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ABSTRACT

Context—Fused Deposition Modeling (FDM) has become a commonly adopted additive manufacturing
method because it offers economical production, geometric versatility, and broad material availability.
Among the thermoplastics used in FDM, polylactic acid (PLA) is widely preferred due to its
environmentally friendly nature and favorable processing characteristics. Nevertheless, the
mechanical properties and surface finish of PLA parts produced by FDM are highly sensitive to both
manufacturing parameters and post-processing practices. Although previous research has reported the
separate effects of factors such as layer thickness, infill density, and annealing, studies that
systematically evaluate their combined impact are still scarce.

Objective—This research focused on examining how variations in layer thickness, infill density, and
annealing temperature affect the tensile performance and surface characteristics of PLA parts
produced by FDM. In particular, the study aimed to determine which processing parameters most
strongly influence tensile strength, elastic modulus, elongation, specific tensile strength, and surface
roughness, as well as to explain their role in balancing stiffness and ductility in printed PLA parts.
Method—An L9 Taguchi
orthogonal array was
implemented to assess the
influence of layer thickness
setat0.12,0.16, and 0.20
mm, infill density levels of
20, 40, and 60 percent, and
annealing states consisting

of as-printed, 60°C, and 90

°C. Tensile samples made |

of PLA were fabricated

using an FDM-based 3D . =

printing system under ¢ H

controlled processing 5 =

conditions. Mechanical @ ®

characterization was p 5

carried out through tensile

testing to obtain tensile |

strength, elastic modulus, ! ]f
g =

and elongation values,
whereas specific tensile strength was determined by incorporating sample mass measurements.
Surface quality was evaluated by measuring the average surface roughness (Ra) with a three-
dimensional optical profilometer. The effects and relative significance of the selected parameters were
statistically analyzed using signal-to-noise ratios and analysis of variance techniques.

Results—The results showed that infill density was the most important factor affecting tensile strength,
with a contribution ratio of 87.76%, and maximum strengths of approximately 43—-45 MPa obtained at
60% infill. Layer thickness was identified as the dominant parameter controlling elastic modulus
(48.17%) and elongation (71.64%), its critical role in the stiffness—ductility balance. Surface roughness
increased as thicker layers formed more pronounced and visible layer-step structures. Surface
roughness increased as thicker layers produced more pronounced and visible layer-step structures.
The overall effect of layer thickness on surface roughness was 84.73%.

Conclusion—This work presents an integrated assessment of how multiple processing parameters
influence the mechanical behavior and surface characteristics of PLA components. The results support
the optimization of strength, ductility, weight efficiency, and surface finish, and contribute practical
insight for the engineering design of PLA parts manufactured by FDM.
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I. INTRODUCTION

dditive manufacturing (AM) is a production method that

enables the layer-by-layer fabrication of objects from three-
dimensional (3D) CAD models, serving as an alternative to
conventional manufacturing techniques [1]-[3]. The direct
production of functional end-use components via additive
manufacturing (AM) has seen broad adoption across critical
industries, notably aerospace [4], automotive [5], and medical
applications [6]. Within the AM landscape, techniques such as
selective laser sintering (SLS) and selective laser melting (SLM)
provide components with excellent mechanical properties.
However, their high equipment costs restrict widespread
accessibility. In contrast, the material extrusion-based Fused
Deposition Modeling (FDM) method has gained prominence as
the most ubiquitous AM technology, primarily due to its
economic feasibility and user-friendly operation [7]-[9]. The
FDM process fundamentally involves the controlled deposition of
a semi-molten thermoplastic filament through a heated nozzle
onto a build platform, constructing objects sequentially [10]-
[12]. Although FDM benefits from extensive material options and
cost-effectiveness, the resultant mechanical performance of
fabricated parts is a complex function not only of the base
polymer but also critically of the employed printing parameters
[13]-[16]. Polylactic Acid (PLA) is the dominant thermoplastic
polymer in FDM applications, widely favored for its low cost,
excellent processability, and biodegradable nature, making it a
suitable candidate for sustainable manufacturing initiatives [17],
[18]. Its low melting temperature and low glass transition
temperature (Tg = 55-65°C) facilitate the printing process by
minimizing part warping during production [19]-[21]. However,
PLA exhibits inherently high brittleness and low thermal
stability. Consequently, achieving enhanced mechanical
properties in PLA parts necessitates the meticulous optimization
of printing conditions coupled with strategic post-processing
thermal treatments [22], [23].

