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ABSTRACT

Fused deposition modeling (FDM) is a type of additive manufacturing (AM) that has received significant interest
from researchers and industries due to its flexibility in design, efficient use of materials, and affordable costs. In
this paper, the main objective is to investigate the influences of FDM process parameters on the flexural properties
as well as the accuracy of the final part made from polyethylene terephthalate glycol (PETG) material, which is
widely used for 3D printing due to its strength and ease of use. A response surface methodology (RSM) approach
based on a Box—Behnken design was employed, with three key process parameters: infill line distance, wall line
count, and build plate temperature. The analysis of the data indicated that all three parameters affected the inherent
characteristics of the printed parts, including mechanical and dimensional characteristics of the printed parts. The
build plate temperature was identified as the most significant parameter, contributing 53% of the variability in the
flexural strength of the printed specimens and 39.7% to deviation in the dimensional accuracy of the specimens,
as indicated by the analysis of variance (ANOVA). A comparison between the predicted values of the model and
the corresponding experimental results showed the suitability of the developed model with high accuracy. The
maximum percentage errors observed in this study were 3.4% for the flexural strength and 7.5% for the dimension
accuracy, establishing the efficacy of the optimization technique. These outcomes are meaningful to understand the
influences of the process parameters on material response and offer a systematic approach to develop structurally
enhanced PETG parts with improved mechanical characteristics and geometric dimensions.
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INTRODUCTION

FDM is one of the most common forms of AM
technology that builds an object layer by layer by
extruding thermoplastic material through a heated
nozzle. Some of the familiar thermoplastics used in
FDM are polylactic acid (PLA), acrylonitrile buta-
diene styrene (ABS), and polyethylene terephthal-
ate glycol (PETG) that are successively deposited
on a construct platform to cool and solidify before
layer formation. Compared to others, FDM offers
some advantages, such as low cost, versatility in
application, and the capability of forming intricate
structures; therefore, FDM can be applied at vari-
ous stages, ranging from design to the operation
part [1]. Among all these materials, PETG is most
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popular for its high tensile strength, dimensional
stability, and compatibility with FDM printers. One
of the most important mechanical properties of the
material is the flexural strength, which character-
izes the ability of the material to withstand the loads
acting in the cross-section of the member in bend-
ing and makes this material suitable for application
in structures. Furthermore, PETG has very low
shrinkage and excellent layer adhesion, which have
a further improving influence on the FDM process
and help to make components that are of high me-
chanical durability and stability if the PETG is pro-
cessed under the best conditions [2, 3].

Several studies exist that define how me-
chanical properties and part dimensions of FDM-
printed parts are highly dependent on process
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parameters. Another crucial aspect of part quality
is dimensional accuracy, which guarantees that
the printed components align with the design and
fit appropriately within assemblies. It was there-
fore important to establish that flow rate, the dis-
tance between the nozzle and the platform or the
previous layer, and other parameters such as noz-
zle temperature, nozzle movement velocity, and
infill patterns were vital in achieving high levels
of dimensional accuracy.

Reducing the layer thickness will reduce the
errors in the vertical direction, and imposing a
large layer thickness will increase the buildup
rate, though the possible accuracy may be low.
Likewise, the temperature of the nozzle affects
the dimensional accuracy because correct tem-
perature enables a steady flow of the filament,
and there is less opportunity to get distorted by
high temperature [4, 5]. It has been established
that the increase of infill line distance is help-
ful in enhancing particular mechanical proper-
ties, including the flexural strength, as well as
enhancing the dimensions’ reliability due to the
improved material distribution in the structure.
Likewise in the wall line count, the structures
that contain higher wall line counts are also
stronger and possess better dimensional stability
and accuracy [6]. Another parameter is the build
plate temperature, which aids in improving layer
bonding and warping, which remains the prima-
ry cause of dimension inaccuracies. For PETG,
having the wrong build plate temperature results
in distortions due to varying contraction and ex-
pansion, so that the printed part has to be in the
right dimensions on the build plate [7].

