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ABSTRACT

This study investigates the effects of infill orientation, infill density, and printing speed on the mechanical behavior
of PLA, ABS, and PETG materials. Using Taguchi’s DoE approach, relevant mechanical properties determined
from uniaxial tensile and four-point bending tests were statistically analyzed to assess their significance. Results
indicate that infill orientation and infill density significantly influence the mechanical properties of the materials,
whereas printing speed showed minimal impact. The stress-strain for the three materials determined from uniaxial
are presented. Furthermore, 3D surfaces plots describing the interaction between the parameters are presented and
discussed. These findings provide systematized and accessible information for optimizing 3D printing parameters
and calibrating finite element models to predict the behavior of printed components under tensile and bending loads.
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INTRODUCTION

Additive Manufacturing (AM) has emerged as
a robust technology for prototyping across vari-
ous sectors, offering significant reductions in cost
and manufacturing time. It enables the creation of
complex structures through layer-by-layer mate-
rial deposition using digitally controlled tools, en-
suring high precision and minimal material waste.
[1, 2]. Also, on-demand and customized products
will significantly reduce the need for assembly op-
erations and inventory, leading to a quicker trans-
fer to the final consumer [3]. Industries such as
automotive [4], acrospace, and medical [5, 6] have
embraced AM prototyping and product develop-
ment technologies. Among the various techniques
in AM, methods like fusion deposition model-
ing (FDM) have emerged as particularly relevant
due to their flexibility and low cost of thermo-
plastic materials such as polylactic acid (PLA),

acrylonitrile butadiene styrene (ABS), and poly-
ethylene terephthalate (PETG). According to Car-
neiro et al. [7], FDM is showing excellent pros-
pects for product development with the ability to
compete against conventional polymer processing
techniques such as plastic injection. In the fore-
cast presented in the Market Research Report, the
global additive manufacturing market will grow
exponentially in the coming years, from USD
453.3 million in 2020 to USD 1,496.7 million in
2028. However, the success of adopting the AM
as a technology for the manufacture of commer-
cial components relies on the performance of the
parts during the on-serving life cycle, compliance
with the established standards, and assurance of
the mechanical and physical material properties.
Furthermore, the production cost must be compet-
itive with the current manufacturing processes. To
fulfill this purpose, analyzing the influence of the
printing parameters on the mechanical properties
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of thermoplastic materials under several load con-
ditions is vital to knowing the capabilities of the
printed products.

