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ABSTRACT

This study investigates the influence of infill patterns and densities on the tensile properties of Fused Deposition Modeling (FDM) 3D-
printed Polylactic Acid (PLA) parts, aiming to optimize material efficiency while maintaining structural integrity. Eight infill patterns—
Cross 3D, Subdivision Cubic, Octets, Quarter Cubic, Concentric, Grid, Gyroid, and Zigzag—were tested at 45%, 55%, and 65% infill
densities, with a solid specimen (100% infill) serving as a benchmark. Tensile testing revealed that the Quarter Cubic pattern at 65%
infill density closely matched the mechanical strength and stiffness of the solid specimen while significantly reducing material usage.
Statistical analysis using the Taguchi method and ANOVA identified infill percentage as the most influential factor (p = 0.003), while
regression modeling (R2 =91.88%) demonstrated robust predictive capability. This study contributes novel insights into the interplay
between infill design and mechanical performance, guiding sustainable production of high-strength, lightweight PLA components for

applications in aerospace, automotive, and consumer products.

Keywords: Additive manufacturing, Polylactic acid, Tensile strength, Fused deposition modeling (FDM), Process optimization, Taguchi
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1. INTRODUCTION

Additive manufacturing (AM), particularly Fused
Deposition Modeling (FDM), has become a cornerstone of
Industry 4.0 due to its versatility, customization potential,
and sustainable manufacturing practices. The expiry of
foundational FDM patents in 2010 catalyzed widespread
adoption, especially for applications requiring rapid
prototyping and complex geometries [1-5]. PLA, a
biodegradable polymer derived from renewable resources,
is among the most commonly used FDM materials due to its
ease of processing, dimensional stability, and
environmental benefits [6-8].

Despite these advantages, the mechanical properties of
FDM-printed PLA parts, particularly tensile strength and
stiffness, often underperform compared to conventionally
manufactured counterparts. This discrepancy is largely
due to interlayer adhesion limitations and process
parameter sensitivity [9-11]. Previous research has
examined individual parameters such as print speed,
temperature, and layer thickness, with some studies also
evaluating infill density or pattern [12-14]. However,
limited work has holistically analyzed their combined
effects using rigorous statistical tools.
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Polylactic Acid (PLA), a biodegradable polymer derived
from renewable sources, is among the most commonly
used materials in FDM. It is prized for its biocompatibility,
dimensional stability, low toxicity, and moderate
mechanical strength [6,12]. However, despite these
advantages, the mechanical performance of FDM-printed
parts, particularly their tensile strength and elastic
modulus, often lags behind those produced by
conventional means, primarily due to interlayer adhesion
issues and parameter sensitivity [13-15].

Previous studies have explored how FDM process
parameters, such as layer thickness, build orientation, infill
density, pattern geometry, and extrusion temperature,
influence the mechanical behavior of PLA specimens. For
instance, Patel et al. [16] showed that specimens built in the
on-edge orientation with higher infill density exhibited
superior tensile performance. Chacén et al [17]
demonstrated the role of feed rate and layer thickness in
optimizing tensile and flexural properties, while Alafaghani
et al. [18] employed the Taguchi method to determine
optimal conditions for strength and dimensional precision,
highlighting the significance of triangular infill at high
density and moderate temperatures.
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The COVID-19 pandemic further underscored the strategic
importance of FDM/FFF, as it was rapidly deployed for
local, on-demand production of critical items such as face
shields, nasal swabs, and ventilator components [19-21].
Yet, despite iremainen utility, the mechanical reliability of
printed parts remains a primary concern, particularly in
load-bearing or high-performance applications.

Recent investigations have recognized that combinations
of process parameters, rather than individual ones,
significantly influence final part quality. However, limited
research has addressed the synergistic effects of infill
geometry and density, two parameters known to impact
porosity, stress distribution, and fracture behavior [22-
24]. Moreover, complex interdependencies among these
variables create challenges in predicting and optimizing
mechanical performance [25-27].