The fine-tuning of these parameters and the
development of other build plate adhesives lead
to improvement in interlayer adhesion and di-
mensional stability of PETG in FDM technology
to produce functional, high-performance parts in
aerospace, automotive, and health care industries.
Experimental techniques such as RSM, Tagu-
chi Design of Experiments, and machine learn-
ing have also been employed to obtain optimal
parameters of PETG. Investigations indicate en-
hanced flexural strength and dimensional accu-
racy, which can be 20% better than the base value
when optimal settings are used [8]. Furthermore,
all of these improvements mitigate issues that are
basically associated with FDM technology, which
lays down layers on top of each other. This makes
the material property adjustments to provide sta-
ble and reliable outcomes in PETG-printed parts

regarding anisotropy, defects, and dimensional
variations. However, it is noted that future studies
have to be conducted to establish new material
types and find new ways of altering processes to
overcome current challenges [1].

Numerous studies have conducted analyses
focused on the relationship of process param-
eters on the mechanical properties of the printed
FDM parts, particularly the flexural strength and
dimensional stability. These parameters must be
controlled for better mechanical performance and
conform to the design specifications concerning
structural integrity and use. In their study, Hsueh
et al. [9] examined the properties of polylactic
acid (PLA) and polyethylene terephthalate gly-
col (PETG) materials of FDM under four load-
ing conditions: Direct forces on structures include
tensile force, compression force, bending force,
and thermal force. For the PLA and PETG, the
tensile and compression asymmetry were also ob-
served, and all of the tested mechanical properties
were improved with increased printing tempera-
tures. Furthermore, it is clearly seen that speed
influences these properties in a different manner
as well. Mechanically, PLA will be better profiled
than PETG, but things such as thermal warping
will act otherwise. Such findings may similarly
be useful for other researchers in achieving the
sustainability of polymers and FDM technology.
In a study by Agarwal et al. [10], the impact of
six print parameters was examined on the speci-
mens printed with ABS material. The experi-
ments were performed with a three-factor small
resolution central composite design (CCD).
Research also revealed that layer thickness and
print speed are the most influential features for
dimensional accuracy, where layer thickness
that is smaller than the optimal value coupled
with higher print speed gives higher accuracy.

In another work, Chicos et al. [11] focused
on the investigation of infill density (ID) effects
on the characteristics of carbon fiber-reinforced
composites through the Fused Filament Fabri-
cation (FFF) process. The tensile and flexural
strengths of the specimens were evaluated by dif-
ferential scanning calorimeter (DSC) and thermal
gravimetric analysis (TGA). It was also observed
from the results that specimens with 100% ID ex-
hibited the highest tensile and flexural strengths,
and specimens with 25% had the lowest. The
study also noted with the increase of the ID,
the glass transition temperature was influenced,
where specimens with 100 percent of ID had
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lower temperatures of onset degradation. Alexo-
poulou et al. [12] assessed the dimensional pre-
cision of resolution holes in the PETG material
produced by FDM together with reference to the
ISO ASTM 52902-2021 standards. Specimens of
0.5, 1,2, 3, and 4 mm nominal diameter were fab-
ricated at either slow speed (20 mm/s), medium
speed (50 mm/s) or fast speed (80 mm/s) or at
different layer heights of 0.1 mm, 0.2 mm and
0.3 mm. Quantitative analysis by microscopy and
computer vision showed that there were marked
differences between the measured and nominal
diameters, although differences within each set of
comparisons were small, signifying a high degree
of consistency. The study pointed out that for a
printer to have high accuracy for hole making, the
nominal diameter was found to be above 2 mm,
not influenced by speed or layer height but com-
pletely unsuitable for 0.5 mm and 1 mm diam-
eters due to large errors. It is noted that higher
printer sophistication is preferable for improved
tolerances in smaller nominal diameters.

Darsin et al. [13] aimed at establishing the
most favorable parameters for achieving a high
degree of dimensional stability and the highest
bending strength while using Cu-PLA filament
in FDM 3D printing. The analysis of results indi-
cates that in order to achieve the highest degree of
dimensional accuracy, the recommended param-
eters should be set as follows: the nozzle tempera-
ture of 220 °C, the layer height of 0.3 mm, and the
line infill pattern The highest degree of bending
strength is reached at the nozzle temperature of
240 °C. Obaeed and Hamdan [14] evaluate and
optimize the medical-grade polymethylmethac-
rylate PMMA by examining the effect of three
printing parameters: layer height, infill density,
and skewing angle on flexural strength. The flex-
ural strength rises significantly with decreased
layer height, and the skewing angle is in the zero
direction. Genetic algorithms have been utilized
to optimize the FDM process parameters. Gohar
et al. [15] focused on flexural, edgewise com-
pression, and interfacial bond strength of high-
cost composite sheets (HCSS) produced through
FDM and their mechanical behavior. Four types
of specimens were prepared, and changes were
made to the raster lay-up direction at 0/90 and
45/—45 degrees. When investigating the results,
the best material was identified as ABS core with
composite face sheets in a raster layup of 0°/90°.
It is found that FDM can construct the HCSS with
sophisticated lamination profiles and acceptable
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mechanical characteristics, implying an augmen-
tation of application fields of FDM.

