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ABSTRACT 

This study analyzes the tensile mechanical properties of polylactic acid (PLA) manufactured using fused 
deposition modeling (FDM), a widely used technique in the fabrication of polymeric parts due to its accessibility 
and dimensional stability (Raj et al., 2018; Travieso-Rodríguez et al., 2019). The analysis was conducted 
according to the ASTM D638-22 standard, using Type I specimens, a methodology commonly applied in the 
tensile characterization of PLA-printed materials (Agaliotis et al., 2022; Atakok et al., 2022). Three infill density 
levels (50%, 75%, and 100%) were evaluated to determine their influence on the strength, elastic modulus, and 
elongation of the material, considering that infill density is a critical parameter that directly affects the stiffness 
and load-bearing capacity of printed PLA (Karad et al., 2023; Raja et al., 2022). The specimens were printed with 
horizontal orientation and controlled parameters for temperature, speed, and infill pattern, under standardized 
environmental conditions, as recommended in prior studies to ensure reproducibility of mechanical results (Ali 
et al., 2023; Kumar et al., 2023). The results show a direct correlation between infill density and material stiffness: 
the 100% infill specimens achieved the highest values of maximum stress (38.3 MPa) and elastic modulus (1061 
MPa), while the 50% infill specimens exhibited greater deformability. This trend aligns with studies reporting 
significant strength increases as infill percentage rises (Khalili et al., 2023; Stoia & Linul, 2024). The study 
confirms that infill density is a key parameter for optimizing the mechanical properties of 3D-printed PLA, 
providing valuable insights for the design of functional components in additive manufacturing (Alex et al., 
2025; Son Minh et al., 2024). 
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1. INTRODUCTION 

Additive manufacturing, commonly known as 3D 
printing, has revolutionized the way products are 
designed and fabricated, enabling the creation of 
complex and customized geometries without the 
need for molds or specific tooling. Among the 
available technologies, fused deposition modeling 
(FDM) has become one of the most widely used due 
to its low cost, versatility, and ease of use in academic, 
research, and production environments. 

Polylactic acid (PLA) is one of the most frequently 
employed polymers in FDM 3D printing, owing to its 
renewable origin, biodegradability, low toxicity, and 
acceptable mechanical strength. These characteristics 
make it a sustainable alternative to petroleum-
derived materials. However, its mechanical 
properties are highly dependent on printing 
parameters such as extrusion temperature, layer 
orientation, deposition speed, and notably, infill 
density and pattern. 

In engineering applications, controlling the infill 
density of 3D-printed PLA parts allows for adjusting 
structural stiffness and strength without modifying the 
external geometry. A higher infill percentage increases 
the component's strength and rigidity, while a lower 
percentage reduces weight, material consumption, and 
printing time. This flexibility makes PLA an ideal 
material for the design of lightweight functional parts, 
structural prototypes, and components with specific 
mechanical requirements. 

Optimizing the infill not only enhances mechanical 
performance but also represents an opportunity to 
advance toward more sustainable manufacturing 
processes. Reducing material usage and printing time 
leads to lower energy consumption and less waste 
generation, aligning with the principles of green 
engineering and responsible production. In this 
context, systematically analyzing the effect of infill 
density on the tensile properties of PLA enables the 
identification of configurations that balance 
structural efficiency, resource savings, and functional 
performance. 

The objective of this study is to evaluate the tensile 
mechanical behavior of 3D-printed PLA at different 
infill density levels (50%, 75%, and 100%), using Type 
I specimens in accordance with the ASTM D638-22 
standard. The experimental results allow for 
establishing the relationship between infill density 
and the fundamental mechanical properties of the 
material, aiming to optimize the design of functional 
parts that combine high strength, low weight, and 
environmental sustainability. 

2. MATERIALS AND METHODS 

The material used was ENDER® brand PLA 
filament, white color, 1.75 mm in diameter, 
considering that PLA is one of the most commonly 
used polymers in FDM processes due to its 
commercial availability and mechanical stability 
(Caminero et al., 2019; Plamadiala et al., 2025). The 
specimens were fabricated using a Creality CR-10S5 
printer with FDM technology and a 0.4 mm nozzle, a 
standard configuration in experimental studies 
aimed at evaluating the mechanical properties of PLA 
(Nugroho et al., 2018; Gao et al., 2022). 

