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Abstract

(1) Background: Optimizing infill density in 3D-printed PLA parts reduces material usage, cost,
and waste. This study examines mechanical behavior in the initial and hydration stages. The
findings provide valuable data for numerical simulations and engineering applications in additive
manufacturing. (2) Methods: PLA specimens were printed with infill densities of 100%, 75%, and 25%.
Mechanical tests, including tensile and compression tests, and one-hour stress-relaxation at 2% strain
were conducted. The digital image correlation method was used to obtain the strain fields on the
samples’ surface under tensile loading. Mechanical properties, including the elastic modulus, strength
values, and Poisson’s ratio, were assessed. Hydrolytic degradation effects over one month were also
evaluated. (3) Results: Lowering the PLA infill density reduced the ultimate tensile strength (from
60.04 £ 2.24 MPa to 26.24 + 0.77 MPa), Young’s modulus (from 2645.05 & 204.15 MPa to 124541 +
83.79 MPa), compressive strength (from 26.59 & 0.80 MPa to 21.83 & 1.01 MPa), and Poisson’s ratio
(from 0.32 to 0.30). A 40% mass reduction (form 100% to 25% infill density) resulted in a 56% decrease
in tensile strength and a 53% decrease in Young’s modulus. A 31% mass reduction was observed for
compression samples. Stress relaxation decreased significantly from 100% to 75% density, with further
reductions having minimal impact. Hydrated samples showed no mechanical changes compared
to baseline specimens. (4) Conclusions: Optimizing infill density in 3D-printed PLA parts helps to
balance mechanical performance with material efficiency. The best mechanical properties are typically
achieved with an infill density of 100%, but results show that decreasing the mass of the part by a
reduction in infill density from 75% to 25% does not significantly affect the ability to transfer tensile
and compression loads. PLA’s biodegradability makes it a viable alternative to stable polymers. By
minimizing material waste and enabling the efficient use of resources, additive manufacturing aligns
with the principles of a closed-loop economy, supporting sustainable development.

Keywords: polylactide; 3D printing; mechanical properties; digital image correlation;
stress relaxation

1. Introduction

Plastics production exceeded the level of 400 million tons in 2023, and the trend of yearly
production increases observed since 1950 suggests further growth [1]. Increasing production
of plastic goods has led to the generation of around 350 million tons of plastic waste each
year [2]. This shows the critical need to implement a circular plastic economy. The circular
plastic economy promotes the flow of plastics in a closed cycle, in which plastic goods at the
end of life will turn into resources, minimizing plastic pollution. A circular plastic economy
can fall into several models: (1) reuse and extend service life through repair or remanufacture;
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(2) recycling—turning old goods into new resources; (3) reducing the use of plastic or replacing
petroleum-based materials with biobased and biodegradable polymers [3,4].

Substituting plastics derived from fossil resources with polymers from renewable
resources brings several benefits related to the reduction of greenhouse gas emissions and
obtaining polymers that are easier to recycle at the end of their life through the process of
biodegradation [5]. The most commonly produced bioplastics are polylactic acid (PLA),
polyhydroxyalkanoates (PHAs), starch, cellulose, and protein-based polymers [6]. Such
polymers can be recycled through a degradation process in water, soil, and industrial
composting systems, especially in cases where plastics become highly contaminated and
are difficult to recover. Industrial composting systems meet the ISO 17088 [7] requirements
for degradation (temperature, humidity, and microbial blends), the percentage of CO, emit-
ted from bioplastics, and any toxic residues remaining. Among biodegradable polymers,
polylactic acid draws the most attention. PLA is a biodegradable and biocompatible ther-
moplastic polyester, derived from renewable resources such as cornstarch and sugarcane.
The use of natural raw materials means that PLA can degrade to carbon dioxide and water
or lactide acid oligomers, reducing the environmental impact associated with plastic waste.
The production of PLA through fermentation process in controlled polymerization of lactic
acid monomers decrease carbon emission. Thus, it has become a promising alternative
to conventional oil-based plastics [8,9]. In the context of a circular economy, PLA can be
considered as a special polymer, because it can be treated at all levels of the waste man-
agement hierarchy including source reduction (reuse), recycling (mechanical or chemical),
incineration with energy recovery, and composting at the end of its life [10-12].

The increased interest in PLA is due to its competitive prices, ease of processing, and
biodegradability. These features also contribute to its industrial applications, which can
be divided into two groups for economic reasons based on its useful life: long-lasting
(useful life > 3 years) and short-lasting (useful life < 3 years) [10]. The PLA’s properties
and performance make it suitable for food packaging application, and in this aspect, it is
widely used (except for carbonate beverage bottles) [13]. Another application area for PLA
is the automotive sector, with the majority of PLA applications in automotive components,
including items such as front panels, floor mats, car seats, pillar covers, door trims, and
headliners [14]. Another field of application for biodegradable polymers, including PLA,
is plasticulture, where the waste handling of conventional oil-based plastics carries risks
of pesticide contamination and can limit their recycling. Thus, the use of biodegradable
materials in this area is becoming increasingly popular [10]. PLA is also widely used in
many different areas of medicine [10,15,16], such as orthopedics [17], dentistry [18,19], and
ophthalmology [20]. Depending on its intended use, it can act as a temporary implant to
support the healing process, e.g., as a cellular scaffold for bone reconstruction [21], as an
attachment for ruptured ligaments or tendons [22], or in vascular stents [23], and, most
importantly, in surgical sutures [24], which can biodegrade and be bioresorbable as the
body takes over their function. The popularity of PLA in medicine is related not only to its
biodegradability (decomposed into CO, and H,0O) and versatility of application but also to
its biocompatibility (compatible with living tissues) and good strength properties [15]. PLA
is also used in prosthetics as an alternative to the traditional composite socket in femoral
stem prosthesis [25,26], and in upper limb orthoses and prostheses [27].

Despite the great promise of using PLA, there are still many challenges related to its
unsatisfactory properties (e.g., mechanical, thermal) for given applications [28,29] and the
design of cost-effective processing into intended forms and structures [10,30].

An equally important circular economy issue is the process of converting PLA into fin-
ished products. One of the methods of processing PLA is fused deposition modeling (FDM),
an additive technology that can be used to create complex structures with great precision.
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A circular plastic economy also addresses additive manufacturing as a technology used in
biodegradable polymer processing [4] and can be an option for polymer recycling processes
by using 3D-printing filaments derived from plastic waste [31,32]. The 3D printing of PLA
is associated with many parameters that should be optimized to obtain a good performance
of produced parts. Many studies show the influence of 3D-printing parameters on the
mechanical behavior of parts made from PLA [4,33,34]. Authors have demonstrated that
the mechanical performance of printed samples is influenced by infill density, infill pattern,
raster angle, layer thickness, nozzle temperature, and bed temperature.

