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Abstract: In this study, we conducted a statistical evaluation of the experimental results from a prior investigation by the
authors concerning the fatigue behavior of 3-Dimensional (3D) printed Polylactic Acid (PLA) materials. Stress versus number of
cycles (S-N) curves for the sample types were derived using the Poisson regression method. Within the scope of the statistical
analysis, we performed average effect plots and an analysis of variance. At the conclusion of the study, we clearly observed
the impact of printing parameters on the fatigue of 3D printed PLA materials, especially at low stress amplitude levels. At
high stress amplitude values, the effect of printing parameters on the fatigue behavior of 3D printed PLA parts was limited.
The analysis revealed that the stress level was the most influential factor determining the number of cycles to failure. While
the production parameters of the PLA specimen, such as raster angle and printing speed, significantly impacted the results
at a low stress level of 9.13 MPa, their effect was much less pronounced at a higher stress amplitude of 18.25 MPa, where
variations in the number of cycles to failure among different specimen types were minimal. The analysis determined that the
optimal parameter combination for 3D printed PLA fatigue specimens was a printing speed of 20 mm/s, a raster angle of
30°, and a stress amplitude of 9.13 MPa. According to the analysis of variance results, the parameter that most significantly
influenced fatigue life was the stress level, contributing 54.93%. Raster angle and printing speed contributed 14.52% and 4.19%,

respectively. The Poisson regression method proved to be an effective tool for plotting S-N graphs.
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1. Introduction and environmental conditions. Important FDM print-
ing parameters include layer thickness, print speed, fill
Additive Manufacturing (AM), also known as 3D print-  ratio, print orientation, raster angle, extruder tempera-
ing, offers significant advantages in industrial appli-  tyre, and table temperature [11, 12]. Most of these pa-
cations due to its design flexibility. Initially, the AM rameters not only influence the mechanical properties
method was mainly used for prototype production, but byt can also significantly alter fabrication durations.
it has been extensively applied across many industries, Therefore, using optimal parameters is crucial for cost
particularly in the biomedical, aerospace, and auto- efficiency.
motive sectors, in recent years [1-7]. The AM method
encompasses various production technologies. Specifi- Research on the impact of printing parameters on the
cally, the FDM (Fused Deposition Modeling) method, = mechanical properties of FDM-3D printed materials
based on material extrusion for producing thermoplas- has included numerous studies conducted under stat-
tic polymer parts, has gained popularity because of its  ic loading conditions [13-17]. Although studies on the
cost-effectiveness and simplicity [8-10]. mechanical properties of FDM-3D printed parts un-

) ' der variable loading conditions have started in recent
The mechanical proper'tles of parts- pl'“Oduced by the years, their number is still lower compared to those
FDM method depend directly on printing parameters  conducted under static loading conditions. Afrose et

“Corresponding author: Cite this article as:
Email: murathorasan@aksaray.edu.tr

=

Horasan, M, Sarag, I. (2025). Fatigue analysis of 3D-printed polymer materials under E
various manufacturing parameters utilizing poisson regression method and ANOVA. :

European Mechanical Science, 9(3): 246-254. https://doi.org/10.26701/ems. 1717687

ﬁ- .
© Author(s) 2025. This work is distributed under ~ History dates:
https://creativecommons.org/licenses/by/4.0/ Received: | 1.06.2025, Revision Request: 08.07.2025, Last Revision Received: 17.07.2025, Accepted: 04.08.2025



Murat Horasan, ismail Sarac

al. [18] investigated the fatigue strength of 3D-printed
PLA parts through tensile fatigue tests conducted at
print orientations of 0°, 45°, and 90°. In the tensile tests,
the highest strength value was recorded at the 0° orien-
tation, while the longest fatigue life was achieved at the
45° orientation in the fatigue tests. Sara¢ and Horasan
[19] assessed the torsional strength of 3D-printed PLA
polymers produced at various printing speeds and ras-
ter angles, discovering that the optimal load-carrying
capacity was obtained at 30° and 60° raster angles,
while the lowest was recorded at a 0° raster angle. The
torsional load-carrying capacity improved significantly
for specimens produced at a printing speed of 80 mm/s.
Specifically, there was an 85% increase compared to
those manufactured at 20 mm/s.