During the last decade, several authors have
focused on investigating the mechanical behavior
of 3D-printed materials. Cojocaru et al. [8] pre-
sented a detailed review of process parameters
that influence the strength of the PLA under the
uniaxial tensile test showing that the ultimate
tensile strength (UTS) is slightly affected by the
layer thickness and printing speed, pointing out
that a high material flow rate reduces the solidi-
fication time, promoting the adhesion mechanism
between layers. Akhoundi and Behravesh [9] ana-
lyzed the effect of infill patterns and densities on
tensile strength, flexural strength, and elasticity
modulus in PLA specimens. The results showed
that the higher strength under tensile and flexural
loads was obtained using a concentric infill pat-
tern. Also, short printing paths help to maintain
a stable temperature, contributing to the bond-
ing of the adjacent filaments and increasing the
strength resistance of the material. Travieso et al.
[10] conducted an experimental study employing
bending and fatigue tests in PLA specimens. A
design of experiments (DoE) based on Taguchi’s
formulation with six parameters and three levels
was implemented. The statistical analysis of the
bending tests shows that the layer orientation,
layer height, and filament width strongly influ-
ence the Young modulus, yield strength, and ul-
timate strength. Cantrell et al. [11] evaluated the
anisotropy of FDM-printed ABS specimens by
uniaxial and shear tests. Raster orientations of
[+45/-45], [+30/-60], [+15/-75], [0/90], and build
orientations on in-plane, edge, and up-right were
analyzed. Uniaxial tensile results show that an
in-plane specimen’s strain energy density can be
91% higher than up-right specimens for the same
raster orientation. Samykano et al. [12] show the
uniaxial tensile results of ABS specimens consid-
ering three raster angles (0°, 45°, and 90°), three
infill densities (40, 60, and 80%), and three-layer
heights (0.35, 0.4 and 0.5 mm). Reported results
show that the increase in the infill density is di-
rectly related to the material strength expressed
in terms of the Young modulus and UTS. Sepahi
et al. [13] analyzed the mechanical properties of
uniaxial tensile in PLA, ABS, and PETG speci-
mens using different raster angles. In summary
of the work, PETG offers a better elongation to
break than PLA and ABS materials. Also, it is
reported that the fracture type (brittle or ductile)
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depends on the raster orientation in the specimens.
This fact was demonstrated through SEM micro-
graphs of the specimens. Khan et al. [14] tested
uniaxial and bending specimens printed with
rectilinear, concentric, honey-comb, and Hilbert
curve patterns. Reported results showed that the
rectilinear pattern increased the Young modulus
to 10.51 GPa and tensile strength up to 19.1 MPa.
Shubham et al. [15] analyzed the influence of
layer thickness on printed and molded injected
tensile samples. Four-layer thicknesses of 0.075,
0.1, 0.25, and 0.5 mm were studied. Experimen-
tal results showed that injected samples exhibited
higher tensile, impact strength, and hardness. For
the 3D printed samples, it was found that increas-
ing the thickness layer affects the mechanical
behavior of samples. Based on Taguchi’s model,
Valvez et al. [16] conducted a statistical analysis
to evaluate the effect of nozzle temperature, print-
ing speed, layer height, and filling in fabricated
PETG and PETG+CF (carbon fiber) specimens.
Results showed that higher strength values were
attained for samples with thinner layers. This is
because thicker layers overlapping the previous
ones have already solidified, which does not guar-
antee a good adhesion between them. Thus, the
analysis must include nozzle temperature to opti-
mize solidification and adhesion conditions. Also,
in recent works, authors have devoted their efforts
to analyzing new composite filaments [17-20],
thermal processes [21-24], and surface finishing
processes [25] to enhance the mechanical perfor-
mance of the materials. Rahmatabadi et al. [26]
conducted a complete experimental study to de-
termine the mechanical properties under tension,
compression, bending, shear, and fracture tests.
The specimens were fabricated by using a PLA-
TPU compound matrix at different temperatures.
The results showed that TPU (Thermoplastic Poly-
uretane) added flexibility to the matrix while PLA
effectively increased its strength. Chueca et al.
[27] investigated the effect of the ball burnishing
process as a surface plastic deformation method
on the tensile, flexural, flexural fatigue and impact
mechanical properties of a PEI thermoplastic. Fol-
lowing Taguchi’s model, the experiments showed
that burnishing force and number of passes are the
most significant parameters for improving surface
quality. Also, the hardness of the material substan-
tially increased concerning the raw material.
Furthermore, authors have been focused on
the use of material parameters for the calibra-
tion of finite element (FE) models, to predict its
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response under several loading conditions. Perera
et al. [28] used the FE simulation as a virtual ma-
chine to determine the optimal mechanical proper-
ties of hollow structures before printing. The study
was conducted using tensile and bending tests in
ABS and PLA materials. Results confirmed that
the FE models were able to predict the tensile and
bending behavior in a plastic deformation range.
However, the failure of the materials was under-
estimated. Abbot et al. [29] evaluated the density
and infill orientation of compression specimens
fabricated from TPU, PETG, and PLA materials
by FDM process. From the experimental and nu-
merical results, it is concluded that advanced nu-
merical models are necessary to represent the ef-
fect of voids between layers generated in the print-
ing process. Alarifi [30] evaluated the mechanical
properties of four types of cellular structure (solid,
circle, hexagonal auxetic, and reentrant) by uniax-
ial tensile test. Specimens of PETG/CF were fab-
ricated using FDM. FE analyses were conducted
to evaluate the mechanical response of a structural
component constructed with the proposed cellu-
lar structures. Results show that reentrant struc-
ture can be customized to redistribute the flexural
stress in components. Also, FE modeling allowed
to demonstrate the exceptional bending resistance
of auxetic panels; making them suitable for en-
ergy absorption applications. Alharbi et al. [31]
reproduced the uniaxial stress-strain response of a
PLA tensile specimen using a nonlinear analysis.
Mechanical properties such as Young’s modulus,
Poisson ratio, yield strength, and ultimate stress
were used to calibrate the FE model, guaranteeing
a maximum difference of 6.7% between the nu-
merical and experimental results. Savik et al. [32]
used a combined approach to evaluate the fracture
resistance of PLA specimens under uniaxial load-
ing. To capture the strain field, an advanced digital
image correlation (DIC) system was used. The FE
model with a brittle fracture criterion governed
by the Hashing damage model was implemented.
Results show that FE simulation reproduces in
good agreement the experiments in different raster
angles (0°, 45°, 90°). However, further studies are
necessary for different materials. Provaggi et al.
[33] used FE analysis to evaluate the mechanical
performance of a lumbar fusion cage. Experimen-
tally, the influence of the infill pattern, infill densi-
ty, and type of material were evaluated. FE results
show that honeycomb structures exhibited higher
compressive properties and dimensional accuracy
than rectangular patterns.

