLP’nin
tretim hizin1 artirmak i¢in  gelistirilmis silirekli {iretim
yaklagimidir. CLIP’te oksijen gecirgen bir pencere kullanilarak
recine ile yap1 arasindaki bolgede bir '0lii bolge' olusturulur. Bu
bolge, oksijenin fotopolimerizasyonu kismen engellemesi
sayesinde katmanlar arasinda siireksizligin ortadan kalkmasina
imkan tanir (Al Rashid et al., 2021; Lee et al., 2022). Sonug olarak
yapi, katman bazli degil, siirekli olarak regine ylizeyinden yukari
cekilerek dretilir.

2.1.4.Yiiksek Alanh Hizh Baski (HARP)

High Area Rapid Printing (HARP), CLIP prensibine

dayanan ve biiylik olgekli iiretimlerde karsilasilan 1s1l yonetim
problemlerini ¢dzmeyi hedefleyen bir teknolojidir. HARP
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sistemlerinde, oksijen gecirgen pencerenin altina entegre edilen
bir s1vi sogutma katmani, regine sicakligini kontrol altinda tutarak
deformasyonu onler (Afridi et al., 2024; Graca et al., 2024). Bu
yontem sayesinde ylizey kalitesinden 6diin vermeden daha genis
baski alanlarinda tiretim yapilabilir.

2.1.5. Mikro-Stereolitografi (uUSL)

Mikro-stereolitografi (USL) veya projeksiyon mikro-
stereolitografi (PuSL), DLP prensibinin  mikro 0lcekte
uygulanmasidir. Yiiksek ¢oziiniirliikli optik sistemler ve hassas
projeksiyon cipleriyle 1-5 um seviyesinde detaylar Gretilebilir
(Whyte et al., 2024; Han et al.,, 2019). pSL sistemleri,
mikroakigkan cihazlar, mikrooptik bilesenler ve biyomedikal
iskeleler  gibi ylksek hassasiyet gerektiren alanlarda
kullanilmaktadir.

2.1.6.1ki-Foton Polimerizasyonu (2PP)

iki-Foton Polimerizasyonu (Two-Photon Polymerization,
2PP), dogrusal olmayan optik sogurma prensibiyle ¢alisan ileri
bir VPP yontemidir. Bu mekanizma, alt mikron (yaklagik 100 nm)
seviyesinde ¢Oziiniirlik saglar(Al Rashid et al., 2021; Whyte et
al., 2024).

2.1.7.Katmansiz Havuz Fotopolimerizasyonu (VAM)

Katmansiz Havuz Fotopolimerizasyonu (Volumetric
Additive  Manufacturing, VAM), VPP teknolojilerinde
paradigmatik bir degisimdir. Bu yontemde, re¢ine havuzu
icerisine farkli ag¢ilardan yonlendirilen 151k projeksiyonlarinin
kesistigi bolgelerde fotopolimerizasyon baslatilir (Whyte et al.,
2024). Boylece nesneler, katman katman degil, dogrudan
hacimsel olarak saniyeler iginde Uretilebilir.
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2.2. Uretim Sureci
2.2.1. DfAM ve CAD Verisinin Hazirlanmasi

DfAM asamasinda biiziilme ve asiri-kiirlenme kaynakl
ofsetler kritik Olctiler i¢in bastan modellenir. Egrisel ylizeylerin
ag yapisinin olusturulmasi sirasinda secgilen kenar uzunlugu ve
sapma toleranslari, ylizey piriizliligii ile Ol¢li sapmasinm
dogrudan etkiler. Mikrokanallar, ince cidarlar ve kapali bosluklar
icin glivenlik pay1 birakmak daha sonra yapilacak maskeleme ve
optimizasyon yiikiinii azaltir (Piedra-Cascon, Krishnamurthy,
Att, & Revilla-Ledn, 2021).

2.2.2.0n-Isleme: Dilimleme, Destek ve Maske/Doz
Kompanzasyonu

Dilimleme yonelimi, katman kalinlig1 ve destek yerlesimi
soyma kuvvetini, yeniden yayilma siiresini ve anizotropiyi
belirler. Gereksiz destekler yiizey izlerine ve ek iscilige yol
acabileceginden, kritik yiizeylerden uzak ve yik yolunu
kisaltacak bigimde tasarlanmalidir. Katman kalinlig1 se¢imi ise
¢Oziiniirlik ve silireyi yOnetir aym1 Z-yoni pirizliligini de
kontrol eder (Piedra-Cascon et al., 2021).

2.2.3.Yaznm  Icrasi:  Pozlama-Soyma-Yeniden
Yayillma

Poz enerjisi , katman kalinlig1 ve hareket profilleri birlikte
ayarlanir. Yetersiz enerji eksik kiirlenmeye, asir1 enerji ise
tagmaya ve 0l¢ii hatalarina yol acar. Bottom-up konfigiirasyonda
seffaf ve diisiik yapismali pencere, soyma kuvvetini diisiiriir. Is1
yonetimi ise viskoziteyi kontrol ederek yeniden yayilmayi
hizlandirir. Bu parametrelerin koordineli optimizasyonu ¢evrim
stiresini ve ylizey kalitesini iyilestirir (Wang et al., 2024; Piedra-
Cascon et al., 2021).
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2.2.4. Ardil Islemler: Yikama, Post-Kiir ve Yiizey

Yikama ile serbest monomer veya oligomerler parga
ylizeyinden temizlenir. Yetersiz yikama yiizey yapiskanligi ve
biyouyumluluk sorunlar1 dogurabilir. (Dai et al., 2024).

Yiizey taglama, cilalama ve plazma gibi islemler, catlak
baslatict mikro kusurlar1 ve piriizliiligi diisiirerek boyutsal
sadakati ve yorulma davranisini iyilestirir. Post islemleri
siralamasi (yikama — kurutma — post-kiir — yiizey) ve siire,
enerji dozlar1 tutarli bir standart isletim prosediirii altinda
yurattlmelidir (Dai et al., 2024; Piedra-Cascén et al., 2021).

2.2.5.Metrologi ve Kalite Glvencesi (QA)

Yiiksek hassasiyette, pre-processing is akisi ile nihai
Olctlisel dogruluk arasinda giiclii bir iliski rapor edilmistir. Bu
nedenle izlenebilirlik, dosya siirlimii, dilimleme ayarlari, maske
ve doz haritalar1 ile makine giinliiklerinin birlikte arsivlenmesini
gerektirir (Chen, Elkaseer, Scholz, & Hagenmeyer, 2024).

Mikro yapili pargalarda grayscale optimizasyonu ve SPI
yaklagimi X-Y ve Z dogrularinda doz kontroliinii giiclendirir. Bu
da kenar keskinligi ve derinlik dogrulugunu artirir. Optik ve
mekanik kalibrasyon periyodik olarak dogrulanmali ve kabul
kriterleri GD&T cergevesinde raporlanmalidir (Wang et al., 2024;
Guven et al., 2022; Wang et al., 2024; Chen et al., 2024).

3. SAF RECINELERIN MEKANIK
OZELLIKLERI VE GELiSiMi

3.1. Mekanik Testler ve Standartlar

Saf fotopolimer reginelerin mekanik davranisi, ¢ekme,
egilme, basma, darbe, kirilma toklugu ve yorulma testleri gibi
klasik mekanik karakterizasyon yontemleriyle belirlenir. ASTM
D638 ve ISO 527 gibi ¢ekme standartlari, dogrultu ve post-kiir
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kosullarimin sonuglar iizerinde gii¢lii etkisi oldugunu belirtir. Ince
katmanli ve optimum kiirlenmis 6rnekler genellikle daha yiiksek
mukavemet sunar (Brighenti & Cosma, 2021). Egilme (ISO 178),
darbe (ISO 179), yapisal elemanlarin yorulma émrii (ISO 13003)
ve dinamik mekanik analiz (DMA) kullanilarak sicakliga ve
frekansa bagli modiiller Slgiiliir. Is1 sapma sicakligi (HDT) ve
cam gecis sicakligi (Tg) i¢in ISO 75 ve DSC dl¢iimleri kullanilir
(Brighenti & Cosma, 2021).

3.2. Ag Mimarisi ve Doniisiim Oram

Mekanik ozelliklerin temel belirleyicisi, kullanilan
monomerlerin islevsellik derecesi ve ag i¢inde olusan ¢apraz bag
yogunlugudur. Diislik islevli akrilatlarin baskin oldugu ticari
fotopolimerlerde tipik ¢ekme dayanimi 40-60 MPa ve elastik
modul 1.5-3 GPa araligindadir (Brighenti & Cosma, 2021).
Polymers dergisinde raporlanan ticari bir fotopolimer reginesi 2.1
GPa elastik modiil, 52.4 MPa ¢ekme dayanimi ve %2.2 kopma
uzamast gostermistir (Tessanan et al.,, 2023). Bu regineye
fonksiyonalize edilmemis dogal kauguk eklenmesi modili
diisiirmiis ve mukavemeti %27 azaltmistir. Ancak ¢ift fonksiyonel
akrilik gruplarla modifiye edilen kauguk, kopma uzamasini
artirirtken mukavemeti orijinal seviyesine geri getirmistir
(Tessanan et al., 2023). Monomer islevselliginin asir1 diisiik
oldugu durumlarda ag yeterince ¢aprazlanmadigi i¢in mekanik
ozellikler zayiflar. Ornegin ii¢ islevli monomerlerin diisiik
oranlarda kullanildig bir AIN regine sisteminde ¢cekme dayanimi
1 MPa’in altina diiserken, yiiksek islevli monomer yikleri 30
MPa ¢ekme dayanimi ve 64 MPa egilme dayanimi saglamistir
(Kuang, Liu, Zhao, & Wu, 2025).