Azadi et al. [20] investigated the effect of horizontal and
vertical print orientation on the fatigue performance of
3D printed PLA and ABS samples using rotary-bending
fatigue tests. The study concluded that fatigue strength
was superior in the horizontal printing direction.

Dadashiand Azadi[21]investigated the fatigue behavior
of 3D printed PLA parts using rotary-bending fatigue
tests, focusing on the effects of printing temperature,
printing speed, and nozzle diameter. The study param-

eters included nozzle diameters of 0.2, 0.4, and 0.6 mm,
printing speeds of 5, 10, and 15 mm/s, and printing
temperatures of 180, 210, and 240 °C. The highest fa-
tigue life was observed at a 0.2 mm nozzle diameter, 180
°C printing temperature, and 5 mm/s printing speed.
Notably, the maximum fatigue life was achieved at the
lowest level of each parameter.

Akhoundi and Ouzah [22] investigated the effect of
various printing parameters on the fatigue behavior of
3D-printed PLA parts through rotary-bending fatigue
tests and finite element studies. The parameters that
significantly affect the fatigue strength of 3D-printed
PLA parts were identified as filler ratio, nozzle tem-
perature, and layer height, respectively.

In the study by Horasan and Sarac [23], the effects of
stress amplitude, printing speed, and raster angle pa-
rameters on the fatigue life of parts manufactured from
PLA filament using the FDM additive manufacturing
method were investigated through rotary bending fa-
tigue tests. The study established two levels (20 mm/s
and 80 mmy/s) for printing speed and five levels (0°, 30°,
45°,60°, and 90°) for raster angles. Accordingly, a total
of 10 distinct types of specimens were manufactured
based on a full factorial experimental design. Three
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different stress amplitudes (9.13, 13.69, 18.25) were
applied to each specimen to determine the number of
cycles to failure. Subsequently, using the experimental
data, stress amplitude-life (S-N) curves for each spec-
imen type were obtained through linear regression.
At the end of the study, the maximum fatigue life was
found for specimens produced at a printing speed of 20
mm/s and a raster angle of 30°.

In this study, experimental data from the research by
Horasan and Sarac were used to analyze the effect of
test parameters on fatigue life through statistical meth-
ods, and the S-N slopes of specimen types were deter-
mined using the Poisson regression method (P-Figure

1).

2. Material and Methods

In this study, the experimental data obtained in the
previous research and presented in P>Table 1 were ana-
lyzed statistically using Minitab software. The statisti-
cal analysis was conducted in three main stages. First,
mean effect and parameter effect graphs were generat-
ed. In the second stage, an ANOVA table was created.
In the third stage, S-N curves were produced accord-
ing to the sample types based on the Poisson regression
method using the experimental data.

To obtain the mean effect and parameter interaction
graphs, the full-factorial experimental design section
of the Minitab program was utilized. Since the experi-
mental study conducted by Horasan and Sarac [23] fol-
lowed the full-factorial experimental design, P>Table 2
displays the parameters and levels of the experimental
study.

The effect of the factors selected for the experiment on
the results is determined by analysis of variance (ANO-
VA), and the effect ratio of the factors on the result is
calculated.

3. Results and Discussion

3.1. Optimization of Experimental Results

In P-Figure 2, the effect of the input parameters (print
speed, stress amplitude, and raster angle) on the out-
put parameter (number of cycles to failure) is displayed
in the average main effect graph. Analyzing P-Figure 2
reveals that, in general, all input parameters influence
the results. However, the effect of stress amplitude on
fatigue strength is greater compared to the other pa-
rameters. The optimal parameters for fatigue life are a
combination of a 20 mm/s print speed, 9.13 MPa stress
amplitude, and a 30° raster angle. Additionally, the
maximum number of cycles to failure was achieved with
these parameters in experiment number 2, as shown in
PTable 1. The graph in P>Figure 2 indicates that better

@ European Mechanical Science (2025), 9(3)

Table 1. Number of cycles to failure of the fatigue test specimens
at various printing speeds, stress amplitudes, and raster angles
[23].