This study presents a comprehensive and statistically
rigorous investigation into the combined effects of infill
pattern geometry and density on the tensile performance
of FDM 3D-printed PLA parts—an area that has been
previously underexplored in a holistic manner. Unlike
earlier research that evaluated these parameters in
isolation, this work applies the Taguchi method and
ANOVA to identify the dominant influence of infill density
and uses regression modeling to develop a predictive
framework for tensile strength optimization. We aim to
identify optimal combinations that balance material use
with structural integrity, providing actionable strategies
for high-performance, sustainable FDM fabrication.

2. MATERIALS AND METHODS
2.1. Materials and Methods

Polylactic Acid (PLA), a biodegradable thermoplastic
polymer derived from renewable resources such as corn
starch or sugarcane, was selected as the printing material
for this study due to its favorable mechanical properties,
low cost, and environmental sustainability. PLA has
become one of the most extensively used materials in fused
deposition modeling (FDM)-based 3D printing, owing to its

(a)

ease of processing, dimensional stability, and non-toxic
nature. Its mechanical performance, comprising a good
balance of tensile strength, stiffness, and impact resistance,
makes it well-suited for applications ranging from rapid
prototyping and biomedical devices to packaging and
lightweight structural components [29-31].

Compared to many petrochemical-based polymers, PLA
offers comparable strength and rigidity while being more
environmentally friendly due to its biodegradability and
lower carbon footprint [32, 33]. These attributes have led
to their increased use in sustainable manufacturing and
circular economic initiatives, especially in additive
manufacturing environments where material efficiency is
critical.

In this study, the PLA filament used had a diameter of 1.75
mm, a purity exceeding 98%, a density of 1.24 g/cm?3,and a
melting temperature of 160°C, consistent with industrial-
grade specifications. To ensure consistency and high print
quality, the filaments were pre-dried in a vacuum oven at
60°C to minimize moisture absorption. PLA is hygroscopic,
and moisture uptake can lead to hydrolytic degradation
during extrusion, resulting in inferior layer adhesion,
surface roughness, and the emission of fumes during
printing [34, 35]. Pre-drying is thus the best standard
practice to preserve material integrity and optimize the
mechanical performance of printed specimens.

2.2. Specimen Design and Printing Process

The specimen design in this study adhered to the ASTM
D638 Type IV standard, which is widely recognized for the
tensile testing of plastic materials. This standard specifies
the use of a dog-bone-shaped geometry, chosen for its
effectiveness in promoting uniform stress distribution
along the gauge length during mechanical testing [35]. As
illustrated in Figure 1, the specimens were designed using
computer-aided design (CAD) software and exported as
STL files for slicing. The slicing process was conducted
using specialized software that enabled customization of
critical printing parameters to meet the specific
experimental requirements.

(b) g

Figure 1. (a) 3D model for the dog bone-shaped specimen and (b) dimensions of the impact test sample according to ASTM D638
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The influence of internal structure on mechanical
performance, eight distinct infill patterns, including Cross
3D, Subdivision Cubic, Octets, Quarter Cubic, Concentric,
Grid, Gyroid, and Zigzag, were selected for this study. These
patterns provide a variety of internal geometries, each
offering different degrees of stiffness, strength, and
material efficiency, as depicted in Figure 2. Each infill
pattern was tested at three density levels: 45%, 55%, and
65%, with a 100% solid infill specimen included as a
benchmark for comparative analysis. These densities were
selected to explore the trade-off between material usage
and mechanical performance, where lower densities were
anticipated to reduce PLA consumption and print time but
potentially result in lower tensile strength due to increased
internal porosity [36-38].

The specimens were fabricated using an Ender 5 Pro 3D
printer, as shown in Figure 3, a widely adopted FDM/FFF
system developed by Shenzhen Creality 3D Technology Co.,
Ltd. This printer was chosen for its high reliability,
consistent print quality, and resumption capability after
power failures. With a build volume of 220 x 220 X
300 mm, the Ender 5 Pro provided the dimensional
capacity and accuracy necessary for consistent fabrication
across all test specimens [39, 40].