Ag mimarisi sadece modiilii degil, siineklik ve toklugu da
etkiler. Siloksanlar veya politretan zincirleri ile modifiye edilen
cift ag sistemleri elastomerik davrams sergiler. Ornegin
polidimetilsiloksan (P1) ve poliliretan tlirevi P2’nin ardisik
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katmanlarda polimerlestirildigi ikili bir elastomer reginesi, P1 ile
tek basina sertlestiginde modiil ~1 MPa ve ¢ekme dayanimi 1.7
MPa iken, %15 P2 eklenmesi modiilii 2.5 MPa’a ve dayanimi 6.2
MPa’a yiikseltmis, %30 P2 ile modiil 24 MPa’a ve dayanim 7
MPa’a cikmistir.Bu artis siinekligin azalmasi pahasina elde
edilmistir (Acosta Ortiz et al., 2025). Lipoik asit tlrevi
caprazlayicilar ile hazirlanan bir reginede, caprazlayici oran1 %30
iken ¢cekme dayanimi 0.9 MPa ve modiil 0.014 GPa iken, oran
%090’a ¢ikarildiginda dayanim 15.6 MPa ve modiil 3.3 GPa’ya
ulagmis, hidrojen baglariyla gii¢lendirilmis versiyon ise 50 MPa
dayanim ve 0.34 GPa modiil sunmustur (Machado et al., 2024).

3.3. Tabakalar Arasi Bag, Yonlenme ve Anizotropi

Post-kiir uygulamasi genellikle katmanlar arasindaki
doniistiirilmemis monomerleri tiiketerek bag kuvvetini artirir ve
anizotropiyi azaltir. Bir ¢aligmada, yliksek viskoziteli 6zel bir
recine kullanilarak lazer taramasiz sistemle iiretilen parcalarin
egilme dayanimi ~75 MPa ve modiilii 2.17 GPa olarak 6l¢iilmiis,
orneklerin X, Y ve Z yonlerinde benzer 6zellikler gdstermesi
sayesinde izotropik davranis elde edilmistir (Weng et al., 2023).
Buna karsilik dijital 151k isleme (DLP) ile iiretilen parcalar, mikro
aynalarin arasinda tam kiirlenmemis alanlar nedeniyle siitun
benzeri bir yap1 gosterir. DLP ile dikey yonde iiretilen 6rnekler
yatay yondekilere kiyasla daha yiiksek E modiilii gosterirken
post-kiir islemi Visijet FTX re¢inesinde anizotropiyi %5’in altina
indirmis, Castable Blend recinesinde ise pigmentler nedeniyle
anizotropi %16 seviyesinde kalmistir (Monzon, Z. Ortega,
Hernandez, Paz, & F. Ortega, 2017). Bu bulgular, baski yoniiniin
ve post-kiir sliresinin tasarim asamasinda dikkate alinmasi
gerektigini vurgular.

3.4. Biiziilme ve Artik Gerilmeler

Fotopolimerizasyondaki hacim biiziilmesi ve buna baglh
artik gerilmeler, saf recine parcalarda catlak ve boyutsal sapmaya
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neden olabilir. Radikal polimerizasyonda ag olusumu sirasinda
bizulme %3-7"ye ¢ikabilirken, halkali agilma epoksilerinde
bliziilme daha diisiiktiir ve oksijen inhibisyonu daha homojen
kiirlenmeyi destekler. Bu etkileri azaltmak icin yliksek bosluk
oranli tasarim, kalin bolgelerin kademeli kiirlenmesi ve
fotoinitatorlerle 151k sogurmasinin yonetimi onerilir (Al Rashid et
al., 2021). Ayrica thio-urethane gibi oligomer katkilari, zincir
transferiyle biizlilme gerilmelerini disiiriirken tokluk ve modiilii
artirabilir (Caldas et al., 2018).

3.5. Cevresel Etkiler

Saf re¢inelerin mekanik davranisi; nem, ¢oziicii temasi ve
sicaklik ile degisir. Hidrofilik monomer i¢eren aglarda su emilimi
hidrolitik yumusamaya ve modiil diisiisiine yol agarken, kationik
epoksi aglar daha direnglidir. Alkolli temizlik/yikama,
kiirlenmemis monomer sizintist ve yiizey catlaklarmi
tetikleyebilir (Cazin et al, 2022). Yiiksek sicaklikta 1s1l
yaslandirma zincir hareketliligini artirarak siirinmeyi ytikseltir;
ancak lipoat bazli dinamik aglarda topolojik yeniden diizenleme
ile termal iyilesme miimkiin olabilir (Machado et al., 2024).

3.6. Tipik Mekanik Araliklar ve Tasarim Rehberi

Cesitli ticari ve akademik saf regineler i¢in mekanik
ozellikler Tablo 4-1’de 6zetlenmistir. Tipik akrilat bazli recineler
post-kiir sonras1 40-80 MPa c¢ekme dayanimi ve 1.5-3 GPa
elastik modil sunarken (Brighenti & Cosma, 2021), cok
fonksiyonlu monomer sistemleri ve optimize ag tasarimlar: 80—
100 MPa araliginda ¢ekme dayanimi saglayabilir. Tasarimeilar,
parca gereksinimlerine gére monomer islevselligini, capraz bag
tiirtinii, katman kalinligin1 ve post-kiir siirelerini optimize ederek
istenen araligi hedeflemelidir. Yiksek mukavemet gereken
uygulamalarda diisiik katman kalinlig1 (<25 pm) ve uzun post-kiir
stireleri tercih edilmelidir. Elastomerik uygulamalarda ise diisiik
islevli monomerler ve ¢ift aglar ile %100’lin iizerinde kopma
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uzamasi elde edilebilir (Acosta Ortiz et al., 2025). Cizelge ayrica
geri dondstiiriilebilir dinamik aglarm, modiil ve dayanimin
diismesi pahasina kimyasal olarak onarilabilme 6zelligi
sundugunu gostermektedir (Machado et al., 2024).

Tablo 4.1. VPP’de kullanilan baz saf rec¢inelerin mekanik

Ozellikleri
Kopm
a
Malzem Cekme Elastik uzam Egilme Egilme
el Kimyasal dayamum ~ modul ast dayamm  moduli Notlar ve
recine yapt / tip 1 (MPa) (GPa) (%) 1 (MPa) (GPa) kaynaklar
Formlab  Dayanikh 61 2.6 13 86 2.2 Yesil durumda
s akrilat (post-kii 35 MPa, 1.4 GPa;
Grey Pr r) HDT
s} 77.5 °C (Formlabs
, 2024)
Ticari Akrilat 52.4 21 2.2 — — Dogal kauguk
fotopoli bazl katkis1 modiilii
mer diisiiriir; akrilik
(Polyme modifikasyonla
rs 2023) mukavemet geri
kazanilir (Tessana
netal., 2023)
Akrilat Cift ag 50.9 ~2 >5 — — Fonksiyonalize
+ dogal (kauguk kauguk eklenmesi
kauguk modifiye) stineklik
(modifiy saglar (Tessanan
e) etal., 2023)
Ikili Siloksan/ir 1.7 (P1)  0.001- 70— — — %15 P2 ile
elastom ethan ikili - 0.024 380 6.2 MPa ve %200
er ag 7.0 (30 uzama (Acosta
(P1/P2) wt% P2) Ortiz et al., 2025)
Yiiksek CN8883N — — — 75 2.17 XIYIZ ydnlerinde
viskozit S+ izotropik egilme
eli ACMO degerleri (Weng et
regine al., 2023)
(LSVP)
Yiksek  Epoksifakr  30.17 — — 64.69 — Diisiik islevli
islevli ilat (AIN gruplar <1 MPa;
monome  caligmasi) yiiksek islevli
r grubu monomerler
dayanimi
artirir (Kuang et
al., 2025)
Dinamik  Dinamik 0.9-15.6  0.014- — — — Caprazlayici orant
lipoat kovalent 3.3 arttikca modiil ve
bazli ag dayanim artar;
hidrojen baglart
ile 50 MPa’ya
ulagir (Machado et
al., 2024).

3.7. Yorulma ve Zaman Bagimh Davrams

Saf  fotopolimer recineler genelde kirillgan
davrandigindan, metal ve fiber takviyeli kompozitlere kiyasla

391



Makine Miihendisligi

yorulma ve siirinme performanst smirlidir. Post-klr oncesi
parcalar, tamamlanmamis polimerizasyon nedeniyle daha diisiik
yorulma omru gosterir. VPP ile Uretilen akrilatlarda yorulma
omrii yiik seviyesi, katman kalinlig1 ve baski yoniine baghdir;
DLP calismalarinda dikey basilan ve tam kiirlenen numunelerin
daha uzun Omirli oldugu ve post-kir siresinin yorulma
dayanimint artirdigr raporlanmistir (Monzon et al., 2017).
Siirtinmede ise yliksek viskozite ve yiiksek capraz bag yogunlugu
daha iyi direng saglarken, dinamik kovalent aglar bag gevsemesi
nedeniyle daha yiiksek siirlinme egilimi gosterebilir (Machado et
al., 2024). Creep testleri, saf recinelerde siirlinmenin kisa siirede
plato yapabildigini; ancak sicaklik ve nem arttikca belirgin
bi¢imde biiyiidiigiinii gostermektedir (Cazin et al., 2022).