Based on the reviewed information, due to the
vast number of parameters that can be modified
in the printing process, coupled with many manu-
facturers, there are no definitive conclusions on
the effect of all the parameters on the mechanical
performance of 3D printed components. Further-
more, the wide variety of raw printing materials
increases the variability of mechanical param-
eters. Thus, this work aims to analyze and dis-
cuss the mechanical properties determined from
uniaxial tensile and four-point bending tests in
additive-manufactured specimens by including
three of the most relevant printing parameters.
The results obtained in this work will be helpful
for identification of the best parameter combina-
tions that enhance the mechanical performance of
the analyzed materials. Also, these experimental
results will be useful in future work considering
finite element simulation as a key tool to evaluate
the performance of 3D printed components.

EXPERIMENTAL PROCEDURES

Materials and specimens’ manufacture

This experimental study assesses material be-
havior under uniaxial tensile and bending loads
in PLA, ABS, and PETG. The ASTM D638
(Type 1) and ASTM D6272 standards defined the
uniaxial tensile and bending specimen’s geome-
tries and test parameters, respectively. Due to the
difference in the material composition and ther-
mal properties of the printed materials, specific
nozzles and beds temperatures were used for each
material, as listed in Table 1.

The specimens were fabricated in a Anycubic
KobraMax printer with 450 x 400 x 400 mm of
printing space. Filaments with 1.75 mm diameter
from the brand Color Plus and a nozzle of 0.4 mm
were used. Ultimaker cura software was used for
the specimens preprocessing and G-code genera-
tion, considering a layer height of 0.15 mm, five top
and bottom layers, 0.8 mm of wall thickness, a skirt
build plate adhesion type and a lines infill pattern.

Taguchi experimental design

A design of experiments (DoE) based on the
Taguchi L9 was considered for the tensile and
four-point bending specimens to analyze the ex-
perimental results statistically. Three parameters
and three levels that have a high impact on the
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Table 1. Bed and nozzle temperatures for printing
PLA, ABS and PETG

Material Bed Temp (°C) Nozzle Temp (°C)
PLA 60 200
ABS 80 240
PETG 70 240

mechanical behavior of the materials listed in
Table 2, were considered. To ensure the repeat-
ability of the experiments, each condition was as-
sessed in triplicate.

Table 3 lists the nine experimental conditions
(T1 to T9) generated by the factorial design for
each material. These conditions vary from infill
orientation, infill density, and printing speed,
serving as the basis for mechanical testing.

Experimental setup for tensile
and bending tests

Figure 1 a) shows the experimental setup of
the uniaxial tensile test conducted in the univer-
sal testing machine Instron 8872, with a 25 kN
load capacity. Hydraulic jaws with a clamping
pressure of 100 psi were used, enough to hold the
specimens without deformation in the clamping
zone. A 50 mm gage length extensometer was
used to measure the strain during the experiments
(Figure 1 b). To consider the effect of the thin-
ning related to the transverse deformation (,) and
through thickness deformation (g,) the instanta-
neous deformation ¢ (true strain) defined by the
Equation 1, were considered.

LdL L A
e=| —=In (—) =1In (—) (1)
o L Lo Ay

where: L, and A4, are the initial length and area,
respectively, L and A are the final length
and area, respectively.

Also, by assuming a constant volume
through the incompressibility condition where
g, T &,+¢,= 0, the stress considering the change

Table 2. Parameters and levels used in the factorial DoE

in the cross-sectional area (true stress) is ex-
pressed in Equation 2:

or =In(1+e) 2

where: e is the engineering strain.