Key process parameters, including nozzle temperature,
bed temperature, layer height, and print speed were
carefully controlled, as detailed in Table 1, to minimize
variability and ensure consistent part quality. The layer
height was set below the nozzle diameter to enhance

KK ‘fé.q‘ Cubic-subdivision
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Figure 2. Design of unique infill patterns and different infill
densities
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Figure 3. FDM 3D printer setup for printing specimens
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Table 1. Process parameters for 3D printing

Parameters Set values
Printing temperature (°C) 200-220
Printer bed temperature (°C) 60
Printing speed (mm/s) 30-50
Nozzle flow (%) 100
Build plate adhesion type None
Height of layer (mm) 0.2
Thickness (mm) 5.0
Diameter of Nozzle (mm) 0.4
et

interlayer bonding and reduce intra-layer porosity, which
is critical for achieving reliable mechanical performance in
FDM-printed parts [41]. A raster angle of 0° was selected so
that the printed filament paths aligned with the direction
of tensile loading, thereby optimizing the load-bearing
capacity of the specimens during tensile testing [42, 43].

2.3. Tensile Testing

The tensile properties of each 3D-printed specimen were
evaluated using a Universal Testing Machine (UTM) with a
maximum load capacity of 250 kN, as depicted in
Figure 4(a). Testing was conducted in accordance with the
ASTM D638 standard for tensile characterization of plastic
materials [44]. Each specimen was subjected to uniaxial
tensile loading until failure, as illustrated in Figure 4(b).
During testing, specimens were securely clamped in the
machine grips, ensuring precise alignment of the gauge
length with the direction of the applied load to prevent
bending or torsional effects.

Real-time acquisition of load and displacement data was
carried out throughout the test to generate detailed
engineering stress-strain curves. From the initial linear
portion of each curve, Young’'s Modulus was calculated,
reflecting the material's elastic stiffness. The Ultimate

Specimen

Lower grip

'

Figure 4. (a) Tensile testing setup using a Shimadzu Universal
Testing Machine (b) Fractured 3D-printed PLA specimens after
tensile testing
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Tensile Strength (UTS) was identified as the peak stress
reached prior to specimen failure, providing a direct
measure of tensile load-bearing capacity [45, 46].

Post-fracture analysis of the specimens was conducted to
examine failure modes and identify potential defects such
as poor interlayer adhesion, void formation, and raster
orientation mismatch, all of which can significantly
influence tensile performance in FDM-printed parts [47-
49]. Particular attention was paid to the variation in
fracture surface morphology across different infill patterns
and densities, as these structural characteristics directly
affect stress distribution, energy absorption, and crack
propagation paths within the printed material [50, 51].

Insights from this fractographic evaluation were used to
draw conclusions on the mechanical reliability and design
optimization potential of various infill configurations for
applications requiring lightweight yet durable polymer
components. Such analysis is critical for informing real-
world design strategies in sectors such as biomedical
devices, automotive, and aerospace, where material
efficiency and mechanical integrity must be balanced
[52,53].

2.4. Design of Experiment (DOE)

Understanding how Fused Deposition Modeling (FDM)
process parameters influence the mechanical properties of
printed parts is essential for improving the performance,
reliability, and applicability of additively manufactured
components [54]. In this investigation, a Design of
Experiments (DOE) approach using the Taguchi method
was adopted to identify the optimal combination of
parameters for maximizing the Ultimate Tensile Strength
(UTS) of PLA specimens fabricated via FDM. An L9
orthogonal array (Taguchi L9(34)) was generated using
Minitab 2021 software to systematically vary four key
process parameters: infill pattern, infill percentage, print
speed, and extrusion temperature, each at three levels, as
detailed in Table 2.