Frunzaverde et al. [16] focused on the effects
of dyeing agents concerned with filament colors
on the dimensional accuracy and mechanical per-
formance of FDM-printed PLA parts. Specifical-
ly, the researchers prepared various tensile speci-
mens with different layer heights and filament
colors. The analysis of the results revealed that
the variation in the dyeing agents and the related
color affects both the dimensional stability and
tensile properties. Layer height and PLA color
(and its dyeing agent), and their interaction, con-
tributed to have a strong effect on tensile strength.
In terms of dimensional accuracy, black PLA had
the highest values, while in terms of ultimate ten-
sile strength, Grey PLA was observed to have the
highest values. Mushtaq et al. [17] invented the la-
ser polishing technique to optimize the mechani-
cal characteristics of nylon-6 polymers printed by
means of 3D techniques, decreasing the surface
roughness coefficient and increasing the flexural
and tensile strengths. Response surface method-
ology was applied to evaluate the effectiveness of
the method to pre-polish workpieces. It was found
that the set of laser scanning parameters provided
a decrease of the surface roughness of specimens
by 20.2%, an increase of the flexural strength by
8.27%, and the tensile strength by 1.45%. There-
fore, the time optimal for laser scanning was 0.23
min, and the energy consumption was 1.58 mWh.
Indeed, this new post-processing laser polishing
process is very useful for the 3D printing industry.

Sukindar et al. [18] examined the surface
roughness of the material through FDM based
on the modification of print parameters includ-
ing, layer height, print speed, and raster angle.
It employs Taguchi’s method, and a specimen
model was used using PLA-AI filament. Analy-
sis of variance for layer thickness and raster an-
gle revealed that these two factors have a strong
influence on surface roughness, particularly the
most suitable printing conditions. The dimen-
sional accuracy of the fabricated part was also
assessed, and from the result obtained, it was
evident that the FDM had a high accuracy for
most shapes with a deviation below 5%. The
finding of the study is useful in determining
the best printing parameters for specific surface
roughness. Raj et al. [19] analyzed various ma-
chine learning models on the flexural character-
istics of graphene-poly-lactic acid composites
fabricated through fused-filament fabrication.
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The parameters were raster orientation, thick-
ness of layers, and feed rate. The specimens
were subjected to flexural tests and fractogra-
phy tests. The flexural strength variations were
analyzed by employing linear regression, ran-
dom forest regression, gradient boosting re-
gression, extreme gradient boosting regression,
the voting regression algorithm, and artificial
neural networks. According to the results, the
linear regression provided a higher value with
a 98.9% coefficient of determination, more than
any other options. This work enriches the state
of the art in multi-scale modeling and simula-
tion in material science and additive manufac-
turing by showing that even with a moderate
number of parameters, machine learning com-
bined with metaheuristic algorithms can yield
accurate predictions.

This current study used FDM technology to
create a number of PETG test specimens with
varying process variables like infill line distance,
wall line count, and build plate temperature.
These printed specimens were then used for flex-
ural strength and dimensional accuracy tests to
evaluate the effect of these parameters. To do this,
a desirability analysis approach was conducted to
allow systematic studies of the trade-offs for me-
chanical performance and geometrical accuracy.
The study offers extensive information on how
to optimize FDM process parameters, or adjust
them, to achieve ideal mechanical and dimen-
sional characteristics of PETG, a highly relevant
thermoplastic material for structural parts.

METHODOLOGY

Material and method

As described in Figure 1, a Creality Ender-3
Pro 3D printer was used to print all of the speci-
mens. The work material chosen for the current
study was a 1.75mm diameter green polyethylene
terephthalate glycol (PETG) filament because of
its high mechanical strength, good thermal stabil-
ity, and easy printability. Suitable for functional
prototypes and final application parts in automo-
tive, aviation, medical, and other industries, pos-
sessing high tensile strength, flexural strength,
low shrinkage rate, and good interlayer adhesion.
This material is also biocompatible, which means
that it can be used in more applications, including
medical and food-related industries [20]. Despite
challenges like surface roughness being some of
the problems that can be met during the use of
PETG, it is still considered to be one of the most
efficient types of filaments suitable for high-per-
formance 3D printing.