The results of the investigation conducted on 3D-printed PLA by Rodriguez-Panes
et al. [33] showed that increasing the infill density improves mechanical strength, but a
larger layer height had the opposite effect. A higher layer thickness reduces the strength
of the component but, on the other hand, results in a shorter printing time. Orienting the
layers perpendicular to the load direction had a negative effect on the tensile strength.
Among the three-dimensional printing parameters analyzed, the authors identified filling
density (the quantity of material with which the component is 3D-printed) as the key
parameter. Albadrani compared the mechanical properties of 3D-printed PLA with 15°
and 30° raster angles and reported that by selecting raster angles in the desired directions
for printed objects, it is possible to enhance their strength and stiffness [35]. Alhazmi
et al. [34] analyzed PLA printed dog bone specimens with three different raster orientations
(£45°, 45°, and 0°) and infill densities (20%, 40%, 60%, 80%, and 100%). The optimal
mechanical performance for PLA was achieved with a raster orientation of £45°, showing
higher values of tensile strength and Young’s modulus in comparison to other orientations.
Considerable variation in Young’s modulus and tensile strength was observed at 40%, 60%,
and 80% infill densities, showing the crucial role of this parameter. Kuclourya et al. [4]
estimated that the tensile strength of 3D-printed PLA had a direct relationship with infill
density. When moving from 30% infill to 60% infill, the tensile strength increased by 15%.
It was also observed that at a 0°/90° raster angle orientation, the tensile strength was the
highest, with a decrease at a +45° raster angle.

Knowing the load capacity that 3D-printed PLA parts can transfer leads to a reduction
of the infill density, and thus the amount of material used. This approach has several
advantages during production, such as less material use and reduced manufacturing time.
These factors influence cost reduction and decrease end-of-life waste. Therefore, in order to
achieve a low weight and high strength of the product, it becomes necessary to obtain an
optimal infill density. Recent studies on lightweight design in fused deposition modeling
(FDM) have highlighted diverse strategies to reduce part mass without compromising struc-
tural integrity. Researchers have explored the role of variable infill densities in optimizing
mechanical performance, while advances in biopolymer materials have introduced new
sustainability dimensions to lightweight fabrication [4,33,34,36]. Additionally, topology
optimization algorithms have become instrumental in distributing material more efficiently
within printed components.

However, despite these developments, the literature insufficiently addresses the influ-
ence of mass reduction on load transfer behavior. The article concentrates on the influence
of infill density on the mechanical properties of PLA printed specimens under tensile and
compression load to indicate the optimal relationship between the mass of printed parts
and the capacity for load transfer. This gap is critical, as changes in weight distribution
can significantly alter how loads are transmitted through a part, potentially leading to
unanticipated stress concentrations or failure modes. Further investigation is necessary to
understand this relationship and ensure reliable design in weight-sensitive applications.
An additional aspect was to carry out stress-relaxation tests, as well as to determine the
Poisson’s ratio using the digital image correlation method. This comprehensive approach
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to assessing the mechanical properties for different stress states provides data that can
be useful for numerical analyses under different load states. The effect of hydration on
mechanical properties was initially assessed by testing samples exposed to the liquid for
one month. In our work, we analyze tensile and compressive loads for the samples with
the same printing parameters, whereas other works focus on a single load scheme, which
makes comparison of the results difficult.

2. Materials and Methods
2.1. Materials

The test specimens (for compression and tensile tests) were made using the FDM (fused
deposition modeling) method. The 3D printer MarketBot SKETCH (MarketBot Industries,
LLC, New York, NY, USA) was used with a working area of 150 x 150 x 150 mm and a layer
resolution of 100—400 um with UltiMaker Cura Cloud software V5.2 (UltiMaker, Zaltbommel,
The Netherlands). The PLA Starter filament (ROSA PLAST SP. z o.0., Hipolitow, Poland),
odorless, with a white color, a diameter of 1.75 mm, a density of 1.24 g/ cm?, and a heat
distortion temperature of 55 °C, was used. The printing parameters are presented in Table 1.

Table 1. Basic printing parameters.

Printing Parameters Value
speed of monolithic layers, mm/s 35
speed of non-monolithic layers, mm/s 50
working table temperature, °C 50
speed of extruder travel over areas where material was 30
not applied, mm/s
thickness of the invisible layers of the upper part of the 0.36
sample, mm ’
thickness of the outer top layer, mm 0.72
filament withdrawal distance, mm 5
printing temperature (print head), °C 220
infill type Diamond Fill Fast
layer height, mm 0.2
number of contours 2
raster angle, ° 0/90
density of infill, % 100, 75, 25

The Diamond Fill Fast pattern is a type of lattice with a geometric arrangement of
diamonds. It features a repetitive layout of rhombuses or diamonds, which can be filled
with various textures or left open, creating a mesh-like effect. Two types of specimens
with infill densities of 100%, 75%, and 25% (Figure 1) were printed: dumbbell-shaped
samples (Figure 1a) for tensile tests and two types of cylindrical specimens differing in
their height-to-diameter ratio, i.e., 1.5x and 3 x (Figure 1b) for compression tests. Tensile
test samples were made in accordance with ISO 527-2 [37] with regard to cross-sectional
dimensions and gauge length, and the width and length of the grip section of the specimen
were reduced. The samples were printed in a single build orientation, known as the flat
printing orientation, relative to the plane of the printer table in the Cartesian reference
system, where XY determines the plane of the table and Z direction is perpendicular to
the printer table. Each printed sample had two bottom/top layers with a thickness of
0.72 mm for outer layer and 0.36 mm for invisible layer. Every layer of infill pattern had
the thickness of 0.2 mm.
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Figure 1. Printed specimens: (a) for tensile test, (b) for compression test, (c¢) internal structure of the
sample with an infill density of 25%, (d) internal structure of the sample with an infill density of 75%,
(e) internal structure of the sample with an infill density of 100%, (f) actual printed samples without

outer layer.

2.2. Methods
2.2.1. Mechanical Tests

An MTS Insight 50 (MTS Insight™, Eden Prairie, MN, USA) universal testing machine
with a 450 kN load cell and the Test Works 4.0 software was used for tensile (in accordance
with ISO 527 standard [37]) and compression tests. The compression speed was 0.5 mm/min.
The specimens (n = 5) were compressed until their height was shortened by 2.0 mm. The
tensile test speed was 5 mm/min and the gauge length was 60 mm. Samples (n = 5) were
subjected to tension until destruction. One-hour stress-relaxation tests were also performed at
2% of tensile strain for PLA samples with three different infill densities (100%, 75%, and 25%).
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All tests (compression, tensile, and stress relaxation) were carried out at a room temperature
of 20 £ 1 °C and 40% humidity. After mechanical tests, the values of ultimate tensile strength
(UTS) and compressive strength (o.) were determined and the values of elastic modulus
(Young’s modulus (E) and compressive modulus (E.)). The tensile strength-to-weight ratio,
and the tensile stiffness-to-weight ratio (both in MPa/g), of each specimen was determined
by dividing the peak tensile stress (UTS*), and Young’s modulus (E*) by the specimen mass,
m (g), respectively. The value of residual stress (in MPa) after 1 h relaxation was obtained
in initial and after incubation stage, and the normalized stress (-) curve were calculated by
dividing the stress-relaxation data point by the peak tensile stress corresponding to 2% of
stretching and mass of each specimen.

In addition, the effect of one-month hydrolytic degradation on the mechanical proper-
ties was considered.