A four-point bending tooling designed under
the ASTM D6272 standard was adapted to the
universal testing machine, as shown in Figure 2.
The load was recorded using a load cell with a
precision of 0.002% of the maximum load. Rect-
angular specimens of 104 mm in length, 16 mm
in width, and 5 mm in thickness were fabricated
and placed between two circular fixed supports
with 80 mm span, as is illustrated in Figure 3. A
rigid double-punch loaded the specimens with a
constant crosshead speed of 2.368 mm/min, up to
one of the following conditions takes place: i) a
maximum longitudinal strain of 5% is reached,
ii) fracture occurs in the specimen before 5%
of longitudinal strain. Under pure bending load
conditions, the maximum stress was localized at
the midpoint of the specimens, corresponding to
the region of maximum deflection. The deflection
was quantified through a quadrangular grid posi-
tioned at the rear of the experimental apparatus.

RESULTS AND DISCUSSIONS

The following section presents a detailed
analysis of the tensile and bending responses, em-
phasizing the impact of infill orientation and infill
density on material performance.

Uniaxial tensile results

The uniaxial stress-strains curves determined
for the nine T-combinations are presented in Fig-
ure 4, Figure 5, and Figure 6; for the PLA, ABS,
and PETG, respectively.

It can be observed that the printing process
influences the workhardening represented by
the plastic part of the stress-strain curves. For
the PLA, for the T1, T2 and T3 specimens (infill

Level
Parameter
1 2 3
Infill density [%] 50 75 100
Infill orientation [°] 0 45 90
Printing speed [mm/seg] 10 50 90
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Table 3. Rectangular matrix based on Factorial Design

Set Infill or;::‘]ntation Infill density [%] Pri{\;:nmgjsir;?ed
T1 0 50 10
T2 0 75 50
T3 0 100 90
T4 45 50 50
T5 45 75 90
T6 45 100 10
T7 90 50 90
T8 90 75 10
T9 90 100 50

orientation parallel to the loading axis), the ma-
terial exhibits a sharp yield point in the elastic
part followed by a stagnated plastic deforma-
tion zone, like an elastic-perfect plastic material.
However, for the other printing orientations (di-
agonal and transverse), an almost linear elastic
behavior is observed.

ABS samples printed in a parallel direction
show a larger elastic zone and a significantly
lower Young’s modulus compared to PLA ma-
terial. However, a reduced plastic zone with a
softening (opposite to workhardening) behavior
is observed. On the other hand, for the diagonal
and transverse directions, a not clear transition
between the elastic and plastic zones is observed,
and a reduced ultimate strain with values around
0.015 < ¢ <is exhibited.

Finally, the stress-strain curves of the PETG
material show a linear elastic behavior with a brit-
tle fracture appearance during the tests. However,
the tensile strength values for PETG are notably
higher than those of PLA and ABS under similar
conditions, except for the T4 and T7 specimens.
This superior performance can be attributed to
enhanced interlayer bonding, as suggested by
other studies reporting tensile strengths for PETG
in the range of 30-50 MPa, significantly higher
than typical values for PLA (2040 MPa) and
ABS (20-35 MPa) under comparable conditions
[13, 15]. These results highlight PETG’s potential
for higher strength and stiffness applications, par-
ticularly in load-bearing components.

The mechanical properties determined from
the uniaxial tensile test under each condition are
listed in Table 4, Table 5, and Table 6 for the PLA,
ABS, and PETG, respectively. In those tables: M —
Material, £ — Young modulus, Sy — Yield strength,
Su — Ultimate strength, and ¢ — Ultimate strain.

To detect outliers from normality and guar-
antee the correct statistical behavior of the data,
the Anderson-Darling (AD) test was used for the
four variables. From all the data, only the values
of the ultimate strain for PLA material did not ac-
complish the assumption of normality; hence, for
this response, the natural log transformation was
applied. The ANOVA results were analyzed with
a 95% confidence level for E, Sy, Su, and ¢ for
PLA, ABS, and PETG materials. If the p-value of

115 mm
165 mm

|13 mm|
—

b)

Figure 1. a) Experimental setup of the uniaxial tensile test according to the ASTM D638;
b) Dimensions of the specimen
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Figure 2. Experimental setup of the four-point
bending test according to the ASTM D6272

the source is below 0.05, it shows the significance
of the parameter. The percentage contribution of
the parameters to each response obtained from
the sum of squares was also calculated.