4. DOLGU MADDELI KOMPOZITLERIN
MEKANIK OZELLIiKLERI

4.1. Olgme Standartlar ve Test Yontemleri

Kompozit reginelerin mekanik davraniglarn ASTM
D638/D ISO 527 ¢ekme testi, ASTM D790 egme testi, ASTM
D256 darbeye dayanim, ASTM D695 basing testi, nano-sertlik ve
depolama modull 6lgtimleri icin nanoindentasyon ve dinamik
mekanik analiz (DMA) gibi yontemlerle degerlendirilir
(Korcuskova, Lepcio, & Jancat, 2025). Seramik iceren VPP
parcalarinin sikigtirma dayanimi, sinterlenmis 6rnekler lizerinde
Ol¢iiliir. Metal oksit nanopartikiilleriyle zenginlestirilmis akrilat
ve epoksi kompozitlerde nano-sertlik (Hnano) ve depolama
modilii (E') gibi parametreler kullanilmaktadir (Korcuskova et
al., 2025). Cekme ve egme testlerinde numune orientasyonunun
ve foto—kiir sonrasi 1s1l islemlerin etkisi dikkate alinmalidir. Bazi
kompozitler = katman  yoOniinden bagimsiz  performans
hedeflediginden numunelerin farkli baski yonlerinde test edilmesi
onerilir.
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4.2. Dolgu Tasarimi, Hacim Fraksiyonu ve Ag
Mimarisi

Dolgu maddeleri, mikron-boyutlu seramik/metal oksit
parcaciklari, karbon temelli nanoyapilar (grafen, grafen oksit
(GO), karbon nanotip (CNT), grafitik karbon nitrir (GCN)),
serbest lifler (cam veya karbon elyafi) ve dogal biyopolimerler
(lignin, kitosan/chitin nanowhiskerleri) gibi genis bir yelpazeye
sahiptir. Dolgu sec¢imi ve yuzey modifikasyonu, dolgu yikleme
orani (genellikle agirlik¢a %0.1-5 veya hacimce %40-60), regine
bilesimi ve kiir kosullari mekanik performansi belirler.

Metal oksit nanopartikiilleri: TiO2, Ag-TiO: ve ZnO
nanopartikiilleri iceren akrilat/epoksi kompozitler; %1 TiO2
takviyesi urethan-akrilat reg¢inesinin ¢ekme dayanimini 23.4
MPa’dan 47.4 MPa’ya, nano-sertligini 0.126 GPa’dan 0.226
GPa’ya ve depolama modilini 1.51 GPa’dan 1.83 GPa’ya
yiikseltmistir (KorcuSkova et al., 2025). Ag-TiO: nanopartikiilleri
%1 yliklemede akrilat reginesinde egilme dayanimimi 42
MPa’dan 70.7 MPa’ya ¢ikarmistir (KorcuSkova et al., 2025).
TiO:2 nano pargaciklari igeren epoksi-akrilat sistemlerinde %0.25
yluklemede ¢ekme dayanmimi 25.3 MPa’dan 47.8 MPa’ya ve
egilme dayanimi 68.8 MPa’dan 73.1 MPa’ya yiikselmistir
(Korcuskova et al., 2025). ZnO takviyesi %0.1 yiklemede akrilat
recinenin ¢ekme dayanimimi 48.4 MPa’dan 54.1 MPa’ya
cikarirken yliksek yiiklemelerde (2.5 wt %) dayanimi 11.7 MPa’a
diistirmustiir (KorcuSkova et al., 2025).

Karbon temelli nano-dolgu maddeleri: PLA-PUA
karigimina %0.5 grafen eklenmesi ¢cekme dayanimini %62 artisla
68 MPa’a, egilme dayanimini 115 MPa’a ve egilme modiiliinii 5.8
GPa’a yiikseltmistir (Shah et al., 2023). UDMA matrise 1-3 wt
% glimiis-halloysit nanotiip (Ag-HNT) eklenmesi egilme
dayanimint %25 artisla 105 MPa’a ve egilme modiiliini 2.3
GPa’a ¢ikarmistir (Shah et al., 2023). GO ilavesi metakrilat ve
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poliliretan reginelerde ¢ekme dayanimini 60 MPa’a, basing
dayanimin1 76 MPa’a ve Young modiiliinii 1.4 GPa’a yiikseltmis,
kirtlma toklugunu %186 oraninda iyilestirmistir (Shah et al.,
2023). Ticari gri regineye %0.1 GO eklendiginde post-kiir sonrasi
cekme dayanimi 88 MPa’a ve modiil 2.18 GPa’a ¢ikmistir; ancak
solvent igeren karigimlar bu kazanci azaltmaktadir (Shah et al.,
2023). Karbon nanotiip katkili Spot-HT ABS fotopolimerinde
%0.25 CNT yiiklemesi ¢ekme dayanimini 48 MPa’a (yaklasik
%70 artig) ve uzamay1 %20’ye yiikseltmistir; modiil 0.885 GPa
olarak Olgiilmiistiir[52]. Grafitik karbon nitriir dolguli epoksi
akrilat reginesi %0.02 dolgu oraninda ¢ekme dayanimini 75.56
MPa’a ve modiilii 3.396 GPa’a (yaklasik %22 ve %34 artis)
yiikseltmis, daha yliksek yiiklemeler ise aglomerasyon nedeniyle
performansi diistirmiistiir (Ko, 2024).

Dogal biyopolimer dolgu maddeleri: Lignin, recineye
diisiik oranda eklendiginde hem siirdiirtilebilirlik saglar hem de
mekanik performansi artirir. Methakrilat bazli regineye %0.2-0.4
yumusak odun lignini eklenmesi g¢ekme dayanimini 30.7
MPa’dan 46.1-49.6 MPa’a ve Young modullni 1.74 GPa’dan
2.20-2.25 GPa’a yiikseltmistir (Zhang, Li, Hao, & Ragauskas,
2019). Kitosan/chitin nanowhiskerleri (CNWs) ile takviye
edilmis methakrilat recginesi, %1 CNW yiiklemesinde ¢ekme
dayanimin1 32 MPa’dan 46 MPa’a ve Young modiiliini 0.8
GPa’dan 1.4 GPa’a yikseltmistir (Maalihan, Pajarito, &
Advincula, 2020). Daha yuksek yuklemeler (>1.5 wt %)
aglomerasyon nedeniyle dayanimi azaltmaktadir (Maalihan et al.,
2020).

Seramik ve diger dolgu maddeleri: Fotopolimer igine
hidroksiapatit veya titanat gibi seramiklerin ylksek hacimlerde
doldurulmasi mekanik dayanimi belirgin sekilde artirirken,
recinenin akiskanligimmi  diisiiriir.Potasyum titanat lifleriyle
takviyeli akrilik recinelerde optimum dolgu oran1 %1 olup egilme
dayanimi1 36.6 MPa ve c¢ekme dayanimi 18.2 MPa olarak
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Olclilmustiir; 1.5 wt % dolgu ve poli(etilen glikol) dispersan
iceren karigimlar egilme dayanimini 38.9 MPa’a ylikseltmistir
(Choi et al., 2024). Seramik tozlarinin 40-50 vol %’a kadar
dolduruldugu hidroksiapatit kompozitleri sinterlenmis halde 36.5
MPa egilme ve 161.9 MPa sikistirma dayanimi gostermistir (Shah
et al., 2023). Bu yiiksek kat1 oranlar1 hacim biiziilmesini azaltir
ancak sinterleme sonrast gozeneklilik ve ¢atlak kontrolii
gerektirir.

Ticari kompozit regineler: Seramik partikiller ve cam
elyafi iceren ticari miithendislik recinesi Ligcreate Composite-X,
UV kiirlenmis durumda 50-75 MPa ¢ekme dayanimi, 7.5-8.5
GPa modil ve 140-150 MPa egilme dayanimui sergiler; termal kiir
sonrasi bu degerler 70-85 MPa, 8.5-9.5 GPa ve 150-170 MPa’a
yukselir (Ligcreate, n.d.). Fortify High-Temperature & Strength
(HTS) kompozit reginesi 90 MPa ¢ekme dayanimi, 7.4 GPa
Young modiilii, %1.8 uzama ve 104 MPa egilme dayanimi ile 300
°C’nin tizerinde 1s1 sapma sicakligi sunar (Fortify, 2022).

4.3. Tabakalar Aras1 Bag ve Anizotropi

Dolgu maddeleri 151k niifuzunu digiirerek  kismi
kiirlenmeye neden olabilir; bu da katman bagmi zayiflatir ve
anizotropiyi artirir. Yilkksek modiillii pargaciklar katmanlar
boyunca gerilme y1gilmas1 olusturup gatlak baslatabilir. Ozellikle
CNT ve grafen gibi yuksek sogurmali dolgular penetrasyonu
giiclii bicimde sinirladigindan, optimum yiikleme ¢cogu kez %0.1—
0.5 araliginda kalir (Shah et al., 2023). Buna karsilik iyi dagilmis
nano-dolgular (GO, GCN, CNW) daha izotropik glclendirme
saglayarak yonlenmeye bagli mukavemet farklarini azaltabilir;
kitosan nanowhisker takviyesi de baski kararliligi ve boyutsal
dogrulugu koruyabilmistir (Maalihan et al., 2020).

Seramik ve metal oksit dolgular ise yiliksek kirilma
indisleriyle kiir derinligini azaltir; bu nedenle daha ince katman
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ve daha yiiksek enerji yogunlugu gerekir. Fiber takviyeli
recinelerde lifler baski yoniinde dayanimi artirirken, diger
yonlerde zayiflik siirebilir; bu yiizden karbon/cam elyafli VPP’ de
homojen dagilim ve regine—lif ara ylzeyi optimizasyonu kritik
gorulmektedir.