2.2.2. Digital Image Correlation (DIC)

In order to assess the deformation capacity of the specimens across the entire surface
during stretching and obtain values of Poisson’s ratio, the method of digital image correla-
tion (DIC) was used (Figure 2). The DIC method is an optical, non-contact measurement
tool used to assess displacement and strain in three-dimensional space. The DIC system
(Dantec Dynamics GmbH, Ulm, Germany) consisted of two 2 MPx cameras and the DIC
data processing system Istra4D V4.8.2.248 (Dantec Dynamics GmbH, Ulm, Germany). All
samples were covered with a speckle pattern (base surface—matte white acrylic paint,
dots—spraying matte black acrylic paint). Calibration was performed before the tests using
a proprietary calibration target (Al11-BMB-9 x 9, Dantec Dynamics GmbH, Ulm, Germany).
The size of the camera’s field of view was limited to the region of interest (ROI) (about
80% of sample surface) to avoid edge effects. During the tensile test, the cameras tracked
the movement of the speckle pattern and then during the analysis, the recorded images
were transformed into a 3D surface mesh using stereo-triangulation. By correlating the
reference surface mesh (for the unloaded specimen) and the subsequent generated meshes,
a map of the displacement and deformation on the specimen surface in three directions was
obtained. The Poisson’s ratio was calculated and the base of strain values for longitudinal
and transversal directions to force direction.

light
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setup for digital image correlation

DIC calculation
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Figure 2. Two-dimensional digital image correlation: (a) system configuration, (b) in-plane displace-
ment field calculation.
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2.2.3. Hydration Test

From the group of specimens of each infill density intended for tensile and compression
tests (15 mm height), five specimens were placed in Ringer’s solution (Serumwerk Bernburg
AG, Benburg, Germany): sodium chloride 8.6 g, potassium chloride 0.3 g, calcium chloride
dihydrate 0.33 g 96 ("mmol/L: Na* 147.2, K* 4, Ca** 2.25, C1~ 155.7), pH value 5.0-7.5, acidity
(titration to pH 7.4) <0.1 mmol/L, theoretical osmolarity 307 mOsm/L at 37.0 £ 0.1 °Cin a
thermal chamber (AL01-02-100 Advantage Lab, Schilde, Belgium) for 30 days. The volume of
the solution was 100 mL for the compression tests specimens (cylindrical shape) and 500 mL for
the tensile tests specimens (dumbbell-shaped). The mass of the samples was controlled using
an analytical balance (AS 160/C/2, Radwag, Radom, Poland) with an accuracy of 1 x 1074 g
before and after the incubation period. The degree of mass change was assessed as the quotient
of the post-incubation mass change (the difference between the initial and post-incubation
mass) and the initial weight. The initial mass of the dumbbell-shaped specimens was 4.2979
£ 0.7499 g, 3.9889 + 0.6294 g, and 3.6786 & 0.0862 g, and that of the 15 mm high cylindrical
specimens was 0.2339 4 0.042 g, 0.2087 4= 0.0023 g, and 1.685 + 0.0059 g for infill densities of
100%, 75%, and 25%, respectively. After the 30-day incubation process, the degree of absorption
was determined.

2.2.4. Statistical Analysis

The data presented in this study were the mean values £ standard deviation determined
by testing five samples for each case considered. Significant statistical differences between
groups of data were determined using Student’s f-test. The level of significance used was
95 per cent (i.e., p < 0.05). The basic assumptions of Student’s t-test were checked, i.e., equality
of groups (same number of observations) and homogeneity of variance (Fisher’s test).

3. Results

The change in mass of dumbbell-shaped samples and cylindrical samples after 30 days
of hydration is shown in Figure 3. Evaluation of the effect of the short-term hydration of
the samples showed that, regardless of the level of filling, the samples showed stability and
their weight changes were not significant. This was confirmed in the mechanical properties
tests, where the tested parameters for hydrated samples did not change compared to the
base samples.

initi 0.30
dumbbell shape samples Inltla|'Stage . cylindrical samples [ initial stage
after incubation BR&) after incubation
0.25 4
6 I z ) : .
T
I T 0.20 4 T
e S . T
2 5 T
&4 . ®0.15
@ ¥ @
= £
0.10 4
24
0.05
0 0.00
25 75 100 25 75 100
infill density (%) infill density (%)

(a) (b)

Figure 3. The mass change for (a) dumbbell-shaped samples, (b) cylindrical samples (3x ratio).

The use of different levels of infill density resulted in a mass redaction of 40% between
samples with a 100% and 25% infill density (for samples used for tensile and relaxation
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tests), and for cylindrical samples a reduction of 28% of the mass for triplicate samples and
33% for 1.5x samples.

3.1. Tensile and Compression Tests

During the tensile test, all samples (regardless of infill density) were characterized by a
nonlinear response of the material to loading (Figure 4). The highest values of the breaking
force were obtained for samples in their initial state with 100% filling (2401.4 & 89.7 N).
Samples with a 75% infill of density obtained 1386.3 &= 63.7 N, while the group with the
lowest infilling density obtained 1049.8 £ 30.9 N. The recorded extension (corresponding
to the maximum force) was at the level of 2.5 + 0.2 mm, 2.2 + 0.2 mm, and 2.0 + 0.1 mm
for samples with a 100%, 75%, and 25% density of infill, respectively. In each group (100%,
75%, and 25%), the 30-day incubation caused a decrease in the value of the maximum force
by 8%, 5%, and 1%, respectively, and in the corresponding elongation by 32%, 27%, and
20%, respectively. The infill density of the specimen had a significant effect on the tensile
curve, whereas the effect of hydration was only significant for specimens with a 100% infill.

3000

100% —o—; —0—
75% —o—; —o—
2500 25% —A— —A—

2000

S 1500

load (N

1000

500

[ initial stage
[ after incubation

T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0
displacement (mm)

Figure 4. Average tensile curves for PLA specimens.

The tensile tests of PLA samples with different infill densities showed a decrease in
tensile strength and modulus of elasticity values along with a decrease in infill density
(Table 2). In relation to a 100% infill density, the UTS values decreased by 42.27% (PLA_75)
and 56.29% (PLA_25) for a corresponding mass reduction of 7.18% and 14.41%, respectively.
The effect of hydration on tensile strength was statistically significant only for a 100% infill
density. As shown in Figure 5, the tensile-strength-to-weight ratio (UTS*) and the tensile
stiffness-to-weight ratio (E*) relating the obtained parameters to the mass of the samples
resulted in a significant decrease in their values when the filling density was reduced to
75%. A further reduction in infill density from 75% to 25% did not significantly reduce the
analyzed values. The values of specific strength were 9.8 £ 0.3 MPa/g, 6.8 + 0.3 MPa/g,
and 7.4 + 0.3 MPa/g for the 100%, 75%, and 25% filling densities, respectively.

Table 2. Mechanical properties obtained in tensile test.

UTS [MPa] E [MPa]
PLA_100 60.04 4+ 2.24 b 2645.05 +204.152
PLA_100i 55.50 + 1.16 P 2693.63 + 123.01
PLA_75 34.66 =159 2 1635.93 + 149.27 2
PLA_75i 33.17 £1.20 1756.61 + 87.87
PLA_25 2624 £0.772 1245.41 +83.79 @
PLA_25i 25.98 + 0.47 1329.15 + 97.23

Note: PLA_100/PLA_75/PLA_25-100%/75%/25% of infill density, i—specimens after hydration. Note: The same
lowercase letters within the columns indicate a statistically significant difference between the groups (p < 0.05).
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Figure 5. Comparison of the influence of infill density of PLA dumbbell-shaped specimens on the tensile
properties in relation to the mass: (a) ultimate tensile strength (UTS*), (b) Young’s modulus (E¥).