For the PLA material, the most significant
factor influencing all responses in this study was
the infill orientation, which aligns with findings in
the literature [8]. Infill orientation had the great-
est percentage contribution with 67.7%, 80.6%,
74.0%, and 93.9% for E, Sy, Su, and ¢, respec-
tively. Although infill density was not a signifi-
cant parameter, it was the second parameter with
the highest percentage contribution. Also, the
printing speed was statistically significant for
&, Moreover, this parameter presented the low-
er contribution percentages, between 0.3% and
3.7%. These results emphasize the importance of

e

5.0mm

optimizing infill orientation for applications re-
quiring high stiffness or strength.

In contrast to PLA, in ABS and PETG mate-
rials, the infill density was the parameter with the
greatest percentage contribution over E, Sy, and
Su responses, while for the €, the response was
the infill orientation. For both materials, ABS
and PETG, the printing speed parameter was not
significant in all responses (E, Sy, S, and gu),
with p-values over 0.05. Also, the percentage
contribution of the printing speed was low for all
responses in both materials compared to the infill
orientation and infill density, like PLA results.
For ABS, the percentage contribution of printing
speed was 0.7%, 0.4%, 1.3%, and 2.4% for E,
Sy, Su, and eu, respectively, while for PETG, it
was 9.2%, 2.9%, 1.8%, and 8.2% for the same
responses. The results of this work suggest that
the infill orientation and infill density contribute
considerably to the change in mechanical proper-
ties E, Sy, Su, and eu, while the printing speed is
not so relevant.

Figure 7 (a), (b), and (c) display the main
effects plots for the yield strength (Sy) of PLA,
ABS, and PETG materials, respectively. These
plots reveal that infill orientation and infill den-
sity are the most influential parameters affecting
Sy, with the highest contributions observed for
both materials across all tested levels. Converse-
ly, printing speed showed a negligible effect on
Sy, consistent with its minimal contribution per-
centage. Similar trends were observed for other
mechanical properties (E, S , and ¢ ), confirming
the dominant role of infill orientation and infill
density. These findings underscore the signifi-
cance of aligning infill orientation and optimizing
infill density to enhance mechanical performance.

— 160mm < 1|

AT

104.0mm >

Figure 3. Geometrical parameters of the four-point bending tool
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Figure 5. True stress vs. true strain curves
or the ABS material

Figure 8 presents 3D surface plots illustrating
the influence of infill orientation and infill density
on the mechanical properties (E, Sy, Su, and gu)
derived from the uniaxial tensile test for PLA,
ABS, and PETG materials. The printing speed pa-
rameter was fixed at its medium level (50 mm/s),
given its low contribution to the overall responses.
These surfaces were modeled using a linear regres-
sion approach, yielding correlation coefficients
(R?) ranging from 0.82 to 0.95. The high R? values
indicate a strong fit of the linear models, making
them suitable for analyzing the effects of input pa-
rameters on the measured mechanical properties.

Each surface graph was modeled using a linear
model with correlation coefficients (R?) between
0.82 and 0.95. Thus, these selected models were
considered appropriate for analyzing the effect of
the input parameters on the output responses.

Figure 8 a) presents the Young modulus (F)
surface plot where PLA material exhibits the
highest elastic modulus, followed by the PETG
and the ABS. Across all materials, the Young’s
modulus decreases as the infill orientation chang-
es from 0° to 90°, with a higher slope in the
PLA material. The superior performance of PLA
could be linked to its enhanced interlayer adhe-
sion, which reduces void formation and promotes
stronger bonding between layers. This behavior
aligns with findings reported in the literature,
where interlayer adhesion mechanisms are identi-
fied as key contributors to the mechanical perfor-
mance of 3D-printed polymers [34].

Figure 8 b) shows the yield strength of the
ABS, PLA, and PETG materials. The maximum
values are obtained at a infill orientation of 0°
with an infill density of 100%. By reducing the
infill density (to 75% and 50%) and with diagonal
and transverse infill orientation, the yield strength
is significantly reduced for all materials. Also,
diagonal and transverse-oriented specimens sub-
jected to micrographic analysis exhibit a lack of
adhesion in deposited layers, influencing material
strength [35]. This work obtains minimum yield
strength for specimens oriented in 90°.