Layer reach is one of the most fundamental factors affecting
breakage in the FDM printing process. This parameter, by
controlling the height of a layer, directly impacts not only
mechanical performance but also surface roughness and
geometric appearance [24]-[26]. Studies reported in the
literature generally showed that samples produced with thinner
layers using the FDM method exhibited higher tensile strength
due to improved interlayer bonding [27], [28]. Rodriguez-Panes
et al.'s study revealed that increasing the layer thickness in PLA
material leads to approximately an 11% decrease in maximum
tensile strength [29]. Previous experimental studies have clearly
shown that layer thickness plays a critical role in determining the
tensile properties of PLA materials. For example, Kinski et al.
reported that increasing the layer height from 0.1 mm to 0.3 mm
resulted in an approximately 20% reduction in tensile strength
[30]. A similar trend was quantified by Anoop et al., whose results
indicated a more pronounced reduction of up to 28% in tensile
strength with increased layer thickness [31]. However, the
mechanical trade-offs related to this parameter were complex.
Contrasting with these findings, Jatti et al. noted that although
thicker layers diminished tensile properties, they concurrently
enhanced impact resistance and flexural strength, highlighting a
critical balance in mechanical design [32]. These studies showed
that at lower layer thicknesses, layers adhered more densely to
each other, and a stronger diffusion bond was formed.

Beyond the printing geometry defined by layer thickness, the
internal structure determined by infill density is a critical
determinant of the final part's mechanical behavior. Research by
Garg et al. established a direct positive correlation, where
elevating the infill density from 20% to 100% led to a marked
enhancement in tensile strength [33]. Similarly, Santosh et al.
quantified this relationship further, demonstrating that boosting
the infill density from 25% to 100% produced a dramatic 168%
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improvement in tensile strength. This substantial gain, however,
came with a consequential trade-off: a 20.34% reduction in
material elongation, underscoring the inverse relationship
between strength and ductility in this context [34]. In similar
studies performed on PLA samples, it was stated that mechanical
properties improved with increasing infill density and that
flexural strength in particular showed a significant improvement
[35],[36]. In addition, Mishra et al. indicated that impact strength
reached its maximum value at an infill level of 85%, whereas infill
densities above this level could negatively affect impact
resistance [37]. In summary, these findings showed that
increasing the infill density enhanced the mechanical strength of
the produced parts but could lead to adverse effects in terms of
ductility. Therefore, the optimum infill density needs to be
determined depending on the application.

PLA materials produced using the FDM method generally exhibit
a semi-stable and amorphous structure due to rapid cooling. The
heat treatment process applied to improve the microstructure of
the material and increase its crystallinity is one of the most
effective methods for enhancing mechanical performance [38]-
[40]. Kartal et al., who investigated the annealing of PLA samples
at 85°C for 90 minutes, reported that this process resulted in
increases of 48% in tensile stress and 78% in elastic modulus
[41]. Pazhamannil et al. detected a 25.26% increase in ultimate
tensile strength after annealing at 95°C [42]. Evaluating the effect
of annealing through microstructural transformations, Reis et al.
demonstrated that the transformation of amorphous regions into
crystalline structures led to an increase in elastic modulus in the
range of 26-51% [43]. However, Jayanth et al. reported that heat
treatment performed at 80°C increased tensile strength by 20%
but caused an about 10% decrease in elastic modulus [44].
Accordingly, a review of the literature confirms that the selected
annealing temperature is a pivotal factor determining the
crystalline morphology and resultant mechanical characteristics
of PLA components. Optimal property enhancement is typically
obtained when the heat treatment is conducted at or slightly
above the material's glass transition temperature (Tg). In
contrast, the application of temperatures that deviate
significantly from this optimal range can induce adverse effects,
ultimately leading to a deterioration in overall performance.