Analyzing the shapes of the average compression curves (Figure 6), linear and nonlin-
ear regions can be seen. The test specimens were characterized by linear stiffness up to a
force level of about 300 N and then deformed plastically. The infill density clearly affects
the material’s response during compression, whereas the load exceeded the yield strength.

initial stage: 100%—3—, 75%—0—, 25%—~—
after incubation: 100%—C—, 75%—0—, 25%——

800

infill density: —&— 25%; —0— 75%; —5— 100%
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o
600 - g="

500 - a7
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©
o
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300 aa N
200
100 -
compression test; 3x o Les compression test; 1.5x
T T T T =
0.0 05 1.0 1.5 20 0.0 ofs 1To 1?5 2?0
displacement (mm) displacement (mm)
(a) (b)

Figure 6. Comparison of the influence of infill density of PLA cylindrical specimens on the compres-
sive characteristics: (a) average compressive curves before and post incubation (3 ratio samples),
(b) average compressive curves of 1.5x ratio samples.

The character of fracture under tensile strain was brittle without delamination between
the layers of printed samples (Figure 7). In contrast, during compression, regardless of the
multiplicity of the specimens, the plastic nature of the failure was observed (the specimens
assumed a barrel shape) with no signs of cracks between the layers. This is also confirmed
by the shape of the compression curve.

By evaluating the results of the compression tests (Table 3), it can be noted that in the
group of 1.5x specimens, the difference between values of compressive modulus was not
statistically significant (p > 0.05). Similarly, in the group of 3x specimens, the differences in
modulus values were not statistically significant. The one-month incubation of the samples
did not significantly affect the variation of the compressive modulus values. Reducing the
filling density of the samples, both 1.5x and 3 x, resulted in a reduction in the compressive
strength values (statistically significant differences between the groups). The reduction in
the UTS also depended on the height of the samples used in the tests. For 1.5x samples,
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the UTS varied from 28.42% (PLA_75) to 46,42% (PLA_25), and for 3x samples, it varied
from 6.39% (PLA_75) to 17.90% (PLA_25) for a corresponding mass reduction of 7.22% and
14.45%, respectively. This showed the significant influence of the ratio of specimen height
to diameter during the compression test on the results obtained. The effect of incubation
on the compressive strength was statistically significant (p < 0.05) only for specimens with
100% fill density.

(b)

(©)

Figure 7. Comparison fracture of the specimen view: (a) fracture of the sample with an infill density
of 25%, (b) fracture of the sample with an infill density of 75%, (c) fracture of the samples with an

infill density 100%.

Table 3. Mechanical properties obtained in compression tests.

o. [MPa] E. [MPa]
1.5_PLA_100 36.24 + 3.32 24 504.60 + 9.20
1.5 PLA_75 2594 +1.822 513.60 + 11.91
1.5 PLA_25 19.42 + 0.44 @ 516.60 + 7.12
3 PLA_100 26.59 + 0.80 bed 513.2 + 9.68
3_PLA_100i 28.92 +0.96 ¢ 513.2 + 4.87
3_PLA_75 24.89 4+ 0.88 b 515.00 + 7.01
3 PLA_75i 2532 + 1.62 515.00 + 8.74
3 PLA_25 21.83 4+ 1.01be 514.60 + 3.61
3 PLA_25i 22.22 +1.24 517.40 + 3.14

Note: PLA_100/PLA_75/PLA_25-100%/75%/25% of infill density, i—specimens after hydration, 1.5/3—height
to diameter ratio. Note: The same lowercase letters within the columns indicate a statistically significant difference

between the groups (p < 0.05).
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Relating the value of Young’s modulus to the mass of the specimens tested showed
that a reduction in the infill density did not reduce the compressive stiffness of the specimen
(Figure 8a,c). For tensile strength, a decrease in tensile modulus was observed when the
infill density was reduced from 100% to 75% (Figure 8b,d). A further reduction in infill
density to 25% did not reduce the compressive strength in relation to mass.
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Figure 8. Comparison of the influence of infill density of PLA cylindrical specimens on the
compressive properties in relation to mass: (a) compressive strength, (b) compressive modulus,
(c) compressive strength of 1.5x ratio specimens, (d) compressive modulus before and post incuba-
tion (3x ratio samples).

3.2. Digital Image Correlation (DIC)

Deformations in the longitudinal (Y) and transverse (X) directions were recorded by
the digital image correlation (DIC) system. The results of the uniaxial tension tests coupled
with their corresponding DIC tensile displacement contours at frames captured just before
fracture are presented in Figures 9-11. Based on the displacement maps, the strains for
the two main directions were determined and the Poisson’s ratio values were calculated
(Figure 12). Determination of the Poisson’s ratio using a digital image correlation system
is possible through the use of a virtual gauge element. This analysis uses a virtual gauge
element in the form of a polygon, within a predefined region of interest (ROI)—the area in
which the Istra4D software V4.8.2.248 collects and averages the principal strains. Reducing
the infill density of the PLA samples resulted in the same decrease in the Poisson’s ratio
value for both infill densities, i.e., from 0.32 to 0.30 (Table 4).
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Figure 9. Results of tensile test: (a) tensile curves for specimens of 100% infill density, (b) digital image
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Figure 12. The curves obtained from DIC method for PLA sample materials with different infill
densities: (a) Poisson’s ratio vs. longitudinal strain, (b) transverse strain vs. longitudinal strain.

Table 4. Comparison of Poisson’s ratio for PLA samples determined by DIC.

Poisson’s Ratio [-]

PLA_100 0.32 +0.01 2P
PLA_75 0.30 +0.012
PLA_25 0.30 +0.01b

Note: PLA_100/PLA_75/PLA_25-100%/75%/25% of infill density. Note: The same lowercase letters within the
columns indicate a statistically significant difference between the groups (p < 0.05).

3.3. Stress Relaxation

The trend in stress relaxation was similar for all the specimens tested, with rapid
relaxation in the first 100 s, followed by a slow slope to a stabilized stress value (Figure 13).
Preliminary tests of stress relaxation at 2% strain highlighted differences between samples
with 100% infill density and those with 75 and 25% infill (Table 5). As with tensile and
compressive loading, a noticeable decrease in stress relative to the mass of the specimens is
observed when the infill density is reduced from 100% to 75%, whereas further reductions
in density do not result in a decrease in stress values.
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Figure 13. Stress-relaxation curves for PLA with different infill density: (a) stress relaxation vs. time,
(b) stress relaxation related to mass vs. time.
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Table 5. Values of maximal 0y,4x, residual 0o, and normalized 0, 411204 Stress relaxation for PLA
samples with different infill densities.

