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Abstract: Fused Deposition Modelling (FDM) is one of the layer-based technologies that fall under the
umbrella term “Additive Manufacturing”, where the desired part is created through the successive
layer-by-layer addition process with high accuracy using computer-aided design data. Additive
manufacturing technology, or as it is commonly known, 3D (three-dimensional) printing, is a rapidly
growing sector of manufacturing that is incorporated in automotive, aerospace, biomedical, and many
other fields. This work explores the impact of the Additive Manufacturing process on the mechanical
proprieties of the fabricated part. To conduct this study, the 3D printed tensile specimens are designed
according to the ASTM D638 standards and printed from a digital template file using the FDM 3D
printer Raise3D N2. The material chosen for this 3D printing parameter optimization is Polylactic
acid (PLA). The FDM process parameters that were studied in this work are the infill pattern, the infill
density, and the infill cell orientation. These factors’ effects on the tensile behavior of printed parts
were analyzed by the design of experiments method, using the statistical software MINITAB2020.

Keywords: additive manufacturing; fused deposition modeling; 3D printing; process optimization;
DOE; tensile properties; PLA

1. Introduction

Additive manufacturing (AM) or 3D printing is one of the leading technologies of
rapid prototyping methods that creates a part from a virtual 3D CAD (Computer-aided
Design) model to a real-life product. This technology has been integrated into a multitude
of fields ranging from the automotive industry and the aerospace industry to the medical,
architectural, and electronics sectors [1]. In modern manufacturing industries, due to the
increased need for parts with great geometric complexity and relatively low weight, the
use of material extrusion 3D printing has exponentially increased throughout the years to
become an important technology [2]. The main appeal of AM, in contrast to the traditional
manufacturing methods, is the possibility to create parts with complex geometry and
complex internal channels, the creation of parts that are hollowed with lower weights
which consequently increases the strength-to-weight ratio and significantly reduces the
raw material used and production time [3].

The AM technology comprises seven main methods that use the same principle, which
include Vat photopolymerization, Material jetting, Binder jetting, Powder bed fusion,
Fused deposition modeling, Sheet lamination, and Directed energy deposition [4]. Out of
all these methods of 3D printing, fused deposition modeling (FDM) is the most heavily used
one. The material is melted and then extruded in a pattern next to or on top of previous
extrusions, layer by layer, to create a physical part. The material used in FDM printing is
a thermoplastic polymer such as Polycarbonates (PC), polylactic acid (PLA), acrylonitrile
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butadiene styrene (ABS), nylon, Thermoplastic Polyurethane (TPU), acrylonitrile butadiene
styrene (ABS) and many others [5]. The main reason for FDM printing becoming the most
common method of additive manufacturing is due to its relative simplicity and the low
cost of the printer and printing material. Parts that are produced with FDM are still a step
behind in the mechanical properties compared to the traditional manufacturing methods
and even other AM technologies, that is why it is paramount to identify and optimize
its process parameters to create strong and reliable parts that can compete and provide a
proper substitution to other parts created with other methods. Several process parameters
can directly affect a part’s mechanical property, and these parameters are shown in Figure 1.

Figure 1. The interaction pathways between the physical and virtual models in the digital twin
framework for additive manufacturing.

Numerous studies have been conducted to study the effect of these process parameters
on the final properties of an FDM printed part and to optimize them [6]. The mechanical
properties of a 3D printed part are the most important because they determine the real-life
application and life span of the part. A wide range of optimization methods have been
used to optimize the FDM process. Montero et al. [7] utilized a fractional factorial design to
analyze five process parameters (raster width, air gap, raster orientation, filament color,
and extrusion temperature). Their ABS-printed specimens were created on a Stratasys FDM
1650 unit (© Stratasys 2024). The results revealed that the raster orientation and the air gap
were two important parameters for tensile strength, with a negative air gap and 0◦ raster
orientation preferred to achieve an optimum tensile strength. Es-Said et al. [8] investigated
the tensile properties of ABS parts generated by the FDM process using raster orientation
as a variable. Parts were built in five different raster orientations. It was revealed that a
raster orientation of 0◦ was the best for maximizing tensile strength. Alafaghani et al. [9]
studied the effect of build orientation, infill density, infill patterns, print speed, extrusion
temperatures, and layer thickness. They found that build orientation, layer thickness,
infill density, and extrusion temperature were all significant for tensile properties (Young’s
modulus, tensile strength, and yield strength) among the six parameters studied. Liu
et al. [10] investigated layer thickness, raster orientation, raster width, printing orientation,
and air gap to find the best process parameters for tensile properties. The three parameters
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that were found important were layer thickness (high), build orientation (60◦), and raster
orientation (−45◦/45◦).