A standard triangle language (STL) file com-
prising a set of linked triangles was utilized to gen-
erate the geometry of the 3D model. Through the
slicing process, this 3D design was transformed into
G-Code, the language of machines, and prepared
for printing. Ultimaker Cura 4.13.1 was employed
to prepare the STL file and create the appropriate
G-codes. The part’s sliced model and solid work
model (ASTM D790 vl) are presented in Figure
2a, b, respectively. The three input parameters and

Hot-End Nozzle

250mm
I 45 display screen |
220
220 mm

Figure 1. Creality Ender-3 pro 3D printer
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Figure 2. CAD and sliced models for flexural specimens

their varying levels utilized to produce the PETG
filaments are listed in Table 1, while Table 2 dem-
onstrates that the remaining FDM parameters are
preserved at their set levels. The workflow for this
work, which begins with selecting the FDM pa-
rameters and continues until the optimization ap-
proach, is depicted in Figure 3.

Table 1. The selected FDM settings and their levels

Response surface methodology (RSM) is a
potent statistical technique for modeling and opti-
mizing systems where multiple parameters affect
a response of interest. With the fitting of polyno-
mial equations, commonly of the second order, it
is particularly useful for examining the relation-
ships between input parameters and a response as

Levels
FDM parameters Units ] 5
Infill line distance mm 1 1.5 2
Wall line count - 3 4
Build plate temperature °C 70 75 80
Table 2. The remaining FDM settings’ fixed level

Parameters Values Units
Layer height 0.1 mm
Wall thickness 1.2 mm
Infill density 75 %
Infill pattern Cubic -
Printing temperature 240 °C

\ ( ) C R d Testing
Selection of Response surface |
process parameters | methodology ; p:;l:tl;:l\g (Flzzumr:‘:ssig::lgth,
and their level |
dibeiclovels ) t (RO ) \ accuracy) )
Experimental and RSM ‘
Optimization predicted values predicted - ANOVA
comparison values | ‘

Figure 3. The proposed work flow
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well as for identifying the optimal conditions for
operation. RSM utilizes experimental designs like
Box-Behnken Design (BBD) and central com-
posite design (CCD) to efficiently evaluate the
influence of components and their interactions.
The visualization of these relationships is further
made easier by graphical techniques such as con-
tour plots and response surface plots. In manu-
facturing, engineering, and process optimization,
RSM is frequently utilized and provides insights
for enhancing quality and performance [21, 22].
In accordance with Box Behnken Design’s
response surface methodology, which calls for
15 runs, the experiments’ specimens are manu-
factured using a 3D printer. Depending on the
Box-Behnken design for RSM, Table 3 illustrates
combinations of coded and actual parameter

levels. The statistical tool Minitab 17 is employed
for DOE. The infill line distance, wall line count,
and build plate temperature are coded parameters
with the names A, B, and C, respectively.

A three-point bending test in accordance
with standards (ASTM D790) was performed
on a WDW-200E computer-controlled elec-
tronic universal testing machine, as shown in
Figure 4. The testing was carried out in the
Strength of Materials Laboratory at the Uni-
versity of Technology’s Production Engineer-
ing and Metallurgy Department, Baghdad, Iraq.
The PETG specimens used for the three-point
bending test are shown in Figure 5. The cross-
head speed of loading is 2 mm/min for assess-
ing the mechanical characteristics of the fabri-
cated specimens [23, 24].

Table 3. Coded and actual printer parameters combination according to Box Behnken Design

Coded parameters Actual parameters
Fxp- No. A B c Infill ”’grig:;’ta”ce Wallline count ts;ié‘lgfjfe
1 -1 -1 0 1.0 3 75
2 1 -1 0 2.0 3 75
3 -1 1 0 1.0 5 75
4 1 1 0 2.0 5 75
5 -1 0 -1 1.0 4 70
6 1 0 -1 2.0 4 70
7 -1 0 1 1.0 4 80
8 1 0 1 2.0 4 80
9 0 -1 -1 1.5 3 70
10 0 1 -1 1.5 5 70
11 0 -1 1 1.5 3 80
12 0 1 1 1.5 5 80
13 0 0 0 1.5 4 75
14 0 0 0 1.5 4 75
15 0 0 0 1.5 4 75

Test Specimen

Figure 4. The three-point bending test configuration utilized in this study
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Figure 5. PETG specimens after bending tests

The influence of the FDM parameters on
the deviation in dimensional accuracy was evalu-
ated through the comparison of all of the man-
ufactured specimens to the CAD model. Each
specimen’s dimensions were measured utilizing
digital vernier calipers, and each piece of geom-
etry was measured three times for every run. Egs.
(1-3) [25] were subsequently employed to deter-
mine the deviation in dimensional accuracy.