O max [MPal 0o [MPal] Tpiax [MPa/g] o, [MPa/g] Cnormalized [
PLA_100 4353 + 1.54 b 36.80 + 3.33 @b 7.11 4+ 0.25 6.02 + 0.28 0.85 + 0.01
PLA_100i 43.16 £ 0.40 35.55 £ 0.29 7.03 + 0.03 5.79 £+ 0.02 0.82 + 0.00
PLA_75 33.60+1312 26.26 +£1.102 5.93 + 0.23 4.64 +0.20 0.78 + 0.00
PLA_75i 30.09 £ 1.16 23.20 £1.32 5.32 £0.21 4.10 +£0.24 0.78 £ 0.08
PLA_25 30.62 + 0.76 23.72 +1.02° 6.04 +0.15 4.83 + 0.05 0.78 +0.02
PLA_25i 28.11 £ 0.90 21.94 £+ 0.04 5.55 + 0.18 4.33 +£0.01 0.79 + 0.03

Note: PLA_100/PLA_75/PLA_25-100%/75%/25% of infill density. i—specimens after hydration. Note: Same
lowercase letters within the columns indicate statistically significant difference between the groups (p < 0.05).

4. Discussion

Reports on the influence of infill density on the mechanical properties of 3D-printed
PLA are thoroughly documented by several authors [38—40]. The mechanical properties
under tensile loading were of main interest in these publications. The result of this study
concentrated on a more complex approach and provided data for tensile and compressive
behavior, as well as stress relaxation under constant strain in PLA. Decreasing the infill
density of 3D-printed PLA specimens resulted in a reduction in mass but also mechan-
ical properties under tensile loading, including tensile strength and Young’s modulus,
indicating deteriorated stiffness. Significantly, a comparison of these parameters to the
weight of the specimens showed that a reduction in infill density from 75% to 25% did
not significantly reduce them. In the case of compression specimens, only the strength
decreased with a reduction of infill density, whereas the values of the elastic modulus
did not change significantly between the test groups. While tensile testing data is fairly
common in the literature for 3D-printed specimens, the current work presented here re-
veals full-field longitudinal and transverse displacement contour plots highlighting the
different displacement patterns observed for the various infill densities. DIC was also used
to measure Poisson’s ratio. The DIC method complements traditional testing approaches
by offering a more comprehensive view of material behavior under stress.

Pandzic and Hodzic [41] indicated that the infill pattern has an influence on the tensile
mechanical properties (tensile strength and elastic modulus), and they referred to values
of ultimate tensile strength in the range from 38.40 to 45.57 MPa and Young’s modulus in
the range from 2.10 to 2.4 GPa, for 60% infill density. In another work [38], the authors
considered the density of the infill and its gradient, and also noted the dependence of
the strength properties on these parameters. The compressive strength increased with
the increase in the degree of filling. Considering the change in the printing density of
cylindrical specimens in the range of 80% to 10%, they recorded compressive strength
values ranging from 41.2 MPa to 0.8 MPa and modulus of elasticity values from 1500 MPa
to 10 MPa, respectively. On the other hand, by isolating two printing zones (the outer one at
a constant density level of 80% and the inner one varying from 60% to 20%), they recorded
a decrease in compressive strength from 31.7 MPa to 10.7 MPa, and a decrease in modulus
of elasticity values from 1200 MPa to 500 MPa, respectively [38]. Dave H. et al. compared
the effects of three infill density levels of 80%, 70%, and 60% and three layer heights (0.1,
0.2, and 0.3 mm) on compressive strength, obtaining values in the range of 33.13-52.93 MPa,
34.85-43.62, and 26.46-33.54, respectively [39]. Hodzic D. and Pandzic A. [40] emphasized
that the mechanical properties of 3D-printed PLA material depend heavily on the type of
infill pattern. They compared different infill patterns—concentric, grid, gyroid octet, and
triangle—as well as their densities (20%, 40%, 60%, and 80%). Their findings indicate that
the grid pattern at an 80% infill density exhibited the highest compressive strength and
modulus values. Specifically, for 20% infill, they recorded 29.1 MPa and 0.49 GPa; for 40%,
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38 MPa and 0.54 GPa; for 60%, 44.6 MPa and 0.67 GPa; and for 80%, 54.1 MPa and 0.66 GPa.
The tensile test described in the paper [42] examines 3D-printed PLA material with a infill
density of 30%, comparing various infill patterns—Hilbert, gyroid, 3D honeycomb, stars,
and honeycomb. The results indicate that the honeycomb infill exhibits the highest tensile
strength, reaching 29.4 MPa.

The ratio of the printed part’s density to the bulk material’s density is directly propor-
tional to the change in Poisson’s ratio, especially in orthotropic (directionally dependent)
materials. Poisson’s ratio in 3D-printed materials is highly tunable and depends on a com-
bination of material selection, microstructural design, print path, orientation, and density.
Print direction and raster orientation can introduce anisotropy, making Poisson’s ratio
vary depending on the direction of loading relative to the print layers [43]. The measured
Poisson’s ratio value for 100% infill density of 0.32 is in good agreement with the data
provided by Wang et al. [44] in the range of 0.32 to 0.33 depending on the raster orientation
and reported in the paper [45] for printed PLA at 0.33. The slight differences in the variation
of Poisson’s ratio values observed in our study, as well as in the literature, may be due
to the dominant influence of the outer layers on the printed samples’ deformation in the
longitudinal and transversal directions compared to the core deformation for the given
density and infill pattern.

As the results from the literature analysis show, the infill density [4,38,39], type of
infill pattern [41,42], and the direction of 3D processing [34,35,46,47] of the specimens
influence their mechanical behavior. The processing (printing) direction leads to significant
anisotropy in properties such as strength, stiffness, ductility, and failure modes. Specimens
printed with layers aligned along the loading direction show much higher strength and
stiffness compared to those printed upright or at higher angles (e.g., 90°) [48]. Tiifekci
et al. showed that the printing direction has a major impact on the tensile strength. The
obtained tensile strength values were at the level of 42, 36, and 25 MPa for PLA samples
with 100% infill density and 0°, 45°, and 90° infill orientations, respectively [46], whereas
the stress-relaxation results presented in [46] focused on the change in initial stress values
from 16.33, 13.48, and 9.55 MPa, for the 0°, 45°, and 90° infill orientations to 13. 89, 11.81,
and 8.21 MPa, after two hours of relaxation.

The stress relaxation of PLA material was the subject of the paper [47], in which the authors
referred to Young’s modulus values of 3045 + 3 MPa, 2914 + 3 MPa, and 2932 & 3 MPa for a 0°,
45°, and 90° infill orientation and normalized creep modulus values in the range of 0.85-0.89,
0.9-0.92, and 0.85-0.92 after about 10 min of relaxation for a 0°, 45°, and 90° infill orientation,
respectively.

Systemic evaluation of how 3D-printed PLA performs under different load conditions
can contribute to optimizing processing parameters, ensure material quality, and enable
the reuse of PLA in new products, thus reducing waste and resource consumption. The
results of this study can be used to evaluate how recycled and reprocessed PLA perform.
Repeated PLA recycling can lead to decreases in tensile strength (from 20.58 MPa for virgin
to 12.04 MPa for 10% virgin/90% recycled) and Young’s modulus (from 5.86 GPa for virgin
to 4.74 GPa for 10% virgin/90% recycled) [49]. Some studies report that adding recycled
PLA to virgin PLA can improve its mechanical properties, from 44.2 £ 2.18 MPa for virgin
PLA to 52.61 £ 2.28 MPa for 25% virgin/75% recycled PLA [50].