Although earlier research has examined the individual effects of
layer thickness, infill density, and annealing treatments, studies
that simultaneously assess these parameters together and their
combined effect on the mechanical behavior of PLA components
are still limited. Also, the interaction between manufacturing
parameters and surface-related characteristics, particularly
surface roughness, has not been sufficiently addressed in the
literature, nor has its combined influence on mechanical
performance been comprehensively discussed. The novelty of the
present study lies in the integrated and statistically systematic
evaluation of mechanical properties and surface roughness of
PLA parts by simultaneously considering printing parameters
and annealing effects within a single Taguchi-based experimental
framework. Unlike most previous studies that focus on either
mechanical behavior or surface characteristics independently,
this work yields a combined optimization-oriented perspective.
In this work, the tensile properties and surface roughness of
FDM-fabricated PLA parts were systematically investigated by
varying layer thickness, infill density, and annealing temperature
according to a Taguchi L9 orthogonal experimental design.
Samples produced under different parameter combinations were
subjected to tensile testing to obtain key mechanical properties
such as elastic modulus, tensile strength, and elongation. Surface
roughness measurements were also performed to assess changes
in surface morphology resulting from processing conditions.
Statistical evaluations based on S/N ratios and contribution
analyses were employed to identify the relative importance of
each parameter on both mechanical performance and surface
quality. The outcomes of this study provide valuable insight for
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the design and optimization of PLA-based components intended
for demanding engineering applications, including lightweight
structural elements for unmanned aerial vehicles, automotive
interiors and functional parts, aerospace-related systems, and
precision mechanical assemblies where both mechanical
reliability and surface quality are critical.

Il. METHOD

Tensile test samples were designed using SolidWorks software
and subsequently imported into Creality Print 6.3 for processing.
Based on the predefined printing parameters, the models were
prepared through slicing, and fabrication was carried out using a
Creality Ender 3 V3 SE FDM-based 3D printer. To maintain
consistency and enable reliable comparison of results, the
primary printing conditions were kept constant, and three
samples were produced for each experimental condition. A grid-
type infill pattern was applied to all samples, while the printing
speed, cooling conditions, and extrusion temperature were
intentionally fixed in order to isolate the effects of the selected
control parameters and to preserve the statistical efficiency of the
Taguchi L9 orthogonal design. The printing speed was fixed at
180 mm/s, while the cooling fan operated at 100%. The number
of top and bottom layers was set to four, with two perimeter
walls. The build plate temperature was maintained at 55°C, and
the nozzle temperature was adjusted to 215°C. All samples were
fabricated using white PLA+HS filament.

A Taguchi L9 orthogonal array was employed to assess the
influence of the selected processing parameters. The selected
parameters were chosen to represent geometric, structural, and
post-processing thermal influences in FDM. Other processing
variables were maintained constant to ensure statistical clarity
and controlled evaluation within the L9 design framework. For
PLA material, the glass transition temperature (Tg) is generally
reported to be around 60°C, while cold crystallization typically
occurs near 90°C [45], [46]. Accordingly, these temperatures
were chosen for the annealing processes. The influence of layer
thickness, infill density, and annealing temperature on the
mechanical performance of the printed samples was then
examined. In addition, S/N ratios and ANOVA analyses were used
to identify the most dominant manufacturing parameters
affecting tensile strength, elastic modulus, elongation, and
surface roughness. The sample nomenclature and the details of
the Taguchi experimental plan were presented in Table 1.