Three infill densities were defined (50%, 75%, and 
100%), using a Rectilinear/Grid pattern (0/90°), three 
perimeters, five top and bottom layers, and a 12% 
infill-to-wall overlap. These parameters have been 
identified as crucial factors influencing the stiffness 
and strength of printed materials (Karad et al., 2023; 
Raja et al., 2022). Printing was performed in a 
horizontal orientation with a layer height of 0.20 mm, 
a speed of 50 mm/s, a hotend temperature of 225 °C, 
and a heated bed at 65 °C, consistent with previous 
recommendations to ensure adequate interlayer 
adhesion (Kumar et al., 2023; Ali et al., 2023). Each set 
of conditions was replicated eight times to ensure 
statistical repeatability of the results, a practice 
supported by similar experimental evaluations 
(Atakok et al., 2022; Agaliotis et al., 2022). The 
specimens were visually inspected to eliminate 
printing defects prior to testing, a common control 
measure to ensure the validity of mechanical tests.

 
Figure 1: Printing process of PLA specimens using FDM technology with Grid infill pattern. 
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As shown in Figure 1, the specimens were printed 
using a diagonal mesh infill pattern, ensuring a 
uniform material distribution and adequate 
interlayer adhesion—an aspect highlighted in studies 
on the mechanical performance of printed PLA 
(Kumar et al., 2023). 

Tensile tests were conducted according to the 
ASTM D638-22 standard using Type I specimens 
with dimensions of 165 mm total length, 57 mm 
gauge length, 13 mm width at the narrow section, and 
a nominal thickness of 3.2 mm. The use of Type I 

specimens under ASTM D638 is a widely adopted 
standard for the mechanical characterization of 
printed polymeric materials (Agaliotis et al., 2022; 
Atakok et al., 2022). A 50 mm gage length 
extensometer was used with a crosshead speed 
adjusted for failure within 0.5–5 minutes, ensuring a 
strain rate in accordance with the standard. Tests 
were conducted on a Shimadzu® AGS-X universal 
testing machine with a 100 kN load capacity under 
conditions of 23 ± 2 °C and 50 ± 5% relative humidity, 
using Trapezium X® software. 

 
Figure 2: Tensile test setup for a Type I specimen according to ASTM D638-22 using a Shimadzu® AGS-X 

machine 

As shown in Figure 2, the specimen was clamped 
in the grips of the universal testing machine, ensuring 
proper axial alignment and preventing slippage 
during load application. This setup enabled the 
acquisition of precise and repeatable stress–strain 
curves, consistent with the brittle behavior typically 
reported for PLA in previous literature (Stoia & Linul, 
2024; Seol et al., 2018). 

The stress–strain curves obtained for each 
specimen were analyzed using Microsoft Excel®, 
identifying the initial elastic region, yield point, 
maximum stress, and stress at break. The slope of the 

elastic region was used to determine Young’s 
modulus, while the plastic regions were analyzed 
through linear regression to obtain representative 
equations and determination coefficients (R²) for each 
specimen. The application of linear regressions to 
model the mechanical behavior of PLA has shown 
reliable results in recent studies, with determination 
coefficients exceeding 0.90 (Son Minh et al., 2024; 
Mencarelli et al., 2025). 

3. RESULTS AND DISCUSSION 

 
Figure 3: PLA specimens after tensile testing showing typical fracture location. 
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As shown in Figure 3, the fractures consistently 
occurred in the calibrated section of the specimens, 
which confirms correct alignment and proper testing 
conditions. The fracture surfaces were clean and 
perpendicular to the loading axis, with slight 

indications of brittle failure, in agreement with the 
characteristic response of PLA reported in previous 
literature (Travieso-Rodríguez et al., 2019; Raj et al., 
2018). 

 
Figure 4: Stress–strain curves for the eight PLA specimens with 50% infill. 