Overall, increasing the infill density of 3D-printed PLA components enhances their
mechanical properties, including tensile strength, Young’s modulus, fatigue resistance, and
impact strength [51-53]. These improvements make high-density infill settings preferable
for applications requiring robust and durable components. However, higher infill densities
result in increased mass because more material is used to fill the internal structure of the
printed object. The experimental data obtained in this study can be used in the design
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of 3D-printed components with consideration of different infilling densities in order to
optimize the mass and mechanical properties of the printed components.

5. Conclusions

The closed-loop economy, which aims to improve sustainability, is turning the attention
of manufacturers toward the thoughtful use of plastics throughout the value chain, forcing
a different approach to product design and manufacturing. One such path may be to reduce
the weight of the product. It may lower mechanical performance but can still provide
environmental benefits by reducing the volume of plastics on the market and consequently
plastic waste. The results obtained in this study show that reducing the mass of the samples
by reducing the infill density from 100% to 75% reduces mechanical properties, but a further
reduction to 25% does not significantly decrease the strength properties. When decreasing
the infill density from 100% to 25%, a 40% mass reduction was observed, which resulted
in a 56% decrease in tensile strength and a 53% decrease in Young’s modulus. A 46%
and 20% decrease in compressive strength was also observed, depending on the sample
multiplication factor (1.5x and 3, respectively). This shows that adjusting the infill density
and appropriate design strategy for 3D-printed PLA can minimize material use while
maintaining mechanical strength. This provides sustainability benefits by reducing material
consumption, energy use, and production time. Using less material aligns with circular
economy principles and supports the use of recycled or biodegradable feedstocks, further
reducing environmental impact. PLA is biodegradable and, when sourced sustainably,
has a lower carbon footprint than petroleum-based plastics. Incorporating recycled PLA
in future studies can further reduce environmental impact. Increasing the infill density
of 3D-printed PLA parts results in a heavier object with enhanced mechanical properties,
including tensile strength, stiffness, and fatigue resistance. However, the optimal infill
density may vary depending on the specific application requirements, balancing material
use and the desired mechanical performance. In addition, the ability of PLA to slowly
biodegrade is an advantage in favor of its use as a substitute for many stable polymers, the
use of which is temporarily defined or limited. Lightweight components manufactured
using 3D-printing technology are used as non-load-bearing structures in many areas of
engineering, e.g., as housings and covers, prototypes, and conceptual and educational
models, as well as everyday or decorative elements.

However, the methods of assessing the material parameters sought by the manufac-
turer should always be analyzed. In this work, attention was paid to the influence of both
the types of tests and the shapes of the samples used in the tests, as well as the level of
hydration and mass reduction, on the mechanical properties of PLA samples obtained by
3D printing. The data can be used for numerical analyses of objects manufactured using
3D printing with the application of various parameters, which can speed up the product
optimization process. Using fused deposition modeling can support the transition towards
a circular economy in the construction industry, particularly in medicine, which requires
product personalization. The study has several limitations such as focusing on a limited set
of printing parameters, limited time of water absorption, and lack of thermal and photo
aging. The search for the load transfer capacity of 3D-printed PLA should be completed by
testing under dynamic load. Future work on assessing the effect of mass reduction will
focus on obtaining an optimal set of 3D-printing parameters to increase the ability to carry
static and dynamic loads. Mechanical properties” evaluation will be enhanced by analysis
of how the infill density, infill pattern, and raster orientation affect stress concentration,
fracture resistance, and the overall mechanical performance of 3D-printed parts.

Author Contributions: Conceptualization, A.L.-K. and S.L.; methodology, S.L. and A.L.-K.; software
AL-K. and S.L.; validation A.L.-K. and S.L.; formal analysis, A.L.-K. and S.L.; investigation, A.L.-K. and



Materials 2025, 18, 3262 17 of 19

S.L.; resources, A.L.-K. and S.L..; data curation, S.t. and A.L.-K,; writing—original draft preparation, A.L.-K.
and S.L.; writing—review and editing, A.L.-K. and S.L.; visualization, S.k. and A.L.-K; supervision, A.L.-K.
and S.L.; project administration, A.L.-K.; funding acquisition, A.L.-K. and S.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Global Plastic Production 19502023, Published by Statista Research Department. Available online: https://www.statista.com/
(accessed on 8 May 2025).

2. Plastic Waste Worldwide—Statistics & Facts, Published by Bruna Alves. Available online: https://www.statista.com/ (accessed
on 8 May 2025).

3. King, S.; Locock, K.E.S. A circular economy framework for plastics: A semi-systematic review. J. Clean. Prod. 2022, 364, 132503.
[CrossRef]

4. Kuclourya, T.; Monroy, R.; Ahmad, R. Design of experiments to compare the reprocessing effect with Fused Deposition Modeling
printing parameters on mechanical properties of polylactic acid specimens towards circular economy. Prog. Rubber Plast. Recycl.
Technol. 2023, 39, 111-140. [CrossRef]

5. Sheldon, R.; Norton, M. Green chemistry and the plastic pollution challenge: Towards a circular economy. Green Chem. 2020, 22,
6310-6322. [CrossRef]

6. Karan, H.; Funk, C.; Grabert, M.; Oey, M.; Hankamer, B. Green bioplastics as part of a circular bioeconomy. Plant Sci. ]. 2019, 24,
237-249. [CrossRef]

7. ISO 17088:2021; Plastics—Organic Recycling—Specifications for Compostable Plastics. ISO: Geneva, Switzerland, 2021.

8. Mosomi, E.K.; Olanrewaju, O.A.; Adeosun, S.O. Pivotal role of polylactide in carbon emission reduction: A comprehensive review.
Eng. Rep. 2024, 6, €12909. [CrossRef]

9. Yu, J.; Xu, S.; Liu, B.; Wang, H.; Qiao, F; Ren, X.; Wei, Q. PLA bioplastic production: From monomer to the polymer. Eur. Polym. ].
2023, 193, 112076. [CrossRef]

10. Castro-Aguirre, E.; Ifiiguez-Franco, F; Samsudin, H.; Fang, X.; Auras, R. Poly(lactic acid)}—Mass production, processing, industrial
applications, and end of life. Adv. Drug Deliv. Rev. 2016, 107, 333-366. [CrossRef]

11.  Rossi, V.; Cleeve Edwards, N.; Lundquist, L.; Schenker, U.; Dubois, C.; Humbert, S.; Jolliet, O. Life cycle assessment of end-of-life
options for two biodegradable packaging materials: Sound application of the European waste hierarchy. J. Clean. Prod. 2015, 86,
132-145. [CrossRef]

12.  Shamsuyeva, M.; Endres, H.-]J. Plastics in the context of the circular economy and sustainable plastics recycling: Comprehensive
review on research development, standardization and market. Compos. Part C 2021, 6, 100168. [CrossRef]

13.  Swetha, T.A,; Bora, A.; Mohanrasu, K.; Balaji, P.; Raja, R.; Ponnuchamy, K.; Muthusamy, G.; Arun, A. A comprehensive review
on polylactic acid (PLA)—Synthesis, processing and application in food packaging. Int. |. Biol. Macromol. 2023, 234, 123715.
[CrossRef]