4.4. Buzulme ve Artik Gerilim

Dolgu maddeleri, polimer ag1 i¢ine biiziilmeyen kat1 faz
eklenmesi nedeniyle fotopolimerizasyon sonrast hacim
biizilmesini azaltir. Bu da artik gerilmeleri ve baski sonrasi
deformasyonlar1 azaltir. Seramik kompozitlerinde biiziilme
neredeyse tamamen dolgu fazi tarafindan belirlenir ve ¢ekme
gerilmeleri sinterleme sirasinda dagitilir (Shah et al., 2023).
Grafen ve nanotiip takviyeleri, polimer aginin esnekligini
arttirarak ¢oklu kirilma ve mikro ¢atlak olusumunu engeller. Bu
olay gerceklestiginde artik gerilim azalir. Bununla birlikte,
yiiksek yiizey alanli dolgu maddeleri polimerizasyon 1sisin
absorbe ederek bolgesel sicaklik gradyenleri olusturabilir ve
termal soklara neden olabilir. Fotoinisitor ve foto-bleachable
sistemlerin se¢imi ile biizilme kontrolii saglanmalidir.

4.5. Cevresel Etkiler

Kompozit reginelerin ¢evresel dayanimi, hem matris hem
de dolgu tiirline baghdir. Lignin ve chitin gibi hidrofilik
biyopolimer dolgu maddeleri nem emilimini artirarak uzun siireli
su maruziyetinde mekanik 6zelliklerin azalmasina yol agabilir;
ancak lignin takviyeli parcalar UV 1smna dayanimi ve ¢izilme
direncini artirir (Zhang et al., 2019). TiO2, ZnO ve ALO; gibi
metal oksit nanopartikiilleri termal iletkenligi yiikseltir ve cam
gecis sicakligini 71.7 °C’den 79.6 °C’ye (Ti0O2) veya 86.5 °C’ye
(Ag-TiO2) yiikselterek 1s1l kararlihigr arttirir  (Korcuskova,
Lepcio, & Jancar, 2025). Ligcreate Composite-X ve Fortify HTS
gibi ticari seramik ve cam elyafi takviyeli re¢ineler 77-300 °C
arasinda 1s1 sapma sicakligina sahip olup yiiksek sicaklik
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uygulamalar i¢in kullanilabilir (Ligcreate, n.d.; Fortify, 2022).
Chitin nanowhisker ve lignin takviyeleri termal bozunma
sicakliklarii1  birkag derece yiikselterek yapisal stabilite
saglar(Maalihan et al., 2020).

4.6. Tipik Mekanik Araliklar ve Tasarim Rehberi

Dolgu maddeli kompozitler, saf fotopolimerlere kiyasla
cok daha genis bir dayanim yelpazesi sunar. Cekme dayanimlari
50-100 MPa, Young modulleri 2-9.5 GPa ve egilme dayanimlari
70-170 MPa araligindadir. Baz1 yiiksek modiillii ticari regineler
9 GPa’in iizerinde modiil ve 150 MPa’in iizerinde egilme
dayanimi sunar (Ligcreate, n.d.). Sekil degistirme kapasitesi
genellikle %1-8 arasindadir; dogal lif veya nanopargacik
takviyesi esneklik saglayabilir. Yiiksek kati yiiklemeli seramik
slurrilerinde (40-60 vol %) sinterlenmis pargalarin basma
dayanimi1 160 MPa’a ulasir (Shah et al., 2023).

Optimum dolgu orani: Nano-dolgu maddeleri i¢in %0.1-
1 agirlik % araligl cogu zaman maksimum mekanik iyilestirme
saglar; daha yiiksek oranlar aglomerasyon nedeniyle dayanimi
azaltir(Maalihan et al., 2020; Korcuskova et al., 2025). Seramik
partikiller igin %40-60 hacim orani arzu edilen modiil artigini
saglar ancak viskoziteyi yiikseltir, bu nedenle reoloji
modifikatorleri ve karistirma teknikleri kullanilmalidir (Shah et
al., 2023).

Yizey modifikasyonu ve dispersiyon: Grafen, GCN,
titanat ve lignin gibi dolgu maddeleri yiizey fonksiyonellestirme
(silanizasyon, polimer graftlama) veya dispersan (PEG, PVP)
kullanimi ile homojen dagilmalidir; bu sayede matris ile giiglii
baglar olusur ve mekanik kazang en st diizeye ¢ikar (Choi et al.,
2024).

Kiir stratejileri: Dolgu maddeleri 15181 sogurdugundan kiir
derinligi azalir; bu nedenle daha kisa katman kalinliklar1 (<50
um), yiiksek giicte 151k kaynaklari, foto-bleachable baslaticilar ve
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gri tonlama/dark-time teknikleri kullanilarak tam  kiir
saglanmalidir (Choi et al., 2024).

Geometrik tasarim: Katmanlar arasi1 baglanmay1 artirmak
icin yiikkleme yonii miimkiin oldugunca katman diizlemi ile
hizalanmali, fillet ve radyus kullanilarak gerilme yogunlagmalari
azaltilmalidir (Choi et al., 2024).

Cevresel stabilite: Uygulama ortamina gdre uygun dolgu
secimi yapilmalidir; hidrofobik metal oksitler 1s1l ve kimyasal
dayanim saglar; lignin ve chitin gibi hidrofilik dolgu maddeleri
biyomedikal uygulamalarda tercih edilir ancak nem emilimi
kontrol edilmelidir (Choi et al., 2024).

4.7. Yorgunluk, Siiriinme ve Zamanla Degisen
Davrams

Dolgu maddeli kompozitlerin yorulma ve siriinme
davranislar1 hakkinda literatiirde smirli veri bulunmaktadir.
Nano-lif ve nanoyap1 dolgular, zincir hareketini kisitlayarak uzun
stireli stirlinme deformasyonunu azaltir ve yorulma Omriini
uzatir. Ornegin chitin nanowhisker takviyeli methakrilat
kompozitler daha yiiksek ¢ekme toklugu ve iyilestirilmis modiil
sayesinde yorulma catlaklarinin ilerlemesine kars1 direng gosterir
(Maalihan et al., 2020). Cogu ticari kompozit regine i¢in yorulma
verileri bulunmasa da yiksek modiil ve diisitk uzama, 6miir boyu
yiikleme altinda gerilme yigilmalarini artirabilir. Bu nedenle
uygulamaya gore test edilmesi Onerilir.
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Tablo 5.1. Vat fotopolimerizasyonunda kullanilan bazi dolgu

maddeli kompozit recinelerin mekanik 6zellikleri

Youn  Egil Egil
g me me
Cekme mod daya mod
dayami Ul nmmi U0
Matris/dolg  Dolgu mi (GPa (MP (GPa
u sistemi orant (MPa) ) a) ) Diger ozellikler  Kaynak
Urethan-akr  1wt% 47.4 - - - Nano-sertlik (Korcusk
ilat + TiO2 (23.4) 0.226 GPa; Tg ovéetal,
NPs 79.6 °C 2025)
Akrilat + 1wt% 447 - 707 - Depolama (Korcusk
Ag-TiO: (27.8) (42.0 moduli ovéetal,
NPs ) 1.95GPa; Tg 2025)
86.5°C
Epoksi-akri ~ 0.25wt  47.8 - 731 - - (Korcusk
lat + TiO2 % (25.3) (68.8 ovaetal.,
NPs ) 2025)
PLA-PUA 0.5 wt 68 5.8 115 - Tensil (Shah et
+ grafen % dayanimda %62 al., 2023)
artig
UDMA + 1- - 2.3 105 2.3 +25 % egilme (Shah et
Ag-HNT 3wt % artigi al., 2023)
Metakrilat 0.5 wt 60 14 - - Basing (Shah et
+ GO % dayanimi al., 2023)
76 MPa; tokluk
+186 %
Ticari gri 0.1 wt 88 218 - - Post-kiir (Shah et
regine + % sonrast; al., 2023)
GO solventli
karisimda diiser
Polyiiretan 0.5 wt 69.3 - - - PANLI ile (Shah et
+ grafen % kargilastinldigin ~ al., 2023)
levha da yiiksek
dayanim
Spot-HT 0.25wt 48 088 - - Uzama %20; (Shah et
ABS + % 5 modiil artist al., 2023)
CNT
GCN/epoks 0.02wt 75.6 339 - - %22 dayanim, (Ko,
i-akrilat % 6 %34 moddl 2024)
artig1
Lignin/met  0.2- 46.1- 220 - - Post-kiirlii; (Zhang et
akrilat 0.4 wt 49.6 - surddrulebilir al., 2019)
% (30.7) 2.25 dolgu
1.74
)
Methakrilat 1wt% 46(32) 1.4 - - Uzama %8.4; (Maaliha
+ CNW (0.8) daha yiiksek netal.,
(chitin) yuklemede 2020)
diiser
Potasyum 1wt% 182 - 36.6 - 1.5wt% + (Choi et
titanat + PEG: 38.9 MPa  al., 2024)
akrilik egilme, 15 MPa
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Youn Egil  Egil

g me me
Cekme mod daya mod
dayani Ul mm Ul
Matris/dolg  Dolgu mi (GPa (MP (GPa
u sistemi orant (MPa) ) a) ) Diger ozellikler ~ Kaynak
HDDA + 40— - - 365 - Sikigtirma (Shah et
hidroksiapa 50 vol dayanimi al., 2023)
tit (sinterli) % 161.9 MPa;
sinterleme
gerekir

Ligcreate Serami  50-85 75- 140- 7.5-  Elongasyon %1; (Ligcreat
Composite-  kve 9.5 170 9.5 HDT 77-86 °C e, n.d.)
X cam

fiber
Fortify Cam 90 7.4 104 52-  %1.8 uzama; (Fortify,
HTS/dijital  ve 74 HDT >300 °C 2022)
tooling serami

k;

yuksek

sicakli

k

Not: Parantez i¢indeki degerler saf reginenin 6zelligini géstermektedir.