The Taguchi method was chosen for its efficiency in
reducing the number of experimental runs while
maintaining the ability to detect the most influential factors
with statistical rigor. This structured approach minimizes
testing time and cost without compromising the quality of
conclusions [55, 56]. Table 3 outlines the selected
parameter combinations and the corresponding number of
experimental trials. Each parameter set was replicated
across three identical specimens, resulting in a total of
27 tensile tests. This replication ensured data reliability
and minimized the effects of random experimental errors,
enhancing the repeatability and statistical validity of the
results.

The significance of each parameter’s influence on UTS was
determined using a one-way Analysis of Variance (ANOVA).
ANOVA provided insight into the degree to which each
factor contributes to the observed variability in the
mechanical responses. Furthermore, the signal-to-noise
(S/N) ratio was employed as a Taguchi optimization metric
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to determine the robustness of parameter settings against
external noise and variability. In this study, all mechanical
property outcomes were considered "larger-is-better”
quality attributes. Accordingly, Equation (1) was used to
calculate the S/N ratio for each experimental run:

1o 1
S/N=—1010g ;Zy—z

i=1” !

(1)

where S/N is the signal-to-noise ratio, yi, y2 ys3 are the
output responses UTS from replicated tests, and n is the
number of replications (n = 3 in this case).

This Taguchi-based experimental strategy provides a
statistically sound and resource-efficient method for
identifying optimal printing parameters in FDM-printed
PLA parts, contributing to the growing body of knowledge
aimed at enhancing the functional performance and
sustainability of 3D-printed materials.

Table 2. Process parameters and their ranges

Name of Levels
parameters 1 2 3
Infill Subdivision Quarter Zio 7a
pattern Cubic Cubic §4ag
Infill
percentage 45 55 65
(%)
Print
speed 30 40 50
(mm/sec)
Extrusion
temp 200 210 220
Q)
Table 3. Taguchi L9 (34) orthogonal array
' Infill Print Extrusion
Infill
Run attern percentage speed temp
P (%) (mm/sec) (°Q)
1 1 45 30 200
2 1 55 40 210
3 1 65 50 220
4 2 45 40 220
5 2 55 50 200
6 2 65 30 210
7 3 45 50 210
8 3 55 30 220
9 3 65 40 200




3. RESULTS AND DISCUSSION

The mechanical performance of 3D-printed PLA
components is significantly influenced by infill density and
pattern selection. In this study, specimens printed with a
65% infill density demonstrated notably higher tensile
strength compared to those with 45% and 55% densities,
as depicted in Figure 5. This enhancement is primarily
attributed to reduced void spaces and improved interlayer
bonding at higher densities, leading to superior load-
bearing capacity and stiffness. These findings align with
previous research indicating that increased infill density
enhances tensile strength due to better structural integrity
and material continuity [17-20].

Among the eight infill patterns evaluated, Subdivision

Cubic, Quarter Cubic, and Zigzag consistently
outperformed others across all infill densities. Its
geometric configuration facilitates uniform stress

distribution, contributing to higher strength and stiffness.
Conversely, patterns like Cross 3D, Grid, and Gyroid
exhibited lower tensile strength, potentially due to less
efficient load distribution inherent in their structures.

Figure 6 illustrates the force-displacement curves for
specimens with varying infill patterns and densities. The
"Solid" infill pattern achieved the highest force capacity
and ultimate displacement, underscoring its superior
mechanical strength and ductility. Patterns such as "Cubic
Subdivision Octet," "Quarter Cubic," and "Zigzag" displayed
moderate  performance, balancing strength and
deformation capacity. In contrast, "Cross 3D" and "Grid"
patterns showed lower force capacities and earlier failure,
especially at lower densities, likely due to their less robust
internal structures.

As infill density increased from 45% to 65%, a
corresponding rise in peak force was observed across all
patterns, indicating enhanced load-bearing capacity.
However, the displacement at failure remained relatively
consistent for each pattern, suggesting that while density
influences strength, it has a limited effect on the material's
flexibility. These trends corroborate findings from recent
studies emphasizing the critical role of infill density and
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Figure 5. Comparison of the tensile strength for all infill
densities and patterns
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pattern in determining the mechanical properties of 3D-
printed PLA parts [33, 34].