14. Giammaria, V.; Capretti, M.; Del Bianco, G.; Boria, S.; Santulli, C. Application of poly(lactic acid) composites in the automotive
sector: A critical review. Polymers 2024, 16, 3059. [CrossRef] [PubMed]

15.  Khouri, N.G.; Bahd, J.O.; Blanco-Llamero, C.; Severino, P.; Concha, V.O.C.; Souto, E.B. Polylactic acid (PLA): Properties, synthesis,
and biomedical applications—A review of the literature. J. Mol. Struct. 2024, 1309, 138243. [CrossRef]

16. DeStefano, V.; Khan, S.; Tabada, A. Applications of PLA in modern medicine. Eng. Regen. 2020, 1, 76-87. [CrossRef] [PubMed]

17.  Al-Shalawi, ED.; Hanim, M.A.; Ariffin, M.K.A_; Kim, C.L.S.; Brabazon, D.; Calin, R.; Al-Osaimi, M.O. Biodegradable synthetic
polymer in orthopaedic application: A review. Mater. Today Proc. 2023, 74, 540-546. [CrossRef]

18. Kharmanda, G. Challenges and Future Perspectives for Additively Manufactured Polylactic Acid Using Fused Filament Fabrica-
tion in Dentistry. J. Funct. Biomater. 2023, 14, 334. [CrossRef]

19. Charasseangpaisarn, T.; Wiwatwarrapan, C.; Thunyakitpisal, P.; Srimaneepong, V. Development of poly(methyl methacry-

late) /poly(lactic acid) blend as sustainable biomaterial for dental applications. Sci. Rep. 2023, 13, 16904. [CrossRef]


https://www.statista.com/
https://www.statista.com/
https://doi.org/10.1016/j.jclepro.2022.132503
https://doi.org/10.1177/14777606221145702
https://doi.org/10.1039/D0GC02630A
https://doi.org/10.1016/j.tplants.2018.11.010
https://doi.org/10.1002/eng2.12909
https://doi.org/10.1016/j.eurpolymj.2023.112076
https://doi.org/10.1016/j.addr.2016.03.010
https://doi.org/10.1016/j.jclepro.2014.08.049
https://doi.org/10.1016/j.jcomc.2021.100168
https://doi.org/10.1016/j.ijbiomac.2023.123715
https://doi.org/10.3390/polym16213059
https://www.ncbi.nlm.nih.gov/pubmed/39518267
https://doi.org/10.1016/j.molstruc.2024.138243
https://doi.org/10.1016/j.engreg.2020.08.002
https://www.ncbi.nlm.nih.gov/pubmed/38620328
https://doi.org/10.1016/j.matpr.2022.12.254
https://doi.org/10.3390/jfb14070334
https://doi.org/10.1038/s41598-023-44150-2

Materials 2025, 18, 3262 18 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

Tsui, ] K.S.; Bell, S.; da Cruz, L.; Dick, A.D.; Sagoo, M.S. Applications of three-dimensional printing in ophthalmology. Surv.
Ophthalmol. 2022, 67, 1287-1310. [CrossRef]

Zimina, A.; Senatov, F.; Choudhary, R.; Kolesnikov, E.; Anisimova, N.; Kiselevskiy, M.; Orlova, P.; Strukova, N.; Generalova, M.;
Manskikh, V.; et al. Biocompatibility and physico-chemical properties of highly porous PLA /HA scaffolds for bone reconstruction.
Polymers 2020, 12, 2938. [CrossRef]

Stodolak-Zych, E.; Ficek, K.; Wieczorek, ].; Kajor, M.; Gryn, K.; Rapacz-Kmita, A.; Rajca, J.; Kosenyuk, Y.; Stolarz, M.; Blazewicz, S.
Assessment of sheep knee joint after ACL replacement with Achilles tendon autograft and PLA-based implant. J. Mech. Behav.
Biomed. Mater. 2022, 125, 104923. [CrossRef]

Guerra, A.].; Cano, P; Rabionet, M.; Puig, T.; Ciurana, J. 3D-Printed PCL/PLA Composite Stents: Towards a New Solution to
Cardiovascular Problems. Materials 2018, 11, 1679. [CrossRef]

Alhulaybi, Z.A. Fabrication and characterization of poly(lactic acid)-based biopolymer for surgical sutures. ChemEngineering 2023,
7,98. [CrossRef]

Paz-Gonzilez, J.A.; Velasco-Santos, C.; Villarreal-Gémez, L.J.; Alcudia-Zacarias, E.; Olivas-Sarabia, A.; Cota-Leal, M.A.; Flores-
Lépez, L.Z.; Gochi-Ponce, Y. Structural composite based on 3D printing polylactic acid/carbon fiber laminates (PLA/CFRC) as an
alternative material for femoral stem prosthesis. J. Mech. Behav. Biomed. Mater. 2023, 138, 105632. [CrossRef] [PubMed]

Jin, Y.-A ; Plott, J.; Chen, R.; Wensman, J.; Shih, A. Additive Manufacturing of Custom Orthoses and Prostheses—A Review. Proc.
CIRP 2015, 36, 199-204. [CrossRef]

Morimoto, S.Y.U.; Cabral, A.K.PS.; Sanguinetti, D.C.M.; Freitas, E.S.R.; Merino, G.5.A.D.; Costa, J.A.P; Coelho, WK.; Amaral, D.S.
Upper limbs orthesis and prostheses printed in 3D: An integrative review. Cad. Bras. Ter. Ocup. 2021, 29, e2078. [CrossRef]
Tébi, T.; Ageyeva, T.; Kovacs, ].G. Improving the ductility and heat deflection temperature of injection molded Poly(lactic acid)
products: A comprehensive review. Polym. Test. 2021, 101, 107282. [CrossRef]

Freeland, B.; McCarthy, E.; Balakrishnan, R.; Fahy, S.; Boland, A.; Rochfort, K.D.; Dabros, M.; Marti, R.; Kelleher, S.M.; Gaughran,
J. A review of polylactic acid as a replacement material for single-use laboratory components. Materials 2022, 15, 2989. [CrossRef]
RameshKumar, S.; Shaiju, P.; O’Connor, K.E.; Ramesh Babu, P. Bio-based and biodegradable polymers—State-of-the-art, challenges
and emerging trends. Curr. Opin. Green Sustain. Chem. 2020, 21, 75-81. [CrossRef]

Mikula, K.; Skrzypczak, D.; Izydorczyk, G.; Warchot, J.; Moustakas, K.; Chojnacka, K.; Witek-Krowiak, A. 3D printing filament as
a second life of waste plastics—A review. Environ. Sci. Pollut. Res. 2021, 28, 12321-12333. [CrossRef]

DePalma, K.; Walluk, M.R.; Murtaugh, A.; Hilton, J.; McConky, S.; Hilton, B. Assessment of 3D printing using fused deposition
modeling and selective laser sintering for a circular economy. J. Clean. Prod. 2020, 264, 121567. [CrossRef]

Rodriguez-Panes, A.; Claver, J.; Camacho, A.M. The influence of manufacturing parameters on the mechanical behaviour of PLA
and ABS pieces manufactured by FDM: A comparative analysis. Materials 2018, 11, 1333. [CrossRef]

Alhazmi, M.W.; Backar, A.H. Influence of infill density and orientation on the mechanical response of PLA specimens produced
using FDM 3D printing. Int. ]. Adv. Sci. Technol. 2020, 29, 3362-3371.