Figure 4 shows the stress–strain curves for the 
eight PLA specimens with 50% infill. These curves 
exhibit greater variability among specimens, with 
lower initial slopes and more ductile behavior 

compared to higher infill levels. This phenomenon 
has been reported in studies where reduced infill 
percentages lead to lower structural stiffness (Karad 
et al., 2023; Raja et al., 2022). 

 
Figure 5: Stress–strain curves for the eight PLA specimens with 75% infill. 

Figure 5 displays the stress–strain curves for the 
eight PLA specimens with 75% infill. In this group, a 
more consistent mechanical response is observed, 
with steeper initial slopes and a maximum stress that 
falls between the values obtained for 50% and 100% 

infill. This trend aligns with research findings that 
indicate gradual increases in strength with 
intermediate infill levels (Ali et al., 2023; Atakok et al., 
2022). 
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Figure 6: Stress–strain curves for the eight PLA specimens with 100% infill. 

Figure 6 presents the stress–strain curves for the 

eight PLA specimens with 100% infill. These curves 

exhibit the highest stiffness, steepest slopes, and 

greatest maximum stress, clearly demonstrating the 

direct influence of infill on mechanical performance. 

This observation is consistent with studies reporting 

significant improvements in strength for infill 

densities near 100% (Khalili et al., 2023; Son Minh et 

al., 2024). 

The stress–strain curves obtained for the PLA 
specimens reveal a typically brittle behavior, with a 
well-defined initial elastic region followed by 
moderate strain hardening prior to fracture. This 
behavior is consistent with that reported for PLA 
manufactured via FDM (Stoia & Linul, 2024; Seol et 
al., 2018). Figure 3 shows the fractured specimens 
after tensile testing, highlighting that the failures 
predominantly occurred in the central zone as 
specified in the ASTM D638-22 standard. 

Table 1: Average tensile mechanical properties of 3D-printed PLA for different infill densities (ASTM D638-
22, n = 8 per group). 

Infill 

Density 

(%) 

Young's E 

Modulus 

(MPa) 

Deformation 

Yield Limit 

(mm) 

Yield Limit 

Stress 

(Mpa) 

Maximum 

stress σmax 

(MPa) 

Deformation at 

maximum 

stress (mm) 

Stress at 

Rupture 

σrupt (MPa) 

Deformation at 

rupture εrupt 

(mm) 

50 705 ± 34 0.0232 14.86 21.6 ± 0.9 0.0445 15.1 ± 3.9 0.0557 

75 866 ± 28 0.0205 15.97 23.8 ± 2.3 0.0381 16.2 ± 3.0 0.0458 

100 1061 ± 71 0.0260 25.25 38.3 ± 0.8 0.0501 33.2 ± 3.0 0.071 

 
As summarized in Table 1, the results show that 

stiffness (E) and maximum stress (σ_max) increase 

significantly with infill percentage. The Young’s 

modulus for 100% infill is approximately 50% 

higher than that of 50% infill, and the maximum 

stress increases by nearly 77%—values comparable 

to those observed in recent studies on PLA printed 

with higher infill densities (Alex et al., 2025; 

Mencarelli et al., 2025). The fracture behavior 

indicates that 100% infill specimens can sustain 

higher levels of deformation before failure, a trend 

also reported in reinforced materials or those with 

greater internal material continuity (Khalili et al., 

2023). 

As shown in Table 2, the regression analysis of the 

stress–strain curves confirmed these trends. In the 

elastic region, the average slope of the curves 

increased from 704.6 to 1060.8 when going from 50% 

to 100% infill, with average determination 

coefficients (R²) between 0.90 and 0.94. In the plastic 

region, the average slopes also increased with infill 

density (from 305.5 to 556.3), with R² values above 

0.93. These results highlight that increasing material 

content contributes to greater initial stiffness as well 

as a more stable response in the post-yield region, in 

alignment with statistical models previously applied 

in the mechanical analysis of printed PLA (Son Minh 

et al., 2024; Mencarelli et al., 2025).
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Table 2: Statistical summary of slopes and determination coefficients (R²) obtained by linear regression in 
the elastic and plastic zones. 