All test samples were modeled according to the ASTM D638 Type
IV geometry specified in the relevant tensile testing standard and
manufactured with a constant thickness of 3.2 mm to ensure
reliable mechanical characterization. Schematic illustrations
depicting the infill density configurations and layer thickness
variations of the printed samples were provided in Fig. 1(a) and
Fig. 1(b), respectively. Furthermore, the FDM 3D printer
employed in the fabrication process is shown in Fig. 1(c), while
the orientation of the samples on the build platform during
printing is illustrated in Fig. 1(d).

In the experimental design, controlled annealing treatments
were applied to all samples except S1, S6, and S8 at the specified
temperatures for 1 hour, and the cooling process was carried out

Table 1. Taguchi experimental design and sample nomenclature.

sample Layer thickness Infill density Annealing temperature
(mm) (%) (°Q
S1 0.12 20 As-printed
S2 0.12 40 60
S3 0.12 60 90
S4 0.16 20 60
S5 0.16 40 90
S6 0.16 60 As-printed
S7 0.20 20 90
S8 0.20 40 As-printed
S9 0.20 60 60
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Figure 1. Printing parameters and setup (a) Infill density, (b) Layer thickness,
(c) 3D printer, (d) Building orientation.

inside the furnace. A Memmert UN55 heat treatment furnace with
a temperature accuracy of 0.1°C was used for the annealing
processes. Following the completion of the manufacturing
process, the masses of the samples were measured using a
precision balance to determine the specific tensile strength in
MPa/g, and the average sample weights were given in Table 2.

To determine the effects of the manufacturing variables on
surface quality, surface roughness values were recorded, and
optical microscope images were obtained using a Bruker Contour
GT 3D profilometer. The analyses were conducted using Vision64
software. The arithmetic mean surface roughness (Ra), defined
according to ISO 4287, was selected as the surface roughness
criterion. Instead of a line-based profile measurement, area-
based roughness measurements were carried out over a scanned
surface area of 1 mm? in order to obtain a more representative
evaluation of the characteristic layer-step morphology of FDM-
fabricated PLA samples. The measurements were taken from the
wide side surfaces of the samples, where the layer boundaries
were directly exposed. For each sample, surface roughness
measurements were performed on three different regions, and
the average Ra value was reported.

Subsequently, tensile tests were conducted on the produced
samples using a BESMAK tensile testing machine shown in Fig. 2
to examine their behavior under uniaxial loading. During the
tests, a constant crosshead speed of 5 mm/min was applied. All
experiments were carried out at room temperature under
standard laboratory conditions to minimize environmental
variability. During the tensile testing process, the applied load
and displacement values were recorded in real time, and load-
displacement curves were acquired from these data. By analyzing
the obtained curves, the elastic modulus, tensile strength, and
elongation values of the material were calculated. These values
provided critical information for evaluating the effects of the
manufacturing parameters on the mechanical performance of the
samples.

lll. RESULTS and DISCUSSION

The results obtained from the tensile tests were evaluated in the
mechanical properties section, where tensile strength, elastic
modulus, and elongation were analyzed in relation to the selected
processing parameters. The findings from the 3D profilometer
and optical microscopy images were discussed separately in the
surface quality section, with emphasis on surface roughness and
morphological characteristics.

Table 2. The average weight of samples.

Samples  S1 S2 S3 sS4 S5 S6 S7 S8 S9
Weight (g) 4.55 5.02 543 434 475 516 4.27 477 5.25
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Figure 2. Detailed view of the tensile test.

A. Mechanical properties

The load-displacement curves of the manufactured tensile
samples were presented in Fig. 3. Examination of the curves
showed that, for all samples, the load initially exhibited an
approximately linear relationship with displacement, and a
decrease in load-carrying capacity occurred after reaching the
maximum load. Significant differences were identified among
samples produced with different processing parameters in terms
of both the maximum load levels and the displacement at break.