Albadrani, M.A. Effects of raster angle on the elasticity of 3D-printed polylactic acid and polyethylene terephthalate glycol.
Designs 2023, 7, 112. [CrossRef]

Zaneldin, E.; Ahmed, W.; Mansour, A.; Hassan, A.E. Dimensional stability of 3D printed objects made from plastic waste using
FDM: Potential construction applications. Buildings 2021, 11, 516. [CrossRef]

ISO 527:2019; Plastics—Determination of Tensile Properties—Part 1: General Principles. ISO: Geneva, Switzerland, 2019.
Maszybrocka, J.; Dworak, M.; Nowakowska, G.; Osak, P.; Losiewicz, B. The influence of the gradient infill of PLA samples
produced with the FDM technique on their mechanical properties. Materials 2022, 15, 1304. [CrossRef]

Dave, HK,; Rajpurohit, S.R; Patadiya, N.H.; Dave, S.J.; Sharma, K.S.; Thambad, S.S.; Srinivasn, V.P; Sheth, K.V. Compressive
strength of PLA based scaffolds: Effect of layer height, infill density and print speed. Int. J. Mod. Manuf. Technol. 2019, 11, 21-27.
Hodzic, D.; Pandzic, A. Influence of infill design on compressive and flexural mechanical properties of FDM printed PLA material.
Ann. DAAAM Proc. 2021, 32, 0191-0199.

Pandzic, A.; Hodzic, D. Mechanical properties comparison of PLA, tough PLA and PC 3D printed materials with infill structure—
Influence of infill pattern on tensile mechanical properties. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1208, 012019. [CrossRef]
Eryildiz, M. The effects of infill patterns on the mechanical properties of 3D printed PLA parts fabricated by FDM. Ukr. J. Mech.
Eng. Mater. Sci. 2021, 7, 1-8. [CrossRef]

Torrente-Prato, G.; Sosa-Vivas, L.; Gonzalez-Delgado, J.; Hernandez-Silva, H.; Leén-Molina, H. Experimental and numerical
study of the orthotropic behavior of 3D printed polylactic acid by material extrusion: Part two: An analysis about Poisson’s ratios.
Prog. Addit. Manuf. 2025, 10, 2335-2350. [CrossRef]

Wang, X.; Zhao, L.; Fuh, ].Y.H.; Lee, H.P. Effect of porosity on mechanical properties of 3D printed polymers: Experiments and
micromechanical modeling based on X-ray computed tomography analysis. Polymers 2019, 11, 1154. [CrossRef]

Ferreira, R.T.L.; Amatte, I.C.; Dutra, T.A.; Biirger, D. Experimental characterization and micrography of 3D printed PLA and PLA
reinforced with short carbon fibers. Compos. Part B Eng. 2017, 124, 88-100. [CrossRef]


https://doi.org/10.1016/j.survophthal.2022.01.004
https://doi.org/10.3390/polym12122938
https://doi.org/10.1016/j.jmbbm.2021.104923
https://doi.org/10.3390/ma11091679
https://doi.org/10.3390/chemengineering7050098
https://doi.org/10.1016/j.jmbbm.2022.105632
https://www.ncbi.nlm.nih.gov/pubmed/36543084
https://doi.org/10.1016/j.procir.2015.02.125
https://doi.org/10.1590/2526-8910.ctoao2078
https://doi.org/10.1016/j.polymertesting.2021.107282
https://doi.org/10.3390/ma15092989
https://doi.org/10.1016/j.cogsc.2019.12.005
https://doi.org/10.1007/s11356-020-10657-8
https://doi.org/10.1016/j.jclepro.2020.121567
https://doi.org/10.3390/ma11081333
https://doi.org/10.3390/designs7050112
https://doi.org/10.3390/buildings11110516
https://doi.org/10.3390/ma15041304
https://doi.org/10.1088/1757-899X/1208/1/012019
https://doi.org/10.23939/ujmems2021.01-02.001
https://doi.org/10.1007/s40964-024-00753-3
https://doi.org/10.3390/polym11071154
https://doi.org/10.1016/j.compositesb.2017.05.013

Materials 2025, 18, 3262 19 of 19

46.

47.

48.

49.

50.

51.

52.

53.

Tifekci, K.; Cakan, B.G.; Kiigtikakarsu, V.M. Stress relaxation of 3D printed PLA of various infill orientations under tensile and
bending loadings. J. Appl. Polym. Sci. 2023, 140, €54463. [CrossRef]

Bertocco, A.; Bruno, M.; Armentani, E.; Esposito, L.; Perrella, M. Stress relaxation behavior of additively manufactured polylactic
acid (PLA). Materials 2022, 15, 3509. [CrossRef] [PubMed]

Vanaei, S.; Rastak, M.; Vanaei, H.; Magri, E.; Tcharkhtchi, A.; Raissi, K. Orientation-dependent mechanical behavior of 3D printed
polylactic acid parts: An experimental-numerical study. Machines 2023, 10, 2335-2350. [CrossRef]

Aly, R.; Olalere, O.; Ryder, A.; Alyammahi, M.; Samad, W.A. Mechanical property characterization of virgin and recycled PLA
blends in single-screw filament extrusion for 3D printing. Polymers 2024, 16, 3569. [CrossRef]

Bergaliyeva, S.; Sales, D.L.; Delgado, EJ.; Bolegenova, S.; Molina, S.I. Manufacture and characterization of polylactic acid filaments
recycled from real waste for 3D printing. Polymers 2023, 15, 2165. [CrossRef]

Gawel, A.; Kuciel, S.; Liber-Kne¢, A.; Mierzwiriski, D. Examination of low-cyclic fatigue tests and Poisson’s ratio depending on
the different infill density of polylactide (PLA) produced by the fused deposition modeling method. Polymers 2023, 15, 1651.
[CrossRef]

Gunasekaran, K.N.; Aravinth, V.; Kumaran, C.B.M.; Madhankumar, K.; Kumar, S.P. Investigation of mechanical properties of PLA
printed materials under varying infill density. Mater. Today Proc. 2021, 45, 1849-1856. [CrossRef]

Ali, S.; Abdallah, S.; Devjani, D.; John, J.; Samad, W.; Pervaiz, S. Effect of build parameters and strain rate on mechanical properties
of 3D printed PLA using DIC and desirability function analysis. Rapid Prototyp. J. 2022, 29, 92-111. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/app.54463
https://doi.org/10.3390/ma15103509
https://www.ncbi.nlm.nih.gov/pubmed/35629535
https://doi.org/10.3390/machines11121086
https://doi.org/10.3390/polym16243569
https://doi.org/10.3390/polym15092165
https://doi.org/10.3390/polym15071651
https://doi.org/10.1016/j.matpr.2020.09.041
https://doi.org/10.1108/RPJ-11-2021-0301

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Mechanical Tests 
	Digital Image Correlation (DIC) 
	Hydration Test 
	Statistical Analysis 


	Results 
	Tensile and Compression Tests 
	Digital Image Correlation (DIC) 
	Stress Relaxation 

	Discussion 
	Conclusions 
	References