Figure 8 c) shows the surface plot of the ul-
timate strength S, of ABS, PLA, and PETG

60 T
PETG
50
©
o
=40 - 4
b
8
+ 30 - =
= —O—T2
20 - —m—T3
-— T4
10 -—T6
--0--T7
--4--T8
o & -=»--T9
0 0.01 0.02 0.03 0.04 0.05

True strain ¢

Figure 6. True stress vs. true strain curves
for the PETG material
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Table 4. Experimental results of the uniaxial tensile test for the PLA material

Set PLA
E [MPa] [MPa] S,[MPa] €,

T 2306 28.83 27.44 0.03150
T2 2561 32.85 31.91 0.03200
T3 3221 39.73 37.46 0.03175
T4 1693 19.01 19.83 0.01960
T5 2383 26.75 27.26 0.01330
T6 3048 33.80 35.67 0.01795
T7 843 8.64 8.84 0.01270
T8 623 6.75 6.75 0.01320
T9 1767 15.28 18.48 0.01730

Table 5. Experimental results of the uniaxial tensile test for the ABS material

ABS
Set
E [MPa] S, [MPa] S,[MPa] €,

T1 1164 20.87 21.54 0.03210
T2 1516 25.82 29.82 0.02595
T3 1689 29.84 32.54 0.02970
T4 577 7.68 9.49 0.02160
T5 1640 21.11 25.92 0.02180
T6 1752 27.68 29.28 0.02510
T7 574 8.36 8.36 0.01665
T8 741 9.32 9.32 0.01520
T9 1555 22.21 23.16 0.01890

Table 6. Experimental results of the uniaxial tensile test for the PETG material

PETG
Set
E [MPa] S, [MPa] S,[MPa] €,

T1 1759 26.34 34.54 0.02420
T2 1777 31.40 41.56 0.02985
T3 2144 39.66 50.65 0.03320
T4 758 8.37 8.37 0.02300
T5 1640 21.11 25.92 0.02300
T6 2153 38.01 46.47 0.02675
T7 765 4.33 4.33 0.00600
T8 1610 15.71 15.71 0.00975
T9 2031 32.18 40.68 0.02400

materials. It is observed that PETG printed with
infill oriented at 0° with 100% infill density pro-
vides remarkably higher strength, but for densities
of 75 and 50%, ultimate strength is considerably
reduced. A similar tendency is observed for the
PLA and ABS specimens. Furthermore, specimens
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tested with infill orientated at 45° and 90° show
a reduction in the ultimate strength. The weaker
parameter combination is obtained for specimens
printed at 90° with an infill density of 50%.
Finally, Figure 8 d) shows the ultimate strain
¢, results. It should be noted that infill orientation
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Figure 7. Main effects plot for means of the yield strength (Sy) for: (a) PLA, (b) ABS and (c) PETG materials

and infill density play a crucial role in the mag-
nitude of this parameter. The maximum ¢ values
were obtained for the 0° with a 100% infill den-
sity. On the other hand, 90°, with a 50% infill den-
sity, shows the lower values.

Four-point bending results

The experimental results of the four-point
bending test expressed in terms of the maximum
bending stress 0, and the maximum bending
strain ¢, are listed in Table 7, Table 8, and Table 9
for the three materials.

ANOVA results with a 95% confidence lev-
el were conducted for mechanical properties of
bending — maximum bending stress (o, ) and max-
imum bending strain (g,) — for PLA, ABS, and
PETG materials. Like the mechanical properties
determined from the uniaxial tensile test, the infill
orientation and infill density parameters show the
highest contribution percentages for the mechani-
cal properties obtained from the bending test (o,
and ¢). In addition, the printing speed parameter

was not statistically significant over 6, and ¢, ac-
cording to the levels studied in this work. Also,
the printing speed parameter presented the lowest
percentage contributions compared to the other
parameters studied.

The main effects plots for means of maximum
bending stress (ob) for the three materials stud-
ied are presented in Figure 9. The strong contri-
bution of the infill orientation and infill density in
the maximum bending stress (ob), likewise it is
observed that the lowest contribution is provided
by the printing speed parameter. Similar results
were obtained for maximum bending strain (eb)
response. Similar findings of the analyzed pa-
rameters were reported by Travieso et al. for a
PLA material [10].