It was determined that the maximum load values carried by the
samples generally increased with increasing infill density.
Samples with a 60% infill density (S3, S6, and S9) exhibited
higher load-carrying capacities. This clearly indicated that the
increase in material content within the internal structure enabled
more effective load transfer [47], [48]. When layer thickness was
evaluated, samples produced with a layer thickness of 0.12 mm
showed higher slopes in the elastic region due to improved
interlayer bonding [49], [50]. The annealing treatment was also
found to influence the load-displacement behavior. Compared to
as-printed samples, annealed samples exhibited noticeable
differences in both maximum load levels and deformation
behavior. The increase in maximum load observed in some
samples after annealing could be attributed to the reduction of
residual stresses and the rearrangement of the crystalline
structure, which positively affected mechanical performance
[51], [52]. Using the results obtained from the load-displacement
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Figure 3. Load-displacement graphs of samples.
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graphs, the values of elastic modulus, tensile strength, and
elongation were calculated using (1)-(6). In these equations, F is
the applied load, A, is the initial cross-sectional area of the
samples, o is the stress, Al is the elongation amount (change in
length), [, is the initial distance between the clamping jaws of the
tensile testing machine prior to loading, ¢ is the strain, and E is
the elastic modulus. The max. tensile strength o,; was
determined using the maximum load value (£, ) reached during
the test. In addition, the strain at break (&,,¢4x) Was calculated
using the elongation at fracture (4lp,eqr), and the percentage
elongation was obtained accordingly. In these calculations, the
initial cross-sectional area of the samples was kept constant at
19.2 mm?2.

o=F/A, (1)
g=4l/l, 2)
o=E.c (3)

Ots = Fnax/ Ao 4)
&preak = Alprear/lo (5)

Figure 4 presented the elastic modulus, tensile strength, and
elongation values of all samples together with their
corresponding S/N plots. The ANOVA results for tensile test were
also shown in detail in Table 3. S/N analyses were performed
using the larger is better approach for elastic modulus, tensile
strength, and elongation. The highest tensile strength values
reached approximately 43-45 MPa for samples S3, S6, and S9.
With increasing infill density, the improved material continuity
within the internal structure enabled a more uniform load
distribution, resulting in higher maximum stress values before
fracture. The mechanical property values obtained in this study
were also evaluated in the context of the typical mechanical
behavior of PLA materials. In the literature, tensile strength
values of FDM-fabricated PLA parts are commonly reported in
the range of approximately 30-60 MPa depending on printing
parameters and build orientation [3], [12], [16]. The maximum
tensile strength values achieved in this study (approximately 43—
45 MPa) fall within this range, indicating that the selected
processing conditions enabled mechanically efficient PLA
structures. Examination of the S/N plots clearly showed that the
infill density was the most dominant parameter affecting tensile
strength. According to the ANOVA results, the contribution of
infill density to tensile strength was calculated as 87.76%. In
contrast, the effects of layer thickness and the annealing process
on tensile strength were observed to be relatively minor. In the
current experimental configuration, tensile strength increased
from approximately 35 MPa at 20% infill to about 45 MPa at 60%
infill. Santosh et al. documented tensile strength values rising
from approximately 20 MPa at 25% infill to about 40 MPa at
100% infill [34]. Oteyaka et al. also reported that tensile strength
increased from around 16 MPa at 20% infill to approximately 36
MPa at 100% infill in FDM-fabricated PLA samples [36]. The
observed increase in tensile strength with increasing infill
density was aligned with previously reported findings in the
literature and clearly confirmed that infill density functions as the
principal structural parameter controlling tensile performance.
The highest elastic modulus value was obtained for sample S3
with 928.37 MPa, followed by S5 with 810.63 MPa and S9 with
771.52 MPa. In particular, samples S7 and S8 with a layer
thickness of 0.20 mm exhibited the lowest elastic modulus values.
This behavior was associated with the reduction in interlayer
bonding quality due to increased layer thickness and the
resulting lower stiffness in the elastic region. ANOVA results
indicated that layer thickness had the greatest effect on elastic
modulus, accounting for 48.17% of the total contribution. Infill
density followed as the second most influential factor with a
contribution of 27.83%, whereas the effect of annealing
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Figure 4. Tensile strength, elastic modulus, and elongation values of the
samples, and their corresponding S/N graphs.

