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Additive manufacturing (AM) is a preferred industrial manufacturing method for modeling and rapid
prototyping of physical systems. The final product in AM must have appropriate mechanical properties,
such as flexural strength and be of good quality. The selection of printing parameters is essential for this
reason. In this study, three critical printing parameters, such as layer thickness (100-200-300 xm), raster
angle (0-30-60°), and infill density (40-60-80%) were examined. The analysis of variance method was used
to look at the relationship between these parameters and the flexure strength of samples fabricated using
the fused deposition modeling technique with polyethylene terephthalate glycol material. The experimental
design process was performed using Taguchi L9 orthogonal design. Fuzzy logic-based modeling was applied
to estimate the flexural strength. The results demonstrated that the infill density is the most important
parameter affecting flexural strength compared to the other parameters. The highest strength of 57.76 MPa
was achieved when the layer thickness, raster angle, and infill density were set to 100 ym, 60°, and 80%,
respectively. The fuzzy logic provided a high-accuracy estimation of the flexural strength with a maximum
percentage error of 2.65%. Consequently, it was determined that the model and experimental results were

in agreement.
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1. Introduction

Additive manufacturing (AM), or 3D printing is the process
of creating a product as the final output from a 3D model
prepared digitally. Although there are many AM methods that
depend on the type of material used, all methods work
according to the same principle (Ref 1, 2). In this principle, the
material is created layer-by-layer to obtain the final product. It
is possible to create complex shapes using less material in the
AM process, unlike in traditional machining (Ref 3). Another
important advantage is that it can produce all parts in a single
structure (Ref 4). Thus, production costs decrease and effi-
ciency increases in the industrial production process (Ref 5, 6).
Such advantages have increased the use of AM technology and
have made it preferred in many sectors, such as medicine,
automotive, architecture, robotic, and aviation (Ref 7, 8).

There are different fabrication methods in AM technology
(Ref 9-12). Among these methods, FDM, a material extrusion-
based technology, is widely preferred in the industry. Polymer-
based materials are used in the FDM method (Ref 13-18).
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There is a bias that the mechanical properties of the samples
fabricated by this method are not sufficient. 3D printer printing
parameters such as fill rate, raster angle, nozzle temperature,
table temperature, layer thickness, and printing speed contribute
significantly to the mechanical properties, productivity, and
quality of the fabricated samples. Consequently, studying the
effects of printing factors and predicting results using appro-
priate process parameters is critical to improve the mechanical
properties of printed components (Ref 19, 20). In the current
study, three printing parameters (layer thickness, raster angle,
and infill density) were determined and the flexural strength
properties of the samples fabricated using the FDM technique
with PETG material were revealed. The mechanical properties
of PETG material against flexure can be determined by
examining this feature. However, the determined printing
parameters are preferred in many studies, it has been revealed
through experimental studies that they affect the flexural
strength (Ref 21-23).

There are not enough studies in the literature on improving
and predicting flexural strength (Ref 24, 25). Current studies
have mostly focused on improving the tensile strength,
hardness, and roughness mechanical properties of 3D printed
samples (Ref 26-28). Tura and Mamo presented an experimen-
tal investigation in terms of flexural strength for the quality
analysis of parameters on parts produced by FDM (Ref 29).
Taguchi’s L18 mixed orthogonal array approach was used to
adjust the printing parameters. Layer height, scanning width,
scanning angle, and orientation angle were preferred as
parameters. A hybrid genetic algorithm and response surface
methods, the response surface approach, and the Taguchi
method were used to look at and improve how the parameters
affected the results of the experiments. Atakok et al. used the
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Taguchi method to investigate the effects of FDM manufactur-
ing parameters on the tensile strength, three-point flexural
strength, and impact strength of 3D printed PLA and recycled
polylactic acid (Re-PLA) (Ref 30). The FDM printing param-
eters were established as follows: filaments (PLA, Re-PLA),
layer thickness (0.15-0.20-0.25 mm), infill rates (30-50-70%),
and infill structure (Rectilinear). All performed tests values
were found to be directly proportional to infill rates in the study.
The optimum results were 0.25 mm, 70%, and PLA for all test
results; layer thickness, infill rates, and filament materials,
respectively. They were calculated to be 60.006 MPa,
16.961 kJ/m* at Izod impact strength, 125.423 MPa at three-
point bending strength. Zisopol et al. demonstrated the effect of
printing parameters on the bending strength of PLA, and ABS
printed samples by applying the Taguchi method and ANOVA
of 3-point bending test results (Ref 31). Rabinowitz et al. used
the Taguchi method to optimize FDM additive manufacturing
to maximize the flexural strength of 3D printed polyarylether-
ketone samples (Ref 32). 3D printed (3DP) carbon fiber-
reinforced polyetherketoneketone (CFR PEKK), 3D printed
and pressed (3DP + P) CFR PEKK, and injection molded
medical grade polyetheretherketone (PEEK) were analyzed as a
control. Fracture surfaces were analyzed by scanning electron
microscopy (SEM). Parameters changed in the optimization
included nozzle diameter, layer height, print speed, raster angle,
and nozzle temperature. The results of this study support the
hypothesis that subsequent consolidation of 3DP samples
improves mechanical properties. Mamo et al. stated that
choosing the right printing parameter is important to obtain
quality products with suitable properties, such as flexural
strength (Ref 33). In this direction, they conducted experimen-
tal studies by determining four process variables. ABS material
and the FDM method were used in the production of the
samples. They developed a fuzzy logic-based prediction model
based on input and output parameters. The results revealed that
the proposed model and the experimental data were in good
agreement. According to the studies, the mechanical properties
of the final component fabricated with FDM are highly affected
by the printing parameters.