D; = |Specified dimension — Observed value|(1)
— Di
pt— Specified dimension

X 100 )

Deviation in dimensional accuracy % =
_ Dp1#Dpa+Dps 3)
3
where: D; — represents the deviation, and Dp; —

represents the percentage deviation.

RESULTS AND DISCUSSION

In a three-point bending test, in which a beam
is supported at two of the points and loaded at
the third, the outer surface of the test specimen
experiences the highest level of stress. The flex-
ural stress and strain equations, denoted by Egs.
(4 and 5), have been utilized in order to transform
the load-deflection curves acquired from the test
into stress-strain curves.

3FL

o = 5pis “)
d
o =% ®)

where: or and & - represent stress and strain at
the midpoint in the outermost fibers, re-
spectively, ¥ — represents the applied
force, L - represents the support span, b
- represents the specimen width, and d -
represents the thickness of the beam.

The flexural strength and dimensional accu-
racy deviations of the tested PETG-manufactured
specimens are presented in Table 4, and for bet-
ter visualization, the responses are displayed as bar
charts in Figures 6 and 7. The flexural strength of
the specimen fabricated with an infill line distance
of 1 mm (level 1), a wall line count of 5 (level 3),
and a build plate temperature of 75 °C (level 2) in-
creased experimentally from 60.1 MPa to 71 MPa,
based on the results in Table 4. This is noteworthy
as it surpasses the 44.2 MPa maximum expected

Table 4. Experimental results for flexural strength and deviation in dimensional accuracy

Exp. No. Infill line distance Wall line count Build plate Flexural strength Deviation in dimsnsional
(mm) temperature (MPa) accuracy %
1 1.0 3 75 65.4 25
2 2.0 3 75 63.7 2.8
3 1.0 5 75 71.0 2.1
4 2.0 5 75 67.4 2.1
5 1.0 4 70 60.3 1.0
6 20 4 70 61.4 2.2
7 1.0 4 80 66.1 25
8 20 4 80 70.7 23
9 1.5 3 70 61.7 1.9
10 1.5 5 70 60.1 24
11 1.5 3 80 65.4 3.5
12 1.5 5 80 69.8 2.7
13 1.5 4 75 68.2 2.2
14 1.5 4 75 66.4 2.1
15 1.5 4 75 69.4 24
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Figure 6. Flexural strength of PETG printed specimens
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35
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Figure 7. Deviation in dimensional accuracy of PETG printed specimens

flexural strength reported in reference [26]. On the
other hand, with a specimen manufactured with an
infill line distance of 1 mm (level 1), a wall line
count of 4 (level 2), and a build plate temperature
of 75 °C (level 2), the dimensional accuracy devia-
tion experimentally reduced from 3.5% to 1%.

Analysis of Variance (ANOVA) utilizing the
RSM approach in MINITAB 17 software was
employed to evaluate the influence of the input
parameters on flexural strength and dimensional
accuracy deviation based on the experimental re-
sults summarized in Table 5. In order to determine
the model’s statistical significance, an ANOVA
was performed with a significance threshold set at
a P-value of less than 0.05, or a 95% confidence
interval. A model term is considered to have a sta-
tistically significant influence on the response if
its P-value is less than this threshold.

Based on Table 5, the build plate temperature
significantly influences both flexural strength and
dimensional accuracy, with p-values of 0.006 and
0.001, respectively, at a 95% confidence level.
Strong layer adhesion and reduced internal stresses
are ensured through preserving a proper build plate
temperature, which enhances flexural strength.
Additionally, by preserving stable thermal condi-
tions during printing, it minimizes warping and
shrinking, enhancing dimensional accuracy. These
low p-values illustrate how important build plate

temperature is to manufacture 3D-printed parts
with high mechanical performance and accuracy.