Meanwhile, Tontowi et al. [11] conducted a study to predict the effects of varying
raster angles, extrusion temperature, and layer thickness on the tensile strength. Layer
thickness had the greatest impact on tensile strength. Maloch et al. [12] study found that
increasing extrusion temperature and layer thickness can enhance mechanical properties.
Chadha et al. [13] studied the effect of bed temperature and primary layer thickness on
the mechanical properties. They showed that the strength increased with the temperature
up to a certain point, then decreased. Fernandez et al. [14] found out that layer thickness
significantly impacts tensile strength in 3D printed parts with PLA material, with the best
strength achieved at 60% infill, 220 ◦C printing temperature, and 0.1mm layer thickness.
Giri et al. [15] and Ziemian et al. [16] studies revealed that layer thickness, printing ori-
entation, and cooling rate affect tensile strength and printing time of PLA material, with
thicker layers resulting in weaker parts. According to Rankouhi et al. [17], the mechanical
properties of ABS material are significantly affected by both layer thickness and raster
orientation. Chacon et al. [18], using PLA material, evaluated the effect of the build ori-
entation, feed rate, and layer thickness on the tensile and bending properties. Results
showed that these parameters have a big impact on the output. The effect of various
infill patterns on the compressive strength of ABS material was examined by Iyibilgin
et al. [19]. Their research found that the honeycomb infill pattern resulted in the highest
modulus. Gebisa et al. [20] conducted a study on ULTEM 9085 polymeric material and
found that raster orientation significantly impacts tensile strength, while build time and
surface quality are crucial for optimal performance. Panda et al. [21] focused on the effect
of build orientation, layer thickness, raster width, raster orientation, and air gap on tensile
strength. They discovered that all parameters (except raster width) and parameter combi-
nations had an impact on tensile strength. Alafaghani et al. [22] studied the effect of the
six printing parameters: build orientation, infill density, infill patterns (linear, diamond
and hexagonal), print speed, extrusion temperatures and layer thickness on the tensile
property parameters (Young’s modulus, tensile strength, yield strength, and ductility) of
a PLA-material. It was found that the building direction and the infill density were the
most significant parameters. However, the mechanical properties remain steady starting
from the extrusion temperature of 185 ◦C. Additionally, it was observed that the print
speed and the tested infill patterns had a negligible effect on the mechanical properties.
However, the nozzle diameter has an effect on the mechanical parameter, as investigated
by Tamas, ag et al. [23]. They considered only the Cubic infill pattern (grid), and they added
contours (covering walls) to the tensile specimens. An increase of the tensile strength
with increasing nozzle diameter was observed. Czyzewski [24] considered nozzles with
diameters of 0.2 mm, 0.4 mm, 0.8 mm and 1.2 mm. The specimens were produced with
a layer height of 0.2 mm and full filling (100%). They found that the lowest mechanical
properties were obtained with a nozzle diameter of 0.2 mm. For nozzles diameters of 0.4
mm and 0.8 mm, the mechanical properties are almost the same. However, for the nozzle
diameter of 1.2 mm, a degradation of the mechanical properties explained by the lack of
connections between layers was observed. Many recent studies addressed this topic from
another perspective and demonstrated that the mechanical performance of 3D-printed
parts using FDM can be improved when the thermoplastic filament is reinforced with short
fibers or a second nozzle during the FDM process to reinforce thermoplastic material with
continuous fibers [25–27].

Previous studies that focused on the effect of infill patterns printed their test specimens
with contour walls and top and bottom surfaces. In this study, our objective is to investigate
the effect of process parameters on the mechanical properties by purely considering speci-
mens without contour walls or top and bottom surfaces that could influence the results.
The FDM process parameters investigated in this study include the infill pattern (Honey-
comb, Gyroid, Grid, and Triangle), the infill density (40%, 50%, and 60%), and the infill
cell orientation (0◦, 45◦, 90◦). The impact of these factors on the tensile behavior of printed
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components is analyzed using the design of experiments method. Regression equations
have been developed using surface response methodology, enabling the prediction of PLA
tensile properties.