In this study, flexure strength measurements of three-point
bending test parts fabricated on an FDM-type 3D printer with
layer thickness (100-200-300 pum), raster angle (0-30-60°), and
infill density (40-60-80) printing parameters were examined.
PETG material was used in the fabrication of the parts. The
experimental design process was performed using the Taguchi
method. Flexural samples were fabricated according to the
ASTM D790 standard. Taguchi, ANOVA, and contour plots
were employed to explore the impact of each performance
characteristic. The flexural strength was predicted using fuzzy
logic model and compared with the experimental results.
Consequently, it was determined that the model and experi-
mental results were in agreement.

2. Materials and Methods

2.1 Experimental Procedure

A Zaxe Z1 Plus 3D printer was used in the fabrication of the
flexural test samples using the fused deposition modeling
(FDM) method. Although the fabrication volume of the printer
is 300 x 300 x 300 mm, it has a layer resolution of 50-400

microns and a printing speed of 10-300 mm/s. The additive
manufacturing can be performed using thermoplastic polymer
materials, such as acrylonitrile butadiene styrene (ABS),
polylactic acid (PLA), thermoplastic polyurethane (TPU), and
polyethylene terephthalate glycol (PETG) with this printer. In
this study, PETG, a polymer commonly employed in FDM, was
utilized for the fabrication of samples. PETG is characterized
by high hardness, durability, impact resistance, and lightweight
properties. It is used to produce water bottles, food packaging,
and countless other common plastic products. The properties of
the PETG material are given in Table 1.

In FDM, a material extrusion additive manufacturing
technique, polymers serve as the filament. The filament, heated
to a molten state, is extruded through the 3D printer’s nozzle.
The nozzle’s three degrees of freedom (DoF) enable it to
deposit the polymer on the build plate based on G-code
instructions from standard triangle language (STL) files. The
principle of the FDM process is given in a schematic diagram in
Figure 1(a). The continuous feeding of the filament through the
extruder and nozzle, driven by rollers, results in layer-by-layer
deposition on the build plate. The printer nozzle navigates
according to spatial coordinates from the original computer-
aided design (CAD) model until the desired size and shape are
achieved. Extrusion quality depends on the thermoplastic
filament properties, leading to printer designs tailored to
specific materials.

The ASTM D790 standard was preferred for sizing flexural
test samples. The technical drawing and dimensions of the
samples are shown in Figure 1(b). The samples prepared
according to this standard have dimensions of
125 x 12.7 x 3.2 mm in length, width, and thickness. The
3-point bending test is usually performed on brittle materials
rather than a tensile test. Flexural test studies were conducted
on a 50-kN force transducer capacity machine (AGS-X,
Shimadzu) using the ASTM D790 standard. The mandrel and
support diameters were fixed in accordance with the standard in
the tests. After the assemblies were fixed, both PETG materials
were placed on the supports for the 3-point bending test
specimens, and the specimens were bent with the help of a
mandrel by applying the load. Experimental studies were
performed at a speed of 1 mm/s. Mechanical property data
measured during the experiment were recorded using software.
Experimental studies were carried out according to eight
experiments determined according to the Taguchi method.
Maximum flexural strength values in all experiments are given
in Table 3. Flexural strength-strain diagrams resulting from the
3-point bending test of some experiments are shown in

Table 1 Properties of the polyethylene terephthalate
glycol filament material

Properties Values
Material PETG
Filament color Yellow
Diameter of filament, mm 1.75
Table temperature, °C 70-100
Nozzle temperature, °C 230-260
Tensile strength, MPa 53
Flexural strength, MPa 77
Dielectric strength, V/mil 410

Journal of Materials Engineering and Performance



” \
Liquifier \ :
Extrusion nozzles\. : \
Supports \

Foundation sheet

Support /

material spool r
Model

(@) material spool

/ I 3.2mm

: {..