Test Printing Spe-  Stress Ampli-  Raster th;rzll;:rtgf
Number ed (mm/s) tude (MPa) Angle Failure (N)
1 20 9.13 0° 323265
2 20 9.13 30° 368202
3 20 9.13 45° 120418
4 20 9.13 60° 353938
5) 20 9.13 90° 101668
6 20 13.69 0° 98292
7 20 13.69 30° 95108
8 20 13.69 45° 61306
9 20 13.69 60° 85808
10 20 13.69 90° 64051
11 20 18.25 0° 39814
12 20 18.25 30° 44906
13 20 18.25 45° 41464
14 20 18.25 60° 46580
15 20 18.25 90° 38764
16 80 9.13 0° 149021
17 80 9.13 30° 228751
18 80 9.13 45° 95334
19 80 9.13 60° 204320
20 80 9.13 90° 70142
21 80 13.69 0° 77106
22 80 13.69 30° 99897
23 80 13.69 45° 63200
24 80 13.69 60° 98456
25 80 13.69 90° 48010
26 80 18.25 0° 34622
27 80 18.25 30° 36355
28 80 18.25 45° 36986
29 80 18.25 60° 38174
30 80 18.25 90° 29818
Table 2. Experimental factors and their levels [23]
Factor Levels Values

Printing Speed (mm/s) 2 20; 80

Stress Amplitude (MPa) 3 9.13;13.69; 18.25

Raster Angle (°) 5 0; 30; 45; 60; 90

results are obtained at a 20 mm/s printing speed; fur-
thermore, the ideal raster angles for fatigue specimens
are 30° and 60°, while fatigue life is negatively impacted
at 45° and 90° raster angles.

https://doi.org/10.26701/ems.1 717687
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PFigure 3 illustrates the parameter interaction graphs.
In these graphs, straight lines indicate no interaction.
Sloped lines indicate significant interaction effects
among the factors. Upon analyzing P-Figure 3, it be-
comes clear that substantial interactions exist among
the parameters. However, the interactions between the
13.69 and 18.25 MPa stress levels with raster angle and
print speed are negligible. Particularly at the 18.25 MPa
stress level, it is evident that changes in raster angle and
compression speed have minimal impact on the number
of cycles to failure. Examination of the column graphs
from the experimental results displayed in P-Figure 4
and P-Figure 5 reveals that the effect of changing the
raster angle on the number of cycles to failure at 13.69
and 18.25 MPa stress levels is significantly lower com-

pared to the 9.13 MPa stress level.

3.2. Analysis of variance (ANOVA)

Using the experimental results, the ANOVA table pre-
sented in P-Table 3 was created for the number of cy-
cles to failure. P>Table 3 illustrates the effect ratios of
the experimental parameters on the outcome (number
of cycles to failure). ANOVA analysis was conducted
at a 95% confidence level and a 5% significance level
[24, 25]. This indicates that the most influential factor
on the results is the stress level, with an effect rate of
54.93%. The effect rate of raster angle was 14.52%,
while the effect rate of printing speed was 4.19%. The
significance of control factors in ANOVA is determined
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Figure 4. Failure load variations concerning raster angle and stress at
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Figure 5. Failure load variations concerning raster angle and stress at
a printing speed of 80 mm/s

Table 3. ANOVA table for the number of cycles to failure

by the P value of each factor. According to the estab-
lished significance level (5%), a P value less than 0.05
signifies statistically significant results. Upon examin-
ing P-Table 3, it is observed that the P values calculated
for stress level and raster angle are both less than 0.05.
Therefore, the stress level and raster angle parameters
resulted in statistically significant changes for the num-
ber of cycles to failure. While the P value for print speed
exceeds 0.05, the contribution rate of 4.19% indicates
that it has the potential to influence the results.

3.3. Generating S-N Graphs Using Poisson Regres-
sion

Regression analysis models and analyzes the relation-
ship between a dependent variable and independent
variables. Horasan and Sarac [23] identified 10 types
of fatigue specimens in their study. They applied stress
amplitudes of 18.25, 13.69, and 9.13 MPa to each spec-
imen type and obtained the number of cycles to failure
and S-N graphs based on these experimental data. In
this study, using data from the fatigue tests, the rela-
tionship between fatigue life and stress amplitude for
each specimen type was modeled using the Poisson re-
gression method. The Poisson regression model func-
tion is presented in Equation (1). The regression models
generated for the specimen types are listed in P>Table 4.