5. KARSILASTIRMA, TARTISMA VE SONUC

5.1. Saf Recineler ile Dolgu Maddeli Kompozitlerin
Mekanik Performansimin Karsilastirilmasi

Saf akrilat veya epoksi tabanli recineler yiiksek
¢cOziinirlik ve piriizsiiz ylizey kalitesi saglayan temel
malzemelerdir. Tipik olarak 50-100 pm katman kalinliginda
yazdirildiklarinda ¢ekme dayanimlar1 30-60 MPa ve elastisite
modulleri 1-3 GPa civarindadir (Al Rashid et al., 2021; Brighenti
& Cosma, 2021). Hibrit (tiyol-en veya thio-urethane modifiyeli)
aglar kullanildiginda biiziilme gerilmeleri azalir ve tokluk ile
yorulma direnci artar. Bununla birlikte modiil ve dayanim artis1
siirlidir (Al Rashid et al., 2021; Brighenti & Cosma, 2021; Li et
al., 2009; Fu et al., 2019; Caldas et al., 2018; Bacchi et al., 2018).

Kompozit reginelerde ise seramik, metal oksit ve karbon
temelli dolgu maddelerinin eklenmesi elastik modiil, cam gecis
sicaklig1 (Tg) ve 1s1l sapma sicakligi (HDT) gibi degerleri kayda
deger bicimde yiikseltir. Tipik mekanik araliklar cekme dayanimi
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50-100 MPa, Young modili 2-9.5 GPa ve egilme dayanimi 70—
170 MPa olarak rapor edilmistir (Liqcreate, n.d.). Yuksek
modiillii ticari kompozitlerde modiil 9 GPa’1n {izerine ve egilme
dayanimi 150 MPa’in lizerine ¢ikmaktadir (Ligcreate, n.d.). Bu
tyilestirmeler o6zellikle TiO., Ag-TiO2, ZnO gibi metal oksit
nanopartikullerinin, grafen veya grafen oksit gibi karbon bazl
nanoyapilarin  diisiik  yliklemelerde  (0.1-0.5  ag.-%)
kullanilmastyla saglanmaktadir (Shah et al., 2023; Ko, 2024;
Korcuskova et al., 2025).

ZnO eklenen akrilat sistemlerinde %2.5 yuklemede
cekme dayanimi 11.7 MPa’a gerilemis, optimum yiiklemenin
%0.1 civarinda oldugu gosterilmistir (KorcusSkova et al., 2025).
Benzer sekilde grafen takviyesi %0.5 oraninda c¢ekme
dayaniminda %45 artis saglarken daha yiliksek oranlarda
aglomerasyon nedeniyle kazang diismektedir (Shah et al., 2023;
Ko, 2024).

Dolgu maddeleri ayrica polimerizasyon biizlilmesini
azaltarak boyutsal kararlilhigi iyilestirir. Saf akrilat aglarinda
hacim kiculmesi %3-6 arasinda iken (Al Rashid et al., 2021,
Brighenti & Cosma, 2021), seramik parcaciklarla doldurulmus
sistemlerde biiziilme daha diisiiktiir ve sinterleme sonrasi mikro
catlak olusumu minimuma indirilebilir (Wang et al., 2024; Zheng
et al., 2025; Shah et al., 2023; Choi et al., 2024). Diger taraftan,
dogal lignin veya kitosan gibi biyopolimer dolgular nem
emilimini artirarak uzun siireli ortam etkilerine duyarlilig
yukseltebilir (Zhang et al., 2019; Maalihan et al., 2020).

5.2. Sure¢ Parametrelerinin Etkilerinin
Degerlendirilmesi

Katman kalinligi, 151k giicli ve poz siiresi kiir derinligini
ve tabakalar arasi baglanmay: belirler. Saf recinelerde yiiksek
¢ozlnurlik icin 25-50 um katman kalinlig1 tercih edilmelidir; bu
durum biiziilme gerilmelerini de distirtiir (Guven et al., 2022;
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Wang et al.,, 2024). Kompozitlerde dolgu maddeleri 15181
sogurdugu i¢in daha kisa katman kalinliklar1 (<50 pm), yiiksek
enerjili LED’ler ve fotobleachable baslaticilar gereklidir (Shah et
al., 2023; Choi et al., 2024; Maalihan et al., 2020; Korcuskova et
al., 2025).

Baski yonelimi anizotropi lizerinde 6nemli etkiye sahiptir.
DLP sistemleriyle iiretilen saf regine pargalarinda yatay ve dikey
yonler arasinda modiil farkliliklar1 rapor edilmis; post-kiir
uygulamasi bu farki %5’in altina indirirken pigment iceren
reginelerde anizotropi %16’ya kadar ¢ikmistir (Weng et al., 2023,;
Monzon et al., 2017). Katman diizlemi ile hizalanan lif takviyeli
kompozitlerde baski yoOniinde mukavemet artarken, diger
yonlerde zayiflama goriilmiistiir (Wang et al., 2024; Zheng et al.,
2025; Shah et al., 2023; Choi et al., 2024). Homojen dispersiyona
sahip nano-dolgu maddeleri, katman oryantasyonu kaynakli
mukavemet farklarini azaltarak daha izotropik bir yap1 sunabilir
(Wang et al., 2024; Zheng et al., 2025; Shah et al., 2023; Choi et
al., 2024).

Kiir derinliginin yetersiz oldugu durumlarda ag
tamamlanmadig1r i¢in tabakalar arast1 bag zayif kalir ve
viskoelastik siirlinme artabilir. Uzun siireli UV/termal post-kiir,
elastik modiil ve Tg’yi ylikseltirken asir1 kiirleme malzemenin
kirllganlagsmasina neden olur (Al Rashid et al., 2021; Brighenti &
Cosma, 2021; Li et al., 2009; Fu et al., 2019; Caldas et al., 2018;
Bacchi et al., 2018). Kompozit reginelerde post-kiir sirasinda
dolgu maddelerinin 1s1 iletkenligi farkliliklar1 nedeniyle sicaklik
gradyenleri olusabilir; bu durum c¢atlak baglatict gerilimler
yaratabileceginden kiir profili dikkatle optimize edilmelidir
(Wang et al., 2024; Zheng et al., 2025; Shah et al., 2023; Choi et
al., 2024).
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5.3. Tartisma: Gugclendirme Stratejileri ve Tasarim
Onerileri

Guc—esneklik dengesi: Saf akrilat veya epoksi recineler
yuksek cozlnlrlik ve vyuzey Kkalitesi sunarken, c¢ekme
dayanimlar1 genellikle 30-60 MPa ile sinirlidir. Hibrit aglar ve
dinamik kovalent baglar eklenerek tokluk ve kendini iyilestirme
Ozellikleri artirilabilir (Al Rashid et al., 2021; Brighenti &
Cosma, 2021; Li et al., 2009; Fu et al., 2019; Caldas et al., 2018;
Bacchi et al., 2018). Kompozitlerde ise uygun oranda (genellikle
%0.1-1 ag.-%) nano-dolgu eklenmesi modiil ve dayanimu iki kata
kadar artirabilir (Shah et al., 2023; Ko, 2024; Korcuskova et al.,
2025). Ancak bu artislar ¢ogu zaman siineklik kaybi ve
islenebilirligin zorlagsmasi pahasina gerceklesir.

Isik sagilma ve viskozite: Seramik ve metal oksit dolgu
maddelerinin kirilma indisleri yiiksek oldugundan 15181 sagma
egilimleri artar; kiir derinligi azalir ve anizotropi riski biiyiir
(Wang et al., 2024; Zheng et al., 2025; Shah et al., 2023; Choi et
al., 2024). Bu nedenle regine viskozitesini diisiiren seyrelticiler,
yilizey fonksiyonellestirmesi ve vakum altinda karigtirma gibi
yontemlerle homojen dispersiyon saglanmalidir. Dinamik maske
ve gri-tonlama teknikleri kullanilarak poz enerjisi lokal olarak
ayarlanabilir, boylece ince detaylarda asir1 kiirlenme ve biiziilme
onlenir (Guven et al., 2022; Wang et al., 2024).

Cevresel ve termal stabilite: Saf akrilat aglar1 UV ve nem
etkilerine duyarlidir; su emilimi modiil diisiisiine ve hidrolize yol
acabilir (Cazin et al., 2022). Kompozitlerde TiO2, ZnO gibi metal
oksitler Tg ve HDT yi yiikselterek 1s1 dayanimini artirir; lignin ve
chitin gibi biyopolimer dolgular UV dayanimi kazandirsa da nem
emilimini artirir (Zhang et al., 2019; Maalihan et al., 2020).