2 125 mm

Build platform

(b)

Fig. 1 (a) Fused deposition modeling printing process (b) Technical
drawing of the flexural specimen

Figure 2. Flexural strength values for experiment 3-5-7-8 were
measured as 57.76, 46.86, 42.82, and 36.79 MPa, respectively.

2.2 Design of the Experiment

In this study, the Taguchi method was used to minimize the
number of experiments. Taguchi is the method used to reverse
or improve productivity during research and development to
obtain a high-quality product at a low cost and in a short time
(Ref 34, 35). In the introduction section, it was stated that
printing parameters in the AM process have a significant impact
on the mechanical properties of the final product components.
In the current study, the flexural strength properties of samples
fabricated by FDM technique using PETG material were
examined. Three different printing parameters were determined
for the 3D printer during fabrication. Layer thickness (um),
raster angle (°), and infill density (%) were selected as printing
parameters. It has been revealed in many studies that these
parameters have a significant effect on flexural strength. The
effectiveness of printing parameters on the flexural strength of
PETG samples has been proven by experimental studies. There
are three levels for each printing parameter in the designed
experimental process. The other printing parameters required
for the fabrication process were kept constant in all exper-
imental stages. The printing parameters and their ranges studied
are given in Table 2.

The experimental design was made using the Taguchi L9
vertical array. In this design, the signal-to-noise (S/N) ratio was
used to optimize the determined parameters, ensure stability,
and ensure minimum process variability. ANOVA was applied
to define and model the relationship between the flexural
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strength and printing parameters obtained from the measure-
ments. A total of nine experiments were employed based on the
Taguchi mixed orthogonal design (Table 3).

2.3 Fuzzy Logic Method

A fuzzy logic-based model is proposed to predict the flexure
strength values. The fuzzy logic method is frequently used in
applications in the field of artificial intelligence (Ref 36, 37).
Because this method does not require mathematical modeling,
it can be easily applied to complex nonlinear systems. Fuzzy
logic principles do not work like classical logic principles. It is
not the binary operating system seen in computers. There are no
completely right or completely wrong values in fuzzy logic
principles. Instead, uncertain options such as false or close to
true, partially true, and partially false are also included and
graded within the framework of rules (Ref 38, 39).

A fuzzy system defines sets and rules by associating all
inputs with all outputs. The working structure of fuzzy systems
resembles the workings of a mathematical cause and effect
function (Ref 40, 41). One of the most important concepts in
fuzzy systems is fuzzy rules. Fuzzy rules include fuzzy control
rules designed to achieve the control purpose (Ref 42). The
main purpose of this stage is to express expert knowledge in a
cause and effect relationship. A fuzzy inference system consists
of four stages (Figure 3). These are fuzzification, fuzzy
inference system, defuzzification, and knowledge bases. First,
all input variables are converted into fuzzification variables in
the “fuzzification’ section. Trapezoidal, Gaussian, and triangular
membership functions are used for this process. Then, in the
‘fuzzy inference system’ section, we obtain fuzzy output values
for matching inputs by using the knowledge base containing
fuzzy IF-THEN rules and membership functions. Finally, in the
‘defuzzification’ section, the blurry output is converted to a non-
fuzzy value and applied to the output.

The first step in modeling with fuzzy logic is to define the
input and output parameters. While layer thickness, raster
angle, and infill density were determined as the inputs of the
system, flexural strength was determined as the output. The
inputs and outputs of the fuzzy logic system are shown in
Figure 4. The system output is defined as the flexural strength
values measured because of the 3-point bending test. Input
parameters are defined as the printing parameters that affect the
output variable and are the most preferred in the literature. The
minimum and maximum values of the input and output
parameters were determined with reference to the values in
Tables 2 and 3. The proposed fuzzy logic prediction model was
implemented using MATLAB software. Mamdani was used as
the fuzzy inference system.

The values of membership functions are adjusted according
to the upper and lower limits of the inputs and outputs in fuzzy
logic modeling. As a result of Taguchi analysis, upper-lower
limits and rules for parameter values were determined. Twenty
rules were created to define the relationship between these
parameters. The fuzzy model was defined as follows; method:
min, or method: max, implication: min, aggregation: max, and
defuzzification method: centroid. The input and output param-
eters are represented by linguistic variables or fuzzy member-
ship functions in a Gaussian shape as shown in Figure 5.