Finally, the 3D surface graphs of the effect of
infill orientation and infill density for maximum
bending stress (c,) and maximum bending strain
(g,) are shown in Figure 10. These plots are pre-
sented for printing speed with a medium level of
50 mm/s and the linear models obtained have cor-
relation coefficients (R?) from 0.82 to 0.94.
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Figure 8. Surface plots for the mechanical properties of the uniaxial tensile test for PLA, ABS and PETG
materials, (a) Young modulus (E), (b), yield strength (S ) (c) ultimate strength (S ) and (d) ultimate strain (&)

Table 7. Experimental results of the four-point bending Table 8. Experimental results of the four-point bending

results for the PLA material results for the ABS material
Material PLA Material ABS

Set o, [MPa] €, Set o, [MPa] €,

T 48.72 0.061 T 41.78 0.078
T2 54.48 0.078 T2 49.44 0.099
T3 60.28 0.113 T3 55.30 0.108
T4 42.44 0.048 T4 36.55 0.045
T5 37.52 0.079 T5 4576 0.084
T6 62.52 0.089 T6 50.97 0.092
T7 11.87 0.037 T7 10.66 0.046
T8 17.94 0.045 T8 18.48 0.076
T9 28.72 0.043 T9 45.01 0.066

380



Advances in Science and Technology Research Journal 2025, 19(10) 371-384

Table 9. Experimental results of the four-point bending
results for the PETG material

Material PETG

Set o, [MPa] £,

T 42.02 0.040
T2 51.79 0.068
T3 54.39 0.113
T4 30.46 0.048
T5 26.48 0.079
T6 51.73 0.089
T7 11.79 0.034
T8 14.83 0.054
T9 28.40 0.074

Figure 10 a) presents the bending stress results
where it can be observed that the three materials’
behaviors are described by plane surfaces with
similar trends showing their maximum value for
samples with 100% infill density and filament di-
rection of 45° in the case of PLA and 0° for the

tas
(=]
1

(]
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1

Maximum bending stress, o, [VIPa|
A
1
Y
i

ABS and PETG. This is expected because, as is
well known, specimens under pure bending loads
experience almost uniaxial tensile and compres-
sive stress states on the bottom and upper surfaces,
respectively. Thus, filaments aligned with the nor-
mal stress direction will increase the strength of the
material, showing its maximum value. On the other
hand, minimum bending stresses are obtained for
the lower infill density of 50% and 90° orientation.
Figure 10 b) shows the surface plot of the
maximum bending strain regarding the infill den-
sity and infill orientation. It can be observed that
the lineal model accurately describes the experi-
mental behavior of the three materials. Maximum
bending stress and maximum bending strain are
obtained with 0° infill orientation and 100% in-
fill density. On the other hand, minimum bending
strains were obtained with 90° infill orientation
and 50% infill density for the PLA and PETG, re-
spectively. In the case of the ABS material, the
minimum was obtained with an infill density of
50% and 45° of infill orientation.
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Figure 9. Main effects plot for means of the maximum bending stress (cb) for: (a) PLA, (b) ABS
(c) PETG materials
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Figure 10. Surface plots for the mechanical properties of the bending tests for PLA, ABS and PETG materials,
(a) maximum bending stress (cb) and (b) maximum bending strain (gb).

CONCLUSIONS

The uniaxial tension and four point-bending
samples manufactured with PLA, ABS, and PET
materials under ASTM standards were evalu-
ated. The effect of three parameters, i.e., infill
orientations, infill density, and printing speed
defined by a design of experiments (DoE), was
analyzed. The experimental findings lead to the
following conclusions:
¢ Inthe three materials, the infill orientation is the

most influential parameter in tensile strength,
maximum deformation, and flexural resistance.

e PETG exhibited superior strength compared to
PLA and ABS. This is related to the enhanced
interlayer bonding. Also, PETG T1 exhibit the
larger strain of all the samples withe _ ..

e Printing speed had a small effect on mechani-
cal performance. This suggests that higher
printing speeds can be utilized to optimize pro-
cessing time and reduce manufacturing costs,
without affecting mechanical performance.
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