Figure 7 illustrates the ultimate tensile strength (UTS) data
of FDM 3D-printed PLA specimens, assessed for normality
using a normal probability plot. In this plot, blue points

(a) Density 45%
2500 ——Solid
——Cross 3D
Cubic
subdivision
Octet

~——Quarter Cubic

Force (N)

—Zigzag
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-1 0 1 2 3 4 5 6

-500 Displacement (mm)

(b) Density 55%
2500 —Solid
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Figure 6. Force vs. displacement curves for PLA specimens
printed with different infill patterns at (a) 45%, (b) 55%, and
(c) 65% infill densities.
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Figure 7. Normal probability plot of ultimate tensile strength
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represent the observed data, the central red line indicates
the fitted normal distribution, and the outer red lines
denote the 95% confidence intervals. The alignment of data
points along the central line suggests conformity to a
normal distribution.

Anderson-Darling (AD) normality test was applied to
statistically confirm this observation. The AD test evaluates
whether a dataset follows a specified distribution, with the
null hypothesis stating that the data are normally
distributed. A p-value greater than 0.05 indicates no
significant deviation from normality. In this case, the p-
value obtained was 0.532, exceeding the 0.05 threshold,
thereby supporting the null hypothesis and confirming the
normality of the UTS data.

The normal probability plot in Figure 8 further
corroborates this finding, as all data points closely align
with the fitted line, and no outliers are evident. This
uniform distribution of residuals across all runs validates
the assumption of normality, justifying the subsequent use
of parametric statistical methods such as ANOVA and
regression analysis for further evaluation of the
mechanical properties of the 3D-printed specimens.

Response Table 4 for Signal-to-Noise (S/N) Ratios and the
corresponding Main Effects Plot in Figure 8, the optimal
levels of FDM process parameters for enhancing the
Ultimate Tensile Strength (UTS) of PLA components were
determined using the Taguchi method, employing the
"larger is better" quality criterion. The infill percentage had
the most significant effect on UTS, with the highest S/N
ratio observed at Level 3 (65%), resulting in a delta value
of 1.37 dB and ranking first among the studied parameters.
This indicates that a higher infill percentage considerably
improves mechanical strength by reducing internal voids
and enhancing inter-layer bonding, as confirmed by Goh et
al. [31] and Khosravani & Reinicke [26]. The second most
influential factor was print speed, where Level 1 (30 mm/s)
exhibited the optimal response with a delta of 0.37 dB.
Slower print speed promotes better layer adhesion and
reduces the likelihood of void formation, thereby
contributing to improved tensile strength. The infill pattern
ranked third, showing moderate impact with a delta of
0.31 dB, whereas the extrusion temperature had the least
influence on UTS, reflected by its lowest delta value of
0.11 dB. This suggests that the tested temperature range
had minimal impact on strength properties, affirming the
thermal stability of PLA within these limits.

The main effects plot further support these findings. The
infill percentage displayed a steep upward trend,
reaffirming its dominant influence on UTS. In contrast,
print speed demonstrated a descending pattern, indicating
that lower speeds are beneficial for mechanical
performance. The effects of infill pattern and extrusion
temperature were relatively minimal, aligning with their
lower delta values in the response table. Taken together,
the optimal combination of parameters for maximizing UTS
is identified as: infill pattern at Level 2, infill percentage at
Level 3 (65%), print speed at Level 1 (30 mm/s), and
extrusion temperature at Level 3 (220°C). This
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configuration enhances interlayer cohesion, minimizes
structural defects, and significantly improves tensile
performance, consistent with recent research.

Based on the Analysis of Variance (ANOVA) results and the
Model Summary for the Ultimate Tensile Strength (UTS) of
FDM 3D-printed PLA specimens, the statistical significance
and relative contributions of each process parameter can
be clearly interpreted from Table 5. The ANOVA was
performed at a 95% confidence level to determine the
effect of key printing parameters, namely infill pattern,
infill percentage, print speed, and extrusion temperature,
on UTS. A p-value threshold of 0.05 was used to establish
statistical significance, where parameters with p-values
less than 0.05 were considered to have a significant
influence on UTS.