temperature was comparatively minor. These results stated that
layer thickness, together with infill density, was a critical
manufacturing parameter for the elastic modulus. This layer-
thickness sensitivity of stiffness was also supported by published
numerical data. Rodriguez-Panes et al. reported that when PLA
layer heightincreased from 0.10 mm to 0.20 mm at constant infill,
the elastic modulus changed from 1 GPa to 0.987 GPa, indicating
a slight reduction in stiffness with increasing layer height [29].
Similarly, Rankouhi et al. also demonstrated that increasing layer
thickness leads to a reduction in elastic modulus. In their study,
samples printed at 0° raster orientation showed a decrease in
elastic modulus from approximately 2200 MPa at 0.20 mm to
about 1800 MPa at 0.40 mm [28]. In addition, ANOVA analysis in
that study confirmed that layer thickness was the primary factor
controlling elastic modulus. This finding is consistent with the
dominant influence of layer thickness observed in the present
study. The highest elongation values were obtained for samples
S7 and S8 with a layer thickness of 0.20 mm, and these samples
exhibited a more ductile deformation behavior. In contrast,
samples with thinner layer thicknesses shown limited
deformation capability due to increased structural rigidity,
resulting in lower elongation values. Based on the S/N plots and
ANOVA results, layer thickness was determined to be the most
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critical parameter affecting elongation, with a contribution ratio
of 71.64%. These findings stated that ductility behavior was truly
controlled by layer thickness. For the 40% infill samples (S2 and
$8), elongation increased from approximately 5% to 7% as the
layer thickness was raised from 0.12 mm to 0.20 mm. The effect
of layer thickness observed in this study was also compared with
tensile samples produced at similar infill ratios in previous
research. Samykano et al. declared that increasing layer thickness
altered deformation behavior and ductility in additively
manufactured polymers. In their study, when the layer thickness
increased from 0.4 mm to 0.5 mm, the average fracture strain
increased from 0.069 to 0.083, clearly indicating that higher layer
thickness promoted greater deformation capacity before failure
[50]. These findings clearly demonstrated that thicker layers
promoted increased elongation and a more ductile response.

When the tensile test results were evaluated together, it was
specified that the tensile behavior varied in a nonlinear manner
depending on the infill density and layer thickness. While the
infill density had a dominant effect on tensile strength, the layer
thickness controlled deformation-related properties such as
elastic modulus and elongation, thereby the stiffness-ductility
balance. Although the annealing treatment contribution was
relatively limited, it could be stated that, under certain parameter
combinations, it influenced the mechanical properties in a
secondary yet guiding manner by reducing probable residual
stresses.

The specific tensile strength graphs presented in Fig. 5 clearly
demonstrated that mechanical performance should be evaluated
not only in terms of absolute tensile strength but also in relation
to the amount of material used. When sample weights were taken
into account, the load-carrying capacity per unit mass was
detected to be more efficient at low and intermediate infill
densities. In contrast, at higher infill densities, the increased
material content limited the gains in specific strength and
resulted in a reduction in structural efficiency beyond a certain
threshold. This finding indicated that porous structures could be
more advantageous in terms of specific mechanical performance.
Moreover, it showed that increases in absolute tensile strength
did not always provide a weight-based advantage and that the
combined evaluation of specific and absolute strength was a
critical requirement in the design process [53], [54]. The increase
in weight observed with increasing layer thickness, despite the
gain in ductility, exerted a suppressive effect on specific tensile
strength. However, appropriate combinations of layer thickness
and infill density enabled both sufficient load-carrying capacity
and weight efficiency to be achieved simultaneously. In addition,
the annealing treatment was observed to indirectly support
specific mechanical performance by improving interlayer
interactions, particularly in low- and medium-density structures,
and thus acted as a secondary but complementary parameter.