The effects of build plate temperature, wall line
count, and infill line distance on flexural strength
and dimensional accuracy are presented in Figures
8 and 9. Figure 8 further shows that the temperature
of the build plate has a notable effect on the flexural
strength, which plays an influential role in the flex-
ural strength when the temperature of the build plate
rises drastically from 70 °C to 80 °C. Moreover,
flexural strength enhances with the rise of wall line
count from 3 to 5, making its significance moderate.
On the other hand, the distance of the infill line has
no significant effect, and it reveals low variability in
the flexural strength. The Pareto chart also supports
these findings and shows that infill line distance has
the least impact, while wall line count and build
plate temperature have the most impact.

Similarly, Figure 9 depicts that dimensional
accuracy is mostly affected by the build plate tem-
perature in which the accuracy increases rapidly by
increasing the temperature of the build plate from
70 °C to 80 °C. This underlines the importance of
the temperature for reducing the warping risk and
ensuring stable interaction of the layers. However,
wall line count has a moderately negative effect,
where dimensional accuracy reduces as wall line
count goes up from 3 to 5, possibly due to ther-
mal non-uniformities or variations in extrusion.
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Table 5. ANOVA results for flexural strength and dimensional accuracy deviation %

ANOVA for flexural strength
Source DF Adj SS Adj MS F-Value P-Value Percentage contribution
Model 9 167.7 18.6 3.7 0.1 86.9
Linear 3 120.1 40.0 8.0 0.02 62.3
A 1 0.0 0.0 0.0 0.96 0.01
B 1 17.9 17.9 3.6 0.1 9.3
C 1 102.2 102.2 20.3 0.006 53.0
Square 3 34.6 11.5 2.3 0.2 17.9
A*A 1 0.6 0.6 0.1 0.7 0.3
B*B 1 2.1 2.1 0.4 0.5 1.1
c*C 1 33.5 33.5 6.7 0.1 17.4
2-Way Interaction 3 13.0 4.3 0.9 0.5 6.7
A*B 1 0.8 0.8 0.2 0.7 0.4
A*C 1 3.0 3.0 0.6 0.5 1.5
B*C 1 9.2 9.2 1.8 0.2 4.8
Error 5 252 5.0 13.1
Lack-of-Fit 3 20.7 6.9 3.1 0.3 10.7
Pure Error 2 4.5 2.2 2.3
Total 14 192.8 100.0
ANOVA for deviation in dimensional accuracy
Source DF Adj SS Adj MS F-Value P-Value Percentage contribution
Model 9 3.7 0.4 13.6 0.01 96.1
Linear 3 2.0 0.7 22.1 0.003 52.2
A 1 0.2 0.2 6.9 0.05 54
B 1 0.3 0.3 9.0 0.03 71
C 1 1.5 1.5 50.6 0.001 39.7
Square 3 0.8 0.3 8.8 0.02 20.7
A*A 1 0.2 0.2 7.6 0.04 6.0
B*B 1 0.5 0.5 16.9 0.01 13.3
c*C 1 0.0 0.0 0.0 0.95 0.003
2-Way Interaction 3 0.9 0.3 9.8 0.01 23.1
A*B 1 0.0 0.0 0.3 0.6 0.2
A*C 1 0.5 0.5 16.5 0.01 12.9
B*C 1 0.4 0.4 12.7 0.02 10.0
Error 5 0.2 0.0 3.9
Lack-of-fit 3 0.1 0.0 2.7 0.3 3.2
Pure error 2 0.0 0.0 0.8
Total 14 3.9 100.0

Note: The degree of freedom is represented by DF, the adjusted summation of squares by Adj SS, the adjusted
mean squares by Adj MS, infill line distance by A, wall line count by B, and build plate temperature by C.

Furthermore, the influence of infill line distance
is minimal and inconsistent, showing only slight
variations. These trends are supported by the Pa-
reto chart, showing that build plate temperature is
the most important parameter, followed by wall
line count, while infill line distance has the least
influence. The percentage contributions of the
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investigated parameters to the overall variation can
be utilized to quantify their influence on the ex-
perimental results. At a 95% confidence level, this
study shows that build plate temperature has the
most influence on flexural strength and dimension-
al accuracy, contributing 53% and 39.7%, respec-
tively. Table 6 illustrates the relative importance
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Figure 9. The main effect plot for deviation in dimensional accuracy

of each parameter in the process by providing its
optimal values and significance levels.

Interaction graphs that demonstrate how pro-
cess parameter interactions influence flexural
strength and dimensional accuracy are displayed
in Figures 10 and 11. These graphs indicate how
the relationship between a first category param-
eter and the continuous response is influenced by
the value of a second categorical parameter. Sepa-
rate lines represent the levels of one parameter,
whereas the x-axis shows the mean values for the

levels of another. Significant interaction influ-
ences between the FDM process parameters are
revealed by the non-parallel pattern of the lines
displayed in these graphs, indicating how these
parameters all work together to influence the test
specimens’ characteristics.