Table 4. Response for signal-to-noise ratios

Infill Infill | Printspeed | EXtrusion

Level temp

pattern | percentage | (mm/sec) C)

1 29.14 28.58 29.35 29.17

2 29.37 29.05 29.24 29.15

3 29.06 29.94 28.98 29.25

Delta 0.31 1.37 0.37 0.11
Rank 3 1 2 4

Table 5. ANOVA for ultimate tensile strength

Source DF| AdjSS | AdjMS |F-Value|P-Value
Regression 4 |33.6863 | 84216 | 11.31 | 0.019
Infill pattern 1 | 0.0600 | 0.0600 | 0.08 0.791
Infill percentage | 1 | 31.2360 | 31.2360 | 41.95 | 0.003*
P{;ﬁfji’jgd 1| 22940 | 22940 | 3.08 | 0.154
EX““S(L‘;;)‘ temp | 4 1 00963 | 0.0963 | 0.13 | 0.737
Error 4 | 2.9787 | 0.7447
Total 8 | 36.6650
Infill pattern Infill percentage Print speed (mm/sec) | Extrusion temp ('C)

3000
2975
2950

2925

—

Mean of SN ratios

A

1 2 3 45 55 65 30 40 S0

29.00
2875

2850

200 210 220

Signal-to-noise: Larger is better

Figure 8. Main effects plot for SN ratios



Among the tested variables, infill percentage was the only
statistically significant factor (p = 0.003), indicating a
strong impact on tensile strength. This aligns with prior
studies, which highlight that higher infill percentages
reduce internal voids, thereby improving interlayer
bonding and mechanical performance [57, 58]. In contrast,
infill pattern (p = 0.791), print speed (p = 0.154), and
extrusion temperature (p = 0.737) were not statistically
significant in this case, suggesting their influence on UTS is
comparatively minor within the tested range. These
findings emphasize that while infill structure and speed
may contribute to mechanical behavior, their effects are
overshadowed by infill density when it comes to tensile
performance under the given experimental conditions.

The regression model itself was statistically significant
(p = 0.019), validating the overall model’s capability to
predict UTS outcomes. The R-squared (R?) value of 91.88%
indicates that a high proportion of the variability in UTS can
be explained by the model. The adjusted R? value of 83.75%
accounts for the number of predictors in the model,
reflecting a strong model fit without overfitting. However,
the predicted R? value of 68.00%, though lower, still
reflects a reasonably good predictive performance,
suggesting the model generalizes adequately to unseen
data. The regression Equation (2) used to predict the model
is:

Ultimate tensile strength (MPa)

= 16.34 — 0.100 Infill pattern

+ 0.2282 Infill percentage

— 0.0618 Print speed (mm/sec)

+ 0.0127 Extrusion temp (°C) (2)
The comparison between the predicted and experimental
values of Ultimate Tensile Strength (UTS) is depicted in
Figure 9, revealing the performance of the regression
model developed through quadratic regression analysis.
The plot illustrates the variation in UTS across nine
experimental runs, where the blue curve represents the
actual experimental results and the orange curve denotes
the predicted values from the model. This comparison

38
36
34
32
30

Ultimate Tensile Strength (MPa)

28
26
24
22
20
1 2 3 4 5 6 7 8 9
Run no.

o A ctia]l === Predict

Figure 9. Comparison of predictive value with
experimental results for UTS
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serves to validate the predictive reliability of the model
developed during optimization of FDM printing
parameters.