Table 3. ANOVA results for mechanical properties.

ANOVA results Source DF Seq SS Adj MS F-Value P-Value Contribution (%)
Layer thickness (mm) 2 0.1077 0.05383 0.34 0.747 2.35
Tensi Infill density (%) 2 4.0130 2.00652 12.61 0.073 87.76
ensile strength .
Annealing temperature (°C) 2 0.1336 0.06682 0.42 0.704 2.92
Error 2 0.3183 0.15916 6.96
Total 8 4.5727 100.00
Layer thickness (mm) 2 9.072 4.5361 3.22 0.237 48.17
Infill density (%) 2 5.241 2.6206 1.86 0.350 27.83
Elastic modulus Annealing temperature (°C) 2 1.700 0.8502 0.60 0.624 9.03
Error 2 2.820 1.4098 14.97
Total 8 18.833 100.00
Layer thickness (mm) 2 11.1989 5.59946 3.36 0.230 71.64
Infill density (%) 2 0.0820 0.04102 0.02 0.976 0.52
Elongation Annealing temperature (°C) 2 1.0144 0.50719 0.30 0.767 6.49
Error 2 3.3373 1.66866 21.35
Total 8 15.6326 100.00
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B. Surface quality

Figure 6 presented the optical microscope images taken from the
wide surfaces of all samples. Characteristic traces corresponding
to molten filament deposition, extending parallel to the printing
direction, were clearly observed on the sample surfaces.
Moreover, with increasing layer thickness, these traces became
more pronounced, the filament boundaries sharpened, and the
density of microscale surface discontinuities increased.

Figure 7 presented the 3D profilometer images and the
corresponding depth profiles obtained from the wide side
surfaces of the FDM-fabricated tensile samples. Surface
roughness measurements were carried out on these surfaces,
where the layer boundaries were directly exposed and extended
parallel to the printing direction. For all samples, a periodic peak-
valley morphology aligned with the printing direction,
corresponding to molten filament deposition, was clearly
observed. With increasing layer thickness, the number of layers
decreased, the surface traces associated with each layer became
wider, and the height differences between consecutive layers
(0.12, 0.16, and 0.20 mm) became more pronounced, as clearly
evidenced in the 3D profilometer images. This geometric
evolution led to the formation of sharper layer steps on the
surface and, consequently, resulted in a direct increase in the
measured surface roughness values.

Figure 8 presented the surface roughness values of all samples
together with their corresponding S/N ratio plots. The ANOVA
results for surface roughness values were also given in Table 4.
S/N analyses were performed using the smaller is better
approach for surface roughness. The highest surface roughness
values were measured for the samples (S7, S8, and S9) with a
layer thickness of 0.20 mm.

Analysis of the S/N graphs showed that surface roughness was
predominantly affected by layer thickness, which accounted for

N S6 8

Figure 6. Optical microscope image of sample surfaces.
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Figure 7. 3D profilometer image of sample surfaces.

84.73% of the overall contribution. In comparison, infill density
and annealing treatment exhibited no notable influence on
surface roughness. Although annealing did not show a
statistically significant effect on Ra values, its role was evaluated
within the overall processing framework. Annealing primarily
influenced, probably, internal stress distribution and
crystallinity, yet under the selected parameter combinations, its
contribution remained limited compared to geometric factors.
Surface roughness was predominantly controlled by layer-step
formation during deposition. In this study, for samples printed at
20% infill density, increasing the layer thickness from 0.12 mm
to 0.20 mm resulted in an increase in surface roughness from
approximately 7 um to about 11 um. Similar quantitative trends
were reported in previous studies. Vidakis et al. showed that
increasing layer thickness from 0.10 mm to 0.25 mm led to an
increase in average surface roughness from approximately 9 um
to about 15 um in FDM-printed PLA samples [26]. These
numerical findings were confirmed geometric deposition
parameters dominate surface quality in FDM-fabricated
components. This integrated evaluation of geometric and thermal
parameters emphasized the importance of combined parameter
evaluation in FDM-fabricated PLA components.