As shown in Figure 10, with a build plate
temperature of 80 °C, a wall line count of 5, and
an infill line distance of 1 mm, the maximum
flexural strength can be achieved. On the oth-
er hand, Figure 11 indicates that the minimum

Table 6. The optimum levels and significance for each parameter

Parameters Infill line distance Wall line count Build plate Significant
temperature (°C)
Optimized flexural strength 1.5 mm 5 80 Build plate temperature
Optimized dimensional 1.5 mm 3 80 Build plate temperature
accuracy
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Figure 11. Deviation in dimensional accuracy’s interaction plot

deviation on the dimensional accuracy of the
parts manufactured is obtained by using an infill
line distance of 1 mm, a wall line count of 4, and
printing the parts at a build plate temperature of
70 °C. Based on these results, it can be seen how
important it is to incorporate the interaction ef-
fects of parameters to achieve the optimal me-
chanical performance and accuracy of the 3D-
printed components.

The interaction between the input param-
eters and the responses is qualitatively captured
by the quadratic mathematical model in Eqgs. (6
and 7) for the dependent variables of flexural
strength and variation in dimensional accuracy.
These equations are as follows: the linear terms,
quadratic terms, and interaction terms, such that
these terms can capture the total effects of the in-
put parameters on the responses. Within the pa-
rameters of this study, these equations will pos-
sess an influential tool for prediction as well as
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optimization by offering a wide range of insight
on any parameter and its interactions within the
system and how it affects the results.
or (MPa) =—-560— 17.5xA— 140X B +
+17.06 x C — 1.60 x A2 — 0.75 X B? — (6)

-0.1205%x C*—-0.88x AXB +
+0345XxAXC+0304xBxC

Dimensional accuray deviation % =
—342+ 1434 x A+ 1.63xB+
+0.515 X C — 1.001 x A% 4+ 0.3734 X
x B2 + 0.00023 X C? — 0.096 X ()
X AXB—0.1417 x
XAXC—0.0622XBxC

where: A —represents infill line distance, B — rep-
resents wall line count, and C — represents
build plate temperature by C.

Table 7 shows the comparison between the
experimental finding of (flexural strength and
dimensional accuracy deviation) of PETG parts



Advances in Science and Technology Research Journal 2025, 19(4), 50-64

Table 7. RSM vs. experimental values for flexural strength and deviation in dimensional accuracy %

No. Flexural strength f:zimaﬁrset?;cntge?h % Error (?iﬁ’lvt-izit;?gng Rig\/;:%?ﬁ:]ed % Error

(MPa) (MPa) accuracy % dlmenS|onoaI

accuracy %
1 65.4 64.9 0.8 25 2.3 6.4
2 63.7 65.9 34 2.8 2.8 0.6
3 71.0 68.8 31 21 21 0.8
4 67.4 68.0 0.8 2.1 23 7.5
5 60.3 61.9 2.6 1.0 1.0 2.3
6 61.4 60.2 1.9 22 2.1 55
7 66.1 67.3 1.7 25 2.6 4.8
8 70.7 69.1 2.2 23 22 1.1
9 61.7 60.7 1.7 1.9 21 71
10 60.1 60.7 1.0 24 23 1.7
1 65.4 64.8 0.9 35 3.6 1.1
12 69.8 70.9 1.5 27 26 5.0
13 68.2 68.0 0.3 2.2 22 0.0
14 66.4 68.0 24 21 22 5.7
15 69.4 68.0 2.0 24 22 52

with that of the RSM values estimated by the Eq.
(8) [27]. From Table 7 and Figures (12 and 13),
the percentage error between the experimental
and predicted values is as follows: 3.4% for flex-
ural strength and 7.5% for dimension accuracy
deviation. These low percentages of error indicate

the validity and reliability of the RSM model in
forecasting the mechanical characteristics and the
accuracy of the produced PETG specimens.