Group Zone Average slope (m) Standard deviation Average R² 

P_50 Elástica 704.6 34.1 0.90 

P_75 Elástica 866.2 27.5 0.93 

P_100 Elástica 1060.8 70.7 0.94 

P_50 Plástica 305.5 21.0 0.93 

P_75 Plástica 431.8 26.4 0.96 

P_100 Plástica 556.3 31.2 0.97 

Table 3: Average resilience, plasticity, and toughness energy for each infill density. 
Infill Density (%) Resilience (MJ/m³) Plasticity (MJ/m³) Tenacity (MJ/m³) 

50 0.1728 0.6133 0.6704 

75 0.1635 0.5795 0.5792 

100 0.3277 1.2600 2.0283 

 
As shown in Table 3, the energy-based results 

indicate that the energy absorption capacity of PLA 
increases significantly with the infill percentage. The 
material’s toughness—defined as the total area under 
the stress–strain curve—increased from 0.6704 MJ/m³ 
at 50% to 2.0283 MJ/m³ at 100%, representing an 
increase of nearly 200%. This behavior confirms that 
specimens with higher density exhibit not only greater 
stiffness and strength but also a higher tolerance to 
deformation prior to fracture. 

Plastic energy also showed an increasing trend, 
rising from 0.6133 MJ/m³ to 1.2600 MJ/m³, indicating 
that the post-yield region significantly contributes to 
energy dissipation in the 100% infill specimens. In 
contrast, resilience values were relatively similar 
between 50% and 75%, but showed a notable increase 
at 100%, suggesting a greater capacity for elastic 
energy storage before yielding begins. 

These findings complement the previous 
mechanical analyses and provide a more 
comprehensive characterization of the structural 
behavior of 3D-printed PLA. The assessment of 
resilience, plastic, and toughness energy helps 
describe the polymer’s ability to store, dissipate, and 
absorb energy before failure—an approach commonly 
applied in energy-based analyses of metallic and 
polymeric materials (Gonzalez-Vizcarra et al., 2021). 

From a practical perspective, parts printed at 100% 
infill offer the best structural performance under 
tensile loads. However, parts printed at 50% and 75% 
may be suitable for applications where reducing 
material use and printing time takes precedence over 
achieving maximum strength, as suggested in studies 
focused on printing efficiency and process 
optimization (Alex et al., 2025; Fischbach & Weinberg, 
2023). 

4. CONCLUSIONS 

The experimental analysis of PLA specimens 
printed using FDM and tested according to the ASTM 

D638-22 standard demonstrated that infill density 
has a significant effect on the tensile properties of the 
material, as previously noted in studies on the 
influence of printing parameters on PLA's 
mechanical performance (Karad et al., 2023; Ali et al., 
2023). Increasing infill from 50% to 100% led to 
approximately a 50% increase in Young’s modulus 
and over a 70% increase in maximum stress, 
confirming that internal material continuity is a 
determining factor in load-bearing capacity—
consistent with trends reported in recent research 
(Raja et al., 2022; Khalili et al., 2023). 

Specimens with 100% infill exhibited the highest 
values of elastic modulus, maximum stress, and 
stress at break, making them suitable for applications 
where structural strength is a priority. This behavior 
aligns with findings indicating that high infill 
densities significantly enhance the stiffness and 
strength of printed PLA (Son Minh et al., 2024; 
Mencarelli et al., 2025). Specimens with 50% and 75% 
infill showed lower load-bearing capacity but may be 
considered viable options in contexts where reducing 
material usage or fabrication time is desired, 
provided the service demands are moderate. This 
supports recommendations focused on efficiency and 
sustainability in additive manufacturing (Alex et al., 
2025; Fischbach & Weinberg, 2023). 

The use of calibrated stress–strain curves, 
combined with regression fitting in the elastic and 
plastic zones, enabled the development of a 
quantitative model for the behavior of printed PLA, 
with determination coefficients (R²) generally 
exceeding 0.90. This methodological approach 
reinforces the reliability of the results and can be 
extended to future studies aimed at evaluating the 
effects of other printing parameters, such as layer 
orientation, infill pattern, or extrusion temperature—
factors already identified as critical variables in 
previous investigations (Kumar et al., 2023; Atakok et 
al., 2022). 
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