In the Gaussian membership function employed for ‘Layer
Thickness’ input, ‘Low’ for values in the range [100-200 um],
‘Medium’ for values in the range [140-260 pum], and ‘High’ for
values in the range of [200-300 um] were used (Figure 5(a)). In
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Fig. 2 Flexural strength-strain diagrams of 3-point bending tests of some experiments (a) experiment 3 (b) experiment 5 (c) experiment 7 (d)

experiment 8

Table 2 Flexural strength factors
control Taguchi L9

and levels of the

Level
Factors Symbol Units -1 0 1
Layer thickness LT pm 100 200 300
Raster angle RA ° 0 30 60
Infill density ID % 40 60 80

the Gaussian membership function employed for ‘Raster Angle’
input, ‘Low’ for values in the range [0-30°], ‘Medium’ for
values in the range [10-50°], and ‘High’ for values in the range
of [30-60°] were used (Figure 5(b)). In the Gaussian member-
ship function employed for ‘Infill Density’ input, ‘Low’ for
values in the range [40-60%], ‘Medium’ for values in the range
[45-75%], and ‘High’ for values in the range of [60-80%] were
used (Figure 5(c)). In the Gaussian membership function
employed for ‘Flexural Strength’ output, ‘Extremely Low’ for
values in the range [36-40 MPa], ‘Very Low’ for values in the
range [36-44 MPa], ‘Low’ for values in the range [40-48 MPa],

Table 3 L9 orthogonal array Taguchi flexural test results and signal/noise ratios

Run Layer thickness, xm Raster angle, ° Infill density, % Flexural strength, MPa Signal/noise, dB
1 100 0 40 39.63 31.7385
2 100 30 60 45.54 33.3565
3 100 60 80 57.76 35.0808
4 200 0 60 39.89 31.7968
5 200 30 80 46.86 33.4160
6 200 60 40 39.75 31.9867
7 300 0 80 42.82 32.4277
8 300 30 40 36.79 31.0752
9 300 60 60 43.58 32.5841
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Fig. 4 Schematic diagram of the fuzzy logic system with three inputs and one output response

‘Normal’ for values in the range [43-51 MPa], ‘High’ for values
in the range [47-54 MPa], ‘Very High’ for values in the range
[50-58 MPa], and ‘Extremely High’ for values in the range of
[54-58 MPa] were used (Figure 5(d)).

3. Results and Discussion

3.1 Evaluation of the Process Parameters

Taguchi design is a set of methodologies in which the
inherent variability of materials and manufacturing processes is
considered during the design phase. In this design, the signal-
to-noise (S/N) ratio is used to achieve a robust system and make
the process indifferent to noise factors. Thus, an optimum-
quality design is created with minimal changes. This study
aimed to optimize and predict the flexural strength properties of
PETG samples fabricated using layer thickness, raster angle,
and infill density parameters. Thus, ‘the larger is better’ property
was used during the analysis with Taguchi method.

The Taguchi experimental design results in Table 3 were
evaluated by applying analysis of variance (ANOVA) to
identify important printing parameters affecting performance
measurements. The ANOVA results are given in Table 4. The
confidence interval was determined to be 95% during the
analysis. According to the results, the most important parameter
affecting flexural strength is the infill density. This parameter
was followed by layer thickness and raster angle in order of
importance. The F and P tests were used to verify the
significance of the results in the ANOVA. According to these
tests, the higher the F' value and the lower the P value, the
greater the effect of the process parameters on performance. A
P value of less than 0.05 makes the parameters significant. The
P value of all parameters is less than 0.05 in the table. This
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proves that the selected printing parameters have a significant
effect on flexural strength. The contribution rates of the printing
parameters to the flexural strength were also calculated as
percentages (Table 4). However, the infill density has the
highest effect on strength (48.42%), the contribution rates of
layer thickness and raster angle were calculated at 28.51 and
21.73%, respectively.

Main effect analysis was performed to calculate the
optimum printing parameters. Figure 6 shows the main effect
plot for the effects and levels of the three-point bending
strength parameters. This graph shows the change in the
flexural strength value with printing parameters. It can be seen
from the main effect graph that the infill density parameter has a
significant effect on flexural strength. The effect rates of the
other parameters were close to each other. An increase in infill
density and raster angle values has increased the flexural
strength. However, an increase in layer thickness parameter has
decreased the strength value. The relationship between the
raster angle, and infill density parameters, and three-point
bending strength is proportional. Among the preferred printing
parameters, the best values are layer thickness of 100 um, raster
angle of 60°, and infill density of 80%.