Tabakalar aras1 bag ve anizotropi: Yiiksek modiillii dolgu
maddeleri gerilme yigilmasi1 olusturarak catlaklarin katmanlar
boyunca ilerlemesine neden olabilir. Kii¢iik boyutlu nano-dolgu
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maddeleri daha izotropik bir glglendirme sunar ve katman
oryantasyonu kaynakli dayanim farklarini azaltir (Wang et al.,
2024; Zheng et al., 2025; Shah et al., 2023; Choi et al., 2024).
Baski yoniiniin yiikk tasima dogrultusuna gore segilmesi ve

post-kiir siirelerinin optimize edilmesi anizotropiyi minimuma
indirir (Weng et al., 2023; Monzén et al., 2017).

5.4. Sonuclar ve Gelecege Donuk Perspektifler

Havuz fotopolimerizasyonu, yiiksek ¢ozinurlik ve ylzey
kalitesi ile karmagik geometrileri iiretebilen bir eklemeli imalat
yontemi olarak mekanik performans agisindan 6nemli ilerlemeler
kaydetmistir. Saf fotopolimer regineler, optimize edilmis fotokiir
stratejileri ve hibrit ag tasarimlari ile orta diizeyde mekanik
Ozellikler sunar. Dolgu maddelerinin eklenmesiyle bu sinirlar
asilmakta ve VPP ile iiretilen parcalar metallerle yarisabilecek
sertlik ve dayanim seviyelerine yaklagmaktadir.

Gelecekteki aragtirmalarin  odak noktasinin, ¢ok
malzemeli ve fonksiyonel dereceli yapilar ile voliimetrik additif
imalat gibi katmansiz yontemlere kayacagi ongoriilmektedir. Bu
yaklagimlar, farkli recine ve dolgu kombinasyonlarimin tek bir
parcanin icinde ardisik olarak kiirlenmesine olanak vererek
fonksiyonel bélgeleme saglayacaktir. Ayni zamanda makine
O0grenmesi ve veri odakli modelleme, fotobaslatici dozunun,
katman kalmhiginin  ve dolgu dagilimmin  optimum
kombinasyonlarint belirlemek icin kullanilabilir. YUzey ve
post-proses teknolojilerindeki ilerlemelerle birlestirildiginde
VPP’nin endustriyel o6lgekte guvenilir ve tekrarlanabilir bir
uretim yontemi haline gelmesi beklenmektedir.

Sonug olarak, bu derleme saf recineler ve dolgu maddeli
kompozitlerin mekanik performansini karsilastirarak VPP ile
iiretilen parcalarin tasariminda izlenmesi gereken esaslari ortaya
koymustur. Uygulama gereksinimleri dogrultusunda malzeme
secimi, sire¢ optimizasyonu ve post-kiir protokollerinin bilingli
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bicimde ayarlanmasi, VPP teknolojisinin sundugu potansiyelin
tam anlamiyla kullanilmasini saglayacaktir.
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APPLICATION OF TUNED MASS DAMPER IN
HELICOPTER GROUND RESONANCE
CONTROL

Hiiseyin AGGUMUS!

1. INTRODUCTION

One of the critical instability problems encountered by
helicopters is ground resonance, which originates from the
coupling (interaction) between the rotor and fuselage dynamics
(coleman1958). This phenomenon can reach high-amplitude
destructive vibration levels within a short period at certain rotor
speeds (ormiston1991). The Coleman transformation transfers the
blade lag motions from the rotating coordinate system to fixed
coordinates, enabling their decomposition into mean and periodic
components. Among these components, particularly the
regressive lag mode plays a determining role in the formation of
critical frequency regions due to its interaction with fuselage
modes (Johnson, 1980; Hammond, 1974).

There are active, semi-active, and passive control
applications for these systems. Among these control solutions,
elastomeric lag dampers are commonly used; however,
limitations such as temperature sensitivity and material aging
emerge as disadvantages (gandhil994). Magnetorheological
(MR) dampers can generate real-time variable forces, but they
have disadvantages of cost and system complexity (zhao2004;
spencer1997). Active control systems provide high performance.

1 Asst. Prof. Dr., Sirnak University, Sirnak Vocational School, Department of
Machine and Metal Technologies, ORCID: 0000-0002-7158-677X.
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However, their application area remains limited due to power
consumption and safety concerns (friedmann2004; kurt2018).

Tuned mass dampers (TMD) were first proposed by
Frahnm and classically formulated by Den Hartog. It is an
advantageous passive control application in terms of simplicity
and cost-effectiveness. (denhartog1956; rahimi2020). This
technology is widely used in structural engineering, while in
aviation applications, it remains more limited due to weight
constraints. Its application to the helicopter ground resonance
problem is a current research area in the literature
(cinquemani2017).

Within the scope of this study, the 5-degree-of-freedom
(5-DOF) rotor-fuselage model of the helicopter has been adopted.
(coleman1958; ormiston1991; johnson1980); In this model used,
the lag hinge offset and blade moment of inertia have been taken
into account (Coleman, 1958; Johnson, 1980). Numerical
modeling was performed through the LTP/LPTV form, obtained
by linearization around the small-angle assumption
(hammond1974; jhinaoui2014). The main objective here is to
numerically analyze the effect of TMD application on ground
resonance control

2. MATHEMATICAL MODEL AND TMD DESIGN

The rotor-fuselage system in this study is expressed with
a 5-degree-of-freedom model consisting of a rigid fuselage
moving in the lateral direction on the landing gear (y; 1-DOF)
and lag coordinates of four blades hinged to the rotor center
(B1, B2, B3, Ba; 4-DOF) (coleman1958; ormiston1991;
johnson1980). Here, g; (i = 1, ...,4) represents the lead-lag angle
(radians) of the i-th blade.
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Figure 1. Schematic representation of rotor-fuselage system and
TMD

The azimuth angle and blade center of mass position for each
blade are given in Equation 1 and Equation 2, respectively.

0;,t) =2t +¢;, ¢;=(— 1)%, i=12234 (1)
7, = Lcos(0; + B;), 1, =y + Lsin(6; + ;) (2

Here, L is the equivalent radius of the blade center of mass from
the rotor hub (coleman1958). The blade center of mass velocity
is as given in Equation 3.

U = \/[—L(.Q + Bi)sin(ﬁi + ﬁi)]z + [y + L(.Q + Bi)cos(ﬁi + ‘8,:)]2 (3)

By applying Lagrange equations to the kinetic, potential, and
dissipation functions of the system without TMD (coleman1958;
johnson1980), the fuselage equation of motion is obtained as
follows.

(M +4m)j + ¢;y + kpy  +ml >4 _ [ Bncos(6, + B)
_(Q + Bn)zSin(en + .Bn)] = Qf

The lead-lag equation for each blade (i=1,2,3,4) (coleman1958;
johnson1980):

(4)
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mLf; + Cpbi + KoPi + mLycos(8; + B) = Q; (5)
Here, 8;(t) = 0Ot + ¢; is the azimuth angle, ¢; = (i — 1)m/2 are
the initial phase angles (90° apart for a four-bladed rotor), K, is
the lag spring stiffness (Nm/rad), and Cy is the lag damping
coefficient (Nms/rad). Q is defined as the external force acting

on the fuselage (N), and Q; is the external moment acting on the
i-th blade (Nm) (ormiston1991; johnson1980). In harmonic
response analyses, Q; =0 was taken (colemanl1958;
ormiston1991).

The fuselage equation obtained with the addition of TMD is as
follows.

(M +4m)j + ¢,y + kpy  +ml >4 _ [ Bncos(6, + B)
—(2 + £) sin(B, + B)] (6)
+ca(y —ya) + ka(y —ya) = Qf
The equation of motion for the TMD is as given in Equation 7.

MmgVa+cag(Vg =) +kag(yg—y) =0 (7)

In the numerical solution phase, the small-angle approximation
was used to be consistent with the MATLAB implementation.
The trigonometric terms were linearized, and the system was
reduced to a time-periodic coefficient (LTP/LPTV) model in the
form of Equation 8 (hammond1974; jhinaoui2014).

M(t)q + C()q + K(t)q = F(¢) (8)

Table 1. System parameters

Parameter Symbol | Value
Fuselage mass M 2902.9 kg
Blade mass m 31.9 kg
Number of blades Ny 4

Blade center of mass radius L 25m
(equivalent)

Lag hinge offset distance a 0.2m

Blade moment of inertia I, 259.0 kg-m?
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Parameter Symbol | Value

Landing gear stiffness ke 2.7275 x 10* N/m
Landing gear damping cr 1.091 x 103 Ns/m
Lag spring stiffness Ky 1.0313 x 103 Nm/rad
Lag damping Ce 41.252 Nms/rad
Rotor angular velocity 0 4.7 rad/s

In the LTP model, the inertia term (mL? + I,) for blade dynamics
and the centrifugal effect in lag stiffness (K, + mQ2alL) were
included to provide the stiffness effect and correct inertia
properties required for realistic rotor dynamics (coleman1958;
johnson1980). System parameters are given in Table 1
(coleman1958; jhinaoui2014).

TMD parameters were calculated according to the Den Hartog
criterion (denhartog1956; warburton1982):

1 _ 3u
Topt = 15,7 Sopt = S+ ©)

Here, r = wy/w,, is the frequency ratio, u = m;/Mp 4. IS the
mass ratio, and ¢ is the damping ratio. The main mass was
selected as My, = M + Npym.

Table 2. TMD design parameters

Parameter Value Unit
Mass ratio (u) 0.02 -
Main mass (Mp4se) 3030.5 | kg
TMD mass (my) 60.61 kg
Frequency ratio (1) 0.98 -
Damping ratio ({,) 0.12 -
Spring stiffness (k;) 524 N/m
Damping coefficient (c;) 43 Ns/m

3. SIMULATION AND SYSTEM RESPONSES

System responses were examined under harmonic force
applied to the fuselage (coleman1958; ormiston1991;
johnson1980):
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Qf(t) = Fosin(wexct) (10)

In harmonic analyses, Q; =0 was taken (colemanl958;
ormiston1991). In the numerical simulation, the total duration
was selected as T;,,, = 30 .