When the relationship between mechanical performance and
surface roughness was evaluated together, it was determined
that increasing layer thickness led to changes in both elastic
modulus and elongation. With increasing layer thickness,
microscale geometric irregularities caused the load transfer in
the elastic region to become more heterogeneous, which resulted
in a reduction in elastic stiffness. On the other hand, surface
irregularities associated with increased surface roughness,
together with variations in the interlayer bonding mechanism,
had a pronounced effect on the elongation of the samples. The
literature also reported that, in FDM-fabricated polymer
structures, surface roughness played a decisive role in elastic
stiffness and ductile deformation behavior, and that this effect
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Figure 8. Surface roughness values of the samples and their corresponding
S/N graphs.
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Table 4. ANOVA results for surface roughness values.

ANOVA results Source DF Seq SS Adj MS F-Value P-Value Contribution (%)
Layer thickness (mm) 2 12.9428 6.47138 7.77 0.114 84.73%
Infill density (%) 2 0.1460 0.07301 0.09 0.919 0.96%
Surface roughness  Annealing temperature (°C) 2 0.5217 0.26086 0.31 0.761 3.42%
Error 2 1.6652 0.83258 10.90%
Total 8 15.2756 100.00%

became more pronounced with increasing layer thickness [49],
[55]. In this context, the obtained results demonstrated that
surface topography was a critical parameter not only for surface
quality but also for the stiffness-ductility balance.

IV. CONCLUSION

This study investigated how layer thickness, infill density, and
annealing temperature influence the tensile performance and
surface characteristics of PLA samples. Through the combined
use of tensile testing, surface measurements, and Taguchi-based
statistical methods, both the individual and interactive effects of
key processing parameters on mechanical behavior and surface
quality were quantitatively evaluated. The principal outcomes of
the study are summarized below:

e The infill density was found to be the dominant factor
influencing tensile strength, contributing 87.76% according
to ANOVA results. Samples fabricated with a 60% infill
density achieved the highest tensile strength, with values of
approximately 43-45 MPa.

e Layer thickness played a dominant role in controlling
deformation-related properties. It contributed 48.17% to the
variation in elastic modulus and 71.64% to the variation in
elongation, clearly demonstrating its dominant role in the
stiffness-ductility balance of PLA samples. In addition,
increasing the layer thickness led to a decrease in elastic
modulus while enhancing elongation, indicating a shift from a
more rigid and brittle behavior toward a more ductile
mechanical response.

e Annealing treatment exhibited a secondary but beneficial
influence, particularly by enhancing interlayer bonding under
selected parameter combinations, although its direct effect on
tensile strength remained limited.

e The evaluation of specific tensile strength revealed that
increases in absolute tensile strength do not always translate
into weight-efficient performance, highlighting the necessity
of considering both absolute and specific metrics during
design optimization.

e Surface roughness was strongly related to layer thickness,
with a contribution ratio of 84.73%. Thicker layers led to
more pronounced layer-step geometries and increased height
differences on the surface, directly increasing Ra values.

Overall, the results demonstrated that the surface quality and
mechanical performance of PLA components can be effectively
tailored through controlled adjustment of production
parameters. In this regard, the present findings provide a
valuable design guideline for engineering components in which
weight efficiency, mechanical performance, and surface integrity
must be optimized simultaneously. Future studies may expand
this framework by incorporating additional printing parameters,
such as nozzle temperature, printing speed, raster orientation,
and cooling conditions, together with multi-objective
optimization approaches and application-specific performance
criteria, to achieve a broader evaluation of parameter
interactions in FDM-fabricated PLA components.
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