Ny = exp (A — BS,) (1)

In Equation (1), N, represents the number of cycles to
failure, S, denotes the stress amplitude applied to the

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Printing Speed 1 1.09592E+10 4.19% 1.09592E+10 1.09592E+10 3.50 0.075
Stress Level 2 1.43659E+11 54.93% 1.43659E+11 7.18294E+10 22.92 0.000
Raster Angle 4 3.79754E+10 14.52% 3.79754E+10 0.94938E+10 3.03 0.039
Error 22 6.89472E+10 26.36% 6.89472E+10 0.31339E+10 - -
Total 29 2.61541E+11 100.00% = = = =
Table 4. Regression equations for the sample types
Sample type Poisson regression model R? R?
Printing speed (mm/s)  Raster angle Nf (cyles) = exp(Y’) Poisson regression Lineer regression(23]
20 0° Y'=14.8677 - 0.240353 x S, (MPa) 99.58% 84.20%
20 30° Y'=15.0999 - 0.252858 x S, (MPa) 98.40% 79.80%
20 45° Y'=12.7904-0.122308 x S, (MPa) 98.09% 73.10%
20 60° Y'=15.0297 - 0.250432 x S, (MPa) 97.13% 78.10%
20 90° Y'=12.4923-0.105016 x S, (MPa) 99.94% 71.40%
80 0° Y'=13.3490-0.156231 x S, (MPa) 99.71% 96.20%
80 30° Y'=14.1364-0.195505 x S, (MPa) 99.71% 87.00%
80 45° Y'=12.4059-0.101644 x S, (MPa) 99.43% 95.60%
80 60° Y'=13.8600-0.177202 x S, (MPa) 99.49% 90.40%
80 90° Y'=12.0111 - 0.092265 x S_(MPa) 99.57% 86.60%

a
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specimens during fatigue tests, and A and B are the
material constants. These constants are determined for
each specimen type presented in P-Table 4. To demon-
strate the compatibility of Poisson regression models
with experimental results, R? values were calculated
and displayed in P-Table 4. Additionally, the R? val-
ues computed using the linear regression model in the
study by Horasan and Sarac [23] are also included in
pTable 4. Based on the R? values, it is notable that the
Poisson regression model aligns more closely with the
experimental results. Accordingly, S -N, graphs of the
specimen types were created using the experimental
and modeled data obtained at the end of the study (lin-
ear regression and Poisson regression models) (»Fig-
ures 6-10). The S -N,plots are presented in two separate
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Cycle to failure, Nf
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figures for comparison. For instance, the S -N, graphs
shown in P-Figure 6 display the effect of a raster angle
of 0° on fatigue life separately at printing speeds of 20
mm/s and 80 mm/s.

4. Conclusion

In this study, the experimental data obtained from ro-
tary bending fatigue tests conducted by Horasan and
Sarac [23], using FDM-3D printed PLA fatigue speci-
mens, were statistically analyzed, and S-N graphs were
plotted based on the Poisson regression method. The
general results obtained at the end of the study are list-
ed below:
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Figure 6. S -N, diagrams at printing speeds of 20 mm/s and 80 mm/s at a 0° raster angle
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« It was observed that the most significant parame-
ter affecting the number of cycles to failure was the
stress level. While the influence of PLA specimen
production parameters (raster angle and printing
speed) on the results was statistically significant at
the low stress level of 9.13 MPa amplitude, at the
high stress amplitude of 18.25 MPa, variations in
fatigue life among the specimen types was quite
limited.

« According to the main effect graph, the optimal pa-
rameter combination for achieving the maximum
fatigue life was identified as 9.13 MPa stress ampli-
tude, 20 mm/s press speed, and a 30° raster angle.

« While 30° and 60° raster angles were identified as
the most suitable parameters regarding fatigue life,
fatigue life decreased at 90° and 45° raster angles.

« The specimens produced at a 20 mm/s printing
speed demonstrated a higher fatigue life.

« According to the ANOVA results, the parameter
with the greatest influence on the results was the
stress level, with a contribution rate of 54.93%.
Raster angle and printing speed contributed
14.52% and 4.19% to the results, respectively.

+ The Poisson regression method was found to be an
effective tool for generating S-N graphs.
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