Figure 7 shows the contour plot graphs that show the
relationship between PETG component flexural strength and
printing variables. Infill density is an important factor that
influences the flexural strength properties. As clearly shown in
Figure 7(b) and (c), increasing infill density has a significant
impact on flexural strength. Raster angle is another significant
factor that could influence flexural strength. As can be clearly
seen in Figure 7(a) and (b), 60° of raster angle gives the highest
flexural strength. The effect of layer thickness on flexural
strength is shown in Figure 7(a) and (c). It can be seen that
when the layer thickness increases, the flexural strength value
tends to decrease. As a result, the flexural strength values were



high at points where the infill density and raster angle
parameters were high and the layer thickness parameter was
low (Figure 7).

3.2 Evaluation of Fuzzy Logic Results

Modeling software was used on the basis of the information
given in Table 3 to find the results of the proposed fuzzy logic
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Fig. 5 Gaussian membership functions of printing parameters (a)
layer thickness (b) raster angle (c) infill density (d) flexural strength

Table 4 The analysis of variance for flexural strength

prediction. 3D surface plots were created to see the relationship
between input and output parameters. Fuzzy logic result graphs
of the flexural strength with printing parameters are given in
Figure 8. It can be clearly seen that the input parameters have a
significant effect on flexural strength. The effect of the infill
density parameter is quite high from the results. This parameter
is followed by layer thickness and raster angle. The highest
flexural strength values were found in regions where infill
density and raster angle were high (Figure 8(a), (b) and (c)).
The highest flexure strength value was measured in the
parameters in Figure 8(b).

The results obtained with the fuzzy logic method overlapped
with the contour graphs of flexural strength in Figure 7.
Although different methodologies were applied, similar results
were obtained. In both methods, the most important parameter
affecting flexural strength values was infill density. The effect
of other parameters gave similar results. Strength values were
also close to each other.

After the fuzzy logic modeling process, the defuzzification
process is performed to give the output parameter a number.
After this process, a comparison is made between the prediction
model outputs and the experimental results. The output data of
the experimental data, fuzzy model, and Taguchi model are
presented graphically in Figure 9. The proposed fuzzy logic
model predicted the flexural strength data more successfully
than the Taguchi method. In the fuzzy model, the maximum
error amount was 2.65% in sample 4, while this value was
calculated as 4.58% for Taguchi. The results obtained revealed
that the proposed fuzzy model is a very effective method for
determining parameter properties.

Layer Thickness Raster Angle Infill Density

50

Mean of Means

100 200 300 0 30 60 40 60 80

Fig. 6 Main effects plot for means of FDM process parameters

Mean Square (MS) F-Value P-Value Contribution, %

Factors Degree of freedom (DF) Sum of squares (s)
Layer thickness 2 85.641
Raster angle 2 65.011
Infill density 2 163.685
Error 2 2.494
Total 8 316.830

42.820 34.34 0.028 28.51
32.505 26.07 0.037 21.73
81.842 65.63 0.015 48.42
1.247 1.34
100
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4, Conclusions

This research proposed a fuzzy logic model to predict the
flexural strength for layer thickness, raster angle, and infill
density on PETG samples fabricated using the fused deposition
modeling (FDM) method. The flexural strength properties of
PETG materials were examined for the first time with a fuzzy
logic model in this study. The experimental design process was
performed according to the L9 orthogonal Taguchi method. The
relationship between compression parameters and flexural
strength was revealed using ANOVA and main effect graphs.
Because of the analyses, it was determined that the most
important parameter affecting flexural strength is the infill
density. The contribution rate of this parameter was 48.42%.
The contribution rates of layer thickness and raster angle were
calculated as 28.51 and 21.73%, respectively. The highest
strength was obtained when the layer thickness, raster angle,
and infill density were set to 100 um, 60°, and 80%,
respectively (experiment 3). The flexural strength value in this
experiment was 57.76 MPa. Taguchi experimental data were
used to develop the proposed fuzzy logic model. The success of
the prediction models was compared in terms of percentage
error. The fuzzy logic provided a high-accuracy estimation of
the flexural strength with a maximum percentage error of
2.65%. As a result, it was determined that the model and
experimental results were in agreement. It has been demon-
strated through experimental studies that the flexural strength of
parts fabricated by FDM can be predicted with fuzzy logic. The
results can be used as a reference for other studies. Our next
research will focus on optimizing flexural strength through the
application of machine learning methodologies, including
artificial neural networks, k-nearest neighbor’s algorithm,
genetic algorithm, and support vector machines.
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