From the trend observed in Figure 9, the predicted values
do not perfectly match the actual results in all runs, but
they generally follow a similar pattern. This is consistent
with the R-squared (R2) value of 91.88% reported earlier,
indicating a strong correlation between predicted and
observed values. However, the difference between the
actual and predicted curves suggests that certain
nonlinearities or interactions might exist that were not
fully captured by the model, as reflected in the lower
predicted R? value of 68.00%. Despite this, the predicted
values fall within an acceptable error margin and are
deemed statistically reliable, particularly given that they lie
within the 95% confidence interval bounds established for
the model.

The model’s robustness is further supported by earlier
references that emphasize the utility of regression models
in evaluating FDM performance parameters [56,57].
Moreover, this finding agrees with recent literature
demonstrating that although statistical models may show
small prediction errors, they are still highly useful for
guiding process optimization in additive manufacturing
[58, 59].

Contour plots are an effective tool for visualizing how two
continuous parameters influence a response variable while
keeping categorical variables constant. This approach is
widely used in manufacturing and materials science to
understand the impact of process settings on material
performance. In the given Figure 10, three contour plots

(a)

Print speed (mm/sec) Infill percentage

(b)

__Extrusion temp (*C)*Infill percentage

50 220

45 215

40 210

35 205

30 200

45 50 ((‘)SS 60 65 45 50 55 60 65
220 Extrusion temp (*C)*Print speed (mm/sec) |
Hold Values Ultimate
Infill percentage 55 tensile
215 Print speed (mm/sec) 40 strength
Extrusion temp (°C) 210 (MPa)
Infill pattern 1/ < 26
e W26 - 27
W 27 - 28
205 28 - 29
W29 - 30
W3- 3n
200 — H >3
30 35 40 45 50

Figure 10. Contour plots show the influence of key 3D printing
parameters on ultimate tensile strength (UTS), (a) effect of print
speed and infill percentage, (b) effect of extrusion temperature
and infill percentage, and (c) effect of extrusion temperature and
print speed
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depict how combinations of print speed, infill percentage,
and extrusion temperature affect the ultimate tensile
strength (UTS) of 3D-printed PLA. UTS values increase
from blue (< 26 MPa) to green (> 31 MPa). The top-left plot
shows that increasing infill percentage and reducing print
speed enhance UTS due to improved interlayer bonding.
The top-right plot reveals that higher extrusion
temperatures and infill percentages lead to better
mechanical strength, likely from enhanced layer fusion.
The bottom-left plot indicates that elevated temperatures
combined with slower speeds also improve UTS, though
less significantly. These trends reinforce existing research
highlighting extrusion temperature and infill density as key
factors in optimizing FDM-printed part strength [48].

4. CONCLUSIONS

This study systematically examined the effects of infill
patterns, infill densities, print speed, and extrusion
temperature on the ultimate tensile strength (UTS) of FDM-
fabricated PLA components. The results demonstrated that
infill percentage was the most statistically significant factor
influencing UTS, as confirmed by ANOVA (p = 0.003), while
other parameters, such as infill pattern, print speed, and
extrusion temperature, exhibited minimal influence within
the tested range. The mechanical properties of PLA
samples varied significantly across processing conditions,
with UTS ranging from 19.04 MPa to 33.88 MPa. The
normal probability plots confirmed the normality of the
data without the presence of outliers, thereby validating
the statistical analysis.

Among the patterns evaluated, the Quarter Cubic infill at
65% density achieved mechanical performance
comparable to fully solid specimens, offering a favorable
balance between material efficiency and strength. This
finding underscores the potential of infill optimization as a
practical strategy for reducing material usage without
compromising structural integrity.

Regression analysis yielded a high R? value (91.88%),
validating the predictive capability of the model. The
observed and predicted UTS values were in good
agreement, with errors within acceptable limits.
Additionally, the normal probability plots and residual
analyses confirmed the reliability of the experimental data.

In conclusion, the study provides valuable insights for
optimizing FDM process parameters to achieve high-
performance PLA components tailored for lightweight and
load-bearing applications. Future research should explore
fatigue behavior, temperature-dependent performance,
and composite-enhanced PLA filaments to further expand
the application scope of FDM in engineering and industrial
domains.
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