In the time domain, the displacement and acceleration responses
of the system without TMD (passive) and with TMD are shown
in Figure 2.

a) —Passive —TMD| b)
1.5 15 T
1 10+
0.5 5t
B R
= 0 E o
= =
w
05 5
-1 10+
1.5 -15
0 10 20 30 0 10 20 30
t[s] t[s]

Figure 2. Time domain responses a) Displacement responses, b)
Acceleration responses

The simulations showed that the TMD added to the
fuselage provided significant reduction in acceleration and
displacement responses. This result demonstrated that it is
fundamentally consistent with TMD behavior. Additionally, this
effect can also be observed in maximum responses.

The system response evaluation in the frequency domain
was obtained by taking the solution in the time domain for the
excitation frequency and extracting the steady-state amplitudes
(sine-sweep approach) (rahimi2020; warburton1982). The TMD
effect on the system is shown in Figure 3. It demonstrates that the
TMD reduces the peak amplitudes in ground resonance and the
system response exhibits stable behavior.
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—Passive —TMD

f[Hz]

Figure 3. Frequency response functions | Y /Y, | obtained under
base excitation for passive and TMD-equipped systems.

4. CONCLUSIONS AND DISCUSSION

In this study, the effectiveness of TMD technology in
helicopter ground resonance control was demonstrated through
numerical simulations. TMD parameters calculated based on the
Den Hartog approach were used to analyze system responses
under harmonic excitation. Approximately 48-52% reduction was
achieved in fuselage acceleration and displacement amplitudes.
In frequency domain evaluations of the TMD, the resonance peak
was observed to be reduced, and effective damping was provided
in a +15% bandwidth around the frequency.

The use of TMD in ground resonance control offers a
viable passive control alternative in terms of simplicity and cost-
effectiveness. In future studies, experimental validation and
integration of semi-active/adaptive solutions are recommended.
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DESIGN AND APPLICATION OF A PLC-BASED
VIBRATORY STRESS RELIEF SYSTEM!

Can GONENLI?
Okan DUYMAZLAR?
Emre ERCAN*

Cetin AKA®

1. INTRODUCTION

Vibratory Stress Relief (VSR) is a method used to reduce
residual stresses formed in the internal structures of metal parts,
particularly those that have been welded, machined, or heat
treated (Walker, Waddell, & Johnston, 1995). While conventional
stress relief methods require high-temperature ovens, long
processing times, and significant energy consumption, the VSR
process is based entirely on mechanical vibration, which makes it
a lower-cost, faster, and easily integrated solution for
manufacturing applications. In this regard, VSR has become an
increasingly popular method for industrial applications requiring
stress relief of large-volume parts (Claxton, 1991; Gao et al.,
2025).
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The basic operating principle of a VSR system is to apply
vibration to the workpiece over a wide frequency range via a
vibration motor and to measure the dynamic response of the
workpiece during this process (Munsi, Waddell, & Walker,
2001). When the natural frequencies of the workpiece are
observed, the vibration amplitude increases significantly,
indicating that the resonance region has been reached. Controlled
vibration applied at the resonance region rearranges irregularities
in the crystal structure within the part, thereby reducing residual
stresses. Typically, a VSR system consists of the following main
components:

 Vibration motor and frequency driver: A variable
frequency drive that applies controlled vibration energy to the
part and operates the motor within specific frequency ranges.

» Control Unit (PLC or Microcontroller): The main
control unit that manages the vibration scanning process, provides
frequency reference to the motor driver, and processes sensor
data.

* Vibration Sensor (Accelerometer): A sensor that
measures the dynamic vibration amplitude of the part and
monitors resonance responses in real time.

o Data Acquisition and Processing Software: A
software component that records sensor data, analyzes resonance
frequencies, and performs post-processing reporting.

Within the scope of this study, a PLC-based VSR system,
schematically shown in Figure 1, was designed; frequency
scanning, sensor signal processing, data recording, and resonance
analysis were performed in a single automation architecture.
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PLC based Vibratory Stress Relief (VSR)

ADXLI4S ATVIZVFD
Acceleromater (Frequency Control)
(Vibration Input) :

0-5V Analog Signal ===
(Amplitude)

==l 0-10V Analog Signal
{Frecuency Refl)

Arduino ATmoega328P
(Data Pre-processing) 571200 PLC
{Control & Dala Processing)

3-Phase Malor
(Actuator)

Figure 1. Schematic of PLC-based VSR System

2. MATERIAL AND METHOD

In this study, a PLC (Programmable Logic Controller) was
chosen as the main controller for the VSR system's control and
data acquisition structure, taking into account industrial
reliability, electromechanical durability, and real-time control
requirements (Alphonsus & Abdullah, 2016). A PLC offers
advantages such as high stability, strong input/output isolation,
industrial communication protocols, and uninterrupted operation
in field conditions, making it an ideal platform for tasks such as
frequency scanning, analog output generation, and user
interaction in a VSR application (M. Engin & Engin, 2015). The
PLC's deterministic control cycle provides a significant
advantage, particularly for the precise control of the motor
driver's frequency reference and the synchronized execution of
the scanning process (D. Engin, Engin, Pinar, & Candan, 2021).

However, the analog input reading speeds of PLCs are
typically limited to a few samples per second, which is
insufficient for vibration sensors (accelerometers) that require a
high sampling frequency. The ADXL345 accelerometer used in
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this study can generate data at a sampling rate of 200 Hz, which
is necessary for vibration analysis (Anggana & Solikin, 2025;
Johari, Chee, Mohd. Hashim, Golutin, & Dayou, 2023). Since the
PLC cannot directly collect and process raw data at this speed, the
sensor signal is first transmitted to an ATmega328P-based
microcontroller.

Microcontroller reads high-speed raw data from the
accelerometer, performs filtering and amplitude calculations
using root mean square (RMS), and transmits the calculated
vibration amplitude values to the PLC as an analog 0-5 V signal
once per second. Through this structure, the data, which is
preprocessed in a suitable way for vibration analysis, is reliably
transmitted within the PLC's own data reading speed boundaries.

2.1. PLC-based VSR System Hardware Components

PLC-based VSR system developed in this study is based
on an automation architecture in which multiple hardware
components work together to drive the vibration motor in a
controlled manner, process high-speed sensor data, and execute
the scanning process reliably. The system's core components and
hardware are configured specifically for the VSR system.

e PLC: It is the main control unit of the system. The
internal analog inputs of the Siemens S7-1200 Series used in this
study were used to receive sensor data processed by the
microcontroller. However, since the 0-10 V analog output
required for speed control of the motor driver was not available
on the PLC, an analog output module that could be directly
connected to the PLC from the front panel was added. For this
purpose, a 6ES7232-4HA30-0XB0 analog output module was
used, which is compatible with the S7-1200. This module controls
the driver's frequency reference by providing precise analog
voltage output in the 0-10 V range.
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» Motor Driver: The motor driver used in the system is
the Schneider ATV12H075M2 model. This model operates with
single-phase input power , yet it is suitable for driving three-phase
vibration motors because it can generate a variable frequency
between 0-400 Hz at its output. The driver is configured to use
an external 0-10 V analog voltage input as the control signal. The
voltage value from the PLC analog output module determines the
driver's output frequency between 0-60 Hz.

» Three-Phase Vibration Motor: An industrial-grade
vibration motor operating within a 0-3600 rpm range
proportional to the applied frequency. Its eccentric weight design
enables it to generate mechanical vibration across a wide
frequency band and provides the dynamic energy required for
VSR operations.

» Microcontroller (ATmega328P): Responsible for
processing high-speed vibration data from the ADXL345
accelerometer. Using an ATmega328P-based controller, the high-
speed raw data from the sensor is filtered, RMS calculations are
performed, and an analog vibration amplitude value obtained
from the average of 200 samples collected per second is
transmitted as a 0-5 V analog signal to the PLC's analog input.
This unit acts as an intermediate layer that pre-processes the
sensor data due to the PLC's insufficient analog input speed.
Thus, it enables the evaluation of high-speed sensor data despite
the PLC's low sampling capacity.

» Accelerometer (ADXL345): A digital MEMS-based
three-axis accelerometer is connected to the microcontroller via
I2C and is capable of reading vibration data at a sampling rate of
200 Hz. It provides adequate sensitivity for detecting sharp
increases in vibration amplitude, especially in resonance regions.
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2.2. Processing the Sensor Signals

One of the most critical aspects in VSR applications is the
ability to accurately and reliably measure the vibration behavior
of the workpiece. The ADXL345 accelerometer used in this study
was chosen because it is capable of acquiring high-resolution
acceleration data in three axes and supports sampling rates up to
200 Hz. However, since it is not possible for a PLC to process
such a high data flow directly, the method of first passing the
sensor data through a microcontroller, as shown in the
representative connection diagram in Figure 2, was preferred.

The ADXL345 sensor is connected to an ATmega328P-
based microcontroller via the 12C protocol. The microcontroller
collects raw acceleration data from the sensor at a high sampling
rate and applies the pre-processing steps necessary to determine
the vibration characteristics. During these pre-processing stages,
the three-axis acceleration data from the sensor is read at high
speed, and a moving average filter is applied to filter out noise.
An RMS calculation is performed to produce a single value
representing the vibration magnitude for each sampling interval.
The processed vibration amplitude, obtained from the average
amplitude value, is produced as a single analog signal in the 0-5
V range that the PLC's analog input module can read.