Error % =
Measured value — Predicted value (8)
= |< )| x 100

Measured value

= % Error
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P i i i i &
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Figure 12. The percentage error between the experimental and predicted strength
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Figure 13. The percentage error between the experimental and predicted dimensional accuracy
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Optimized results

In order to maximize strength and minimize
dimensional accuracy deviations, the responses
were optimized using the response optimizer
(desirability analysis) as part of the RSM analy-
ses. Based on the optimization results presented
in Figure 14, the response optimization findings
yielded a composite desirability value of 0.7589,
indicating an acceptable trade-off between the
objectives. Using input parameters of 2 mm infill
line distance, 4.9394 wall line count, and a build
plate temperature of 80 °C, the optimized flexural

strength is 70.8502 MPa, with a high desirability
value of 0.98952, showing near-perfect optimiza-
tion for this parameter. In contrast, the optimized
dimensional accuracy deviation is 2.0675%,
with a desirability value of 0.58204, indicating a
slightly lower optimization level. The results in-
dicate that dimensional accuracy improves with
decreasing infill line spacing and wall line counts,
whereas strength rises with higher wall line counts
and build plate temperatures. By balancing these
conflicting objectives, the selected parameters
promote strength optimization while preserving
an acceptable degree of dimensional accuracy.

Optimal Infill Line Distance wall Line Count Build Plate Temperature
High 20 5.0 80.0
22l [2.0] [4.9394] [80:0]
Predict Low 1.0 3.0 70.0
—T
Com poshe ____/——’,/-‘ /_f'"'ﬂ-p
-~
Desirzbility 7
D:0.7589 /

Flexural Strength
Maximum

y = 70.8502
d = 098952

== |

Dimensional Accuracy
Minimum
y = 2.0675
d = 0.58204

/

Figure 14. Optimization of flexural strength and dimensional accuracy through desirability analysis

CONCLUSIONS

This study offered a comprehensive investiga-
tion of the FDM process parameters for PETG ma-
terial, focusing on the reduction of dimensional ac-
curacy deviations and improvement of mechanical
properties, notably the flexural strength. To achieve
this, the response surface methodology (RSM)
with a Box—Behnken design was applied to estab-
lish the relationship between selected significant
parameters, namely infill line distance, wall line
count, and build plate temperature, and observed
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response. The findings offer several key contribu-

tions to the field of additive manufacturing:

e The results showed that flexural strength im-
proves as the build plate temperature increas-
es. Conversely, the deviation in dimensional
accuracy decreases with a reduction in the
build plate temperature.

e The temperature of the build plate is crucial to
optimizing both the bending strength and ac-
curacy of dimension in FDM printing. Higher
temperatures improve interlayer adhesion,
which increases the flexural strength of the
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material, whereas lower temperatures give
less thermal expansion and reduce the warp-
ing for better dimensional control.

e The experimental findings revealed that flexur-
al strength enhanced with increasing build plate
temperature and attained the highest flexural
strength of 71 MPa ata 1mm infill line distance,
Swall line count, and at 75 °C build plate tem-
perature. To achieve better mechanical proper-
ties like flexural strength, a higher build plate
temperature reaching 80 °C is recommended to
obtain better interlayer adhesion.

e The dimensional accuracy deviation was reduced
to 1% with an infill line distance of 1 mm, a wall
line count of 4, and a build plate temperature of
75 °C. However, for applications that required
high dimensional accuracy, a little reduction in
build plate temperature will further reduce the
thermal expansion and warping.

e The build plate temperature was identified
as the most significant parameter, accounting
for 53% of variations in flexural strength and
39.7% of dimensional accuracy deviations,
indicating its performance in both mechanical
and geometrical optimizations.

e Infill line distance and wall line count were
identified as the most important parameters af-
fecting the internal density and the capability
to withstand the bending stress, making these
attributes crucial to the evaluation of the me-
chanical strength in relation to preferable di-
mensional stability.

e A desirability analysis demonstrated that the
parameters of 2mm infill line distance, 4.9394
wall lines, and the build plate temperature of
80°C provided the best compromise between
flexural strength and dimensional accuracy.
This resulted in a flexural strength of 70.85
MPa with a deviation of 2.07% to give an op-
timal combination of strength for structural as
well as precision applications.

This research shows that RSM can be ap-
plied to determine the best combination of
FDM processing parameters for PETG when it
comes to producing components with enhanced
mechanical and dimensional properties. Further
studies could follow the present work by intro-
ducing other factors into the investigation, like
the print speed and nozzle temperature, besides
the geometry of the parts and the types of the
composite materials used. These efforts could
also enhance the flexibility and robustness of

the FDM process, expanding the scope of its
usage across various fields such as aerospace,
automobiles, and bioengineering.
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