By using this approach, sensor data which requires a high
sampling rate is transmitted to the PLC as low-bandwidth but
meaningful and processed data. PLC can thus perform resonance
analysis by processing only the analog amplitude value updated
once per second. This architecture both preserves data integrity
and establishes a reliable measurement infrastructure within the
hardware limitations of the PLC.
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Figure 2. AdxI345 and PLC connection, as representative.

2.3. PLC-based Frequency Scanning Algorithm

In this study, a time-based state machine structure is used
on the PLC to accelerate the vibration motor in a controlled
manner and collect data simultaneously. The algorithm
guarantees that the frequency ramp and data recording processes
are executed independently yet synchronously. Thanks to the
deterministic operating structure of the PLC, both processes are
controlled with millisecond precision, and repeatable results are
obtained throughout the scanning cycle.

The frequency scan performed in the VSR system requires
not only changing the motor speed but also systematically
capturing the vibration response in real time alongside this
change. Therefore, data logging on the PLC is controlled by a
timing mechanism that operates in parallel with the frequency
ramp but is independent of it. These two stages form the basis for
the system's ability to accurately identify resonance zones.

The designed main algorithm consists of four sub-
algorithms. The variables defined in the PLC program for the
operation of the algorithms and real-time data recording are
shown in Figure 3.
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VSR_Controller_PLC
Name Data type Default value

< ¥ Input
2 9= I_Start Bool
3 4= I_Reset Bool
4 gl = I_Titregim_Al_Raw Int
S 4= I_Max_Freq_Hz Real
6 9= I_Adim_Sure_S Time
7 4@m= I_Adim_Miktar_Hz Real
8 -
S <@ v Output
104 = Q_VSD_Freq_AO_Raw Int
11 @ = Q_Aktif_Freq_Hz Real
12 @ m Q_Tarama_Bitti Bool
12 @1 = Q_Rezonans_Freq_Hz Real
14 4= Q_Max_Genlik_Raw Int
= =
16 €1 ¥ InOut
17 -
18 €1 v Static
129 @ = S_Aktif_Freq_Hz Real
20 4@ = S_Tarama_Aktif Bool
21 4 = S_Max_Genlik_Raw Int
22 |4 = 5_Rezonans_Freq_Hz  Real
23 @ = ¥ T_Adim_Zamanlayici TON_TIME
24 41 - PT Time
25 41 - ET Time
26 41 - IN Bool
27 4 a Q Bool

Figure 3 VSR control algorithm variable list

In the designed algorithm, the VSR scanning cycle is
triggered by the start signal (I_Start). With this signal, the
algorithm activates the frequency ramp, resets all
counters, and starts the timers required for both the
frequency step and data recording. The control flags
within the PLC are used as follows:

S_Tarama_AKktif: Indicates that the frequency scan cycle
is active.

S_Aktif_Freq_Hz: Represents the operating frequency
sent to the driver at that moment.

Q_Tarama_Bitti: Indicates that the scanning process is
complete.
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If the I_Reset signal is active, all internal variables, timers,
and counters are reset, returning the system to its initial state.

The vibration motor is accelerated gradually using a 3-
second rising edge triggered (Timer On, TON) block called
T _Step_Timer in the PLC. Each time this timer completes, the
algorithm advances one frequency step:

e Frequency Increase: Every 3 seconds, the frequency
value is increased by 0.1 Hz.

o Timer Reset: After each increase, the timer is reset and
a new cycle begins.

The PLC continuously applies a scaling process to convert
the current frequency into an analog output signal. Since the
motor driver converts the PLC's 0-10 V analog output into a 0-
60 Hz frequency, the following relationship is used in the PLC:

S Akt 2
QAO — Aktlfél:)req;H % 27648

The raw value calculated is applied to the driver via the
6ES7 232-4HA30-0XB0 analog output module. When the
frequency value reaches 60 Hz, the scan process control flag
(S_Tarama_AKktif) is deactivated, and the Q_Tarama_Bitti signal
is set to TRUE to indicate that the ramp is complete.

Independently of the frequency ramp but simultaneously,
the vibration data and the currently applied frequency are
recorded at 1-second intervals. This process is executed by a
second TON block named T_Kayit_Zamanlayicisi.

Each time the timer is triggered, “S_Record_Counter” is
incremented by one, then the current motor frequency
(“S_Active_Freq Hz”) and sensor amplitude value
(*I_Vibration_Al_Raw”) are recorded as a row in the data table
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located in “DB_VSR_Data”. Finally, the timer is reset to start a
new recording cycle.

The data recording process is a collection and storage
cycle performed at fixed 1-second intervals using the PLC's time-
deterministic structure. The purpose of this sub-algorithm is to
accurately match the frequency value sent to the frequency drive
at each point in time with the vibration amplitude data of the
workpiece. The data recording process continues until 300
samples are obtained. Each of these records is a data pair and is
written together on the same row. All records are stored in a
Global Data Block called “DB_VSR_Kayit” specifically defined
for the system. This DB contains a structured Array of 300 rows
(a structure consisting of frequency and amplitude fields for each
row). Thus, the system produces a total of 300 data pairs, one for
every second, during the 300-second frequency scan. When the
counter reaches 300, both the scanning processes and the
recording operations are stopped. The data structure used for
recording operations is shown in Figure 4.

VSR_Struct
Name Data type
| AO_Freg_Hz | Real
] Al_Genlik_Raw Int
DB_VSR_Kayit
Name Data type
1 |4 ~ Static
4] = ¥ Static_1 ‘i.rray[o 300] of "VSR_Struct”
el =} Static_1[0] *VSR_Struct”
S0 | = p Static_1[1] "WSR_Struct®
T | = ) Static_1[2] *VSR_Struct”
el = p Static_1[3] *VSR_Struct”
£ | = p Static_1[4] "VSR_Struct”
< = ) Static_1[5] *VSR_Struct”
e | = p Static_1[6] *WSR_Struct®
(SIS v | =} Static_1[7] "WSR_Struct®

Figure 4. Datablock structure for logging the VSR data
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After the scanning process is complete, the PLC proceeds
to the resonance analysis phase. This phase runs only once. All
frequency—amplitude data pairs stored in the system are
processed by sorting them according to their amplitude values
from largest to smallest. Throughout the sorting process, the PLC
processes the 300-element array in its internal memory. The
processing load may increase during this process, but since it is a
one-time operation, it is suitable for resonance analysis. Once the
sorting is complete, the first 5 frequency pairs with the highest
amplitude values are extracted. The highest resonance frequency
is recorded as “Q_Rezonans_Freq Hz™.

Through this approach, both ramped frequency scanning
and regular data logging are fully synchronized by the PLC, and
the results are obtained in a reliable and repeatable manner within
a single process flow.

The designed PLC-based resonance frequency scanning
algorithm has been integrated into a single function block to
enable more modular use. The function block created and added
to the main program is shown in Figure 5.

"DB2
"VSR_Controller_
PFLC_DE"
%wB2
“VSR_Controller_pLC*
EN ENO

— |_Start Q_VSD_Freq_

°¢ —|_Reset £

F:Tu:resimfAL ijt:fjre:;
Raw

_Tarama_Bitti —

I_Max_Freq_Hz Q_Rezonans_

I_Adim_Sure_S Freq_Hz

I_Adim_Miktar_  q_Max_Genlik_

Hz Raw

Q_Top5_Freq

Q_Top5_Genlik

Figure 5. Frequency Scan Function Block
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The VSR process requires scanning procedures to be
performed on two separate occasions, both before and after
application, in order to verify the stress relief effect. The
resonance frequencies determined in the initial scan constitute the
critical working regions for the process. Vibration is applied at
frequencies close to these resonance regions for a duration longer
than the scanning time, ensuring the redistribution of internal
stresses in the workpiece. After the process is completed, the
same scanning procedure is reapplied without changing any
parameters. Comparing the results of the initial and final scans
provides a fundamental criterion for evaluating the effectiveness
of the VSR process(Mei, Jiang, & Yu, 2025).

In the VSR applications, applying vibration in the
resonance zone is a technically straightforward process; it is
sufficient to apply the voltage value corresponding to the detected
frequency to the relevant analog output of the PLC. Therefore, the
critical component of the system is the comprehensive scanning
processes performed before and after VSR(Klauba & Adams,
2012). Increasing the frequency on a stable time basis,
simultaneously recording the vibration response, and accurately
analyzing this data are the key elements that determine the
success of the method.

3. RESULTS

Within the scope of this study, an integrated architecture
consisting of analog control of the vibration source, data
acquisition, and resonance analysis was successfully
implemented using a PLC-based architecture. A fully integrated
VSR system has been developed by combining a PLC, analog I/O
modules, a motor driver, an ATmega328P-based microcontroller,
and an ADXL345 accelerometer. Frequency ramp generation,
analog control of the vibration source, high-speed sensor data

434



Makine Miihendisligi

processing, synchronized data acquisition, and resonance analysis
were performed in a well coordinated manner through the PLC-
based architecture.

As a result, the processes of precisely controlling the
vibration source—the most critical component of the VSR
system—and simultaneously recording the vibration responses
generated in the workpiece have been successfully implemented
using a PLC-based architecture. The frequency ramp, sensor data
processing, data recording, and resonance analysis were all
integrated and performed in a PLC-controlled structure, thus
developing a reliable and repeatable VSR control system suitable
for industrial conditions.
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