2. Material and Methods

Polylactic acid (PLA) is a biodegradable thermoplastic material created from renew-
able biomass, most commonly made from corn and sugarcane. PLA has a low melting
temperature and low shrinkage rate when compared with other thermoplastic filaments. It
can be blended with a variety of materials such as wood, carbon fiber, metal and stone to
create PLA composites.

The material used in this work is a biodegradable polymer (polylactic acid PLA)
derived from renewable resources, particularly starch extracted from corn, beets, and
wheat [28]. The filament shown in Figure 2 has a diameter of 1.75 mm, a density of
1.31 g/cm2, tensile strength of 20.9 MPa, tensile modulus of 1882 Mpa and a charpy impact
strength of 5.7 kj/m2. The filament has a 1.75 mm diameter. The filament is shown in
Figure 2.

Figure 2. Polymaker polyterra PLA 1.75 mm/1 kg.

2.1. Specimen Design

The tensile specimens, shown in Figure 3, are designed according to the ASTM-D638
type1 standard as used by Morettini et al. [29], among others. To produce a part using a 3D
printer, its geometric specifications are necessary and are typically obtained from slicing
software in the form of an STL file. In order for a 3D printer to create a part, it requires its
geometric specifications that are obtained from a slicing software in the form of an STL
file. IDEA MAKER slicing software (Version 4.3.0 Beta) was used because, unlike other
slicers, it allows the printing of parts without walls or top and bottom surfaces in order
to purely analyze the infill pattern. The slicer works by cutting the user’s model file into
multiple layers, depending on the layer height, and generating a Gcode. Its main function
is to instruct the printer how to move geometrically in 3 dimensions (x, y, z).
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Figure 3. Tensile test specimen according to ASTM-D638 TYPE1 [29].

2.2. Printing Process

The PLA is heated and extruded through a nozzle to 3D print a cross-section of the
specimen one layer at a time as per the Gcode instructions. With each layer, the bed is
lowered automatically, and the process is repeated until the specimen is printed completely.
Figure 4 depicts the 3D printer used in the experiment (Raise3DN2 - Raise 3D Technologies,
Inc., Irvine, CA, USA). The printer’s technical specifications are:

• Print Technology: FDM.
• Build Volume (W × D × H): 305 × 305 × 305 mm.
• Layer Resolution: 0.01~0.25 mm.
• Compatible filament Type: PLA, ABS, PETG, Nylon.
• Filament Size: 1.75 mm.
• Printing Surface: Buildtak.
• Heated Build Platform: Yes.
• Enclosure: Yes.
• Nozzle Diameter: 0.4 mm.
• Nozzle Working Temperature: 170–300 ◦C.
• Number of Nozzles: 2.
• Printing Speed: 10~150 mm/s.
• Moving Speed: 150~300 mm/s.
• Positioning Accuracy: XY-axes: 0.0125 mm, Z-axis: 0.00125 mm.

Figure 4. Raise3d N2 printer and components.
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Table 1 contains the default printing parameters considered for the subsequent experi-
ments. As recommended by Zemcik et al. [30], the used layer height is equal to half of the
Diameter nozzle.

Table 1. Default printing parameters.

Printing Parameters

Material Polylactic Acid (PLA)

Extrusion temperature 215 ◦C

Heated bed temperature 60 ◦C

Nozzle diameter Ø0.4 mm

Extrusion width 0.4 mm

Top and bottom solid layer 0

Shell number 0

Printing speed 60 mm/s

Layer height First layer is 0.3 mm and the rest are 0.2 mm

2.3. Mixed Full Factorial Design of Experiments

The design of experiments (DOE) approach is a systematic method for determining
the relation between parameters affecting the process’s output. It is utilized to discover
cause-and-effect connections. The qualities of FDM printed parts are influenced by a variety
of process parameters, and in this study, the parameters that were analyzed are the infill
pattern, infill density, and infill cell orientation in order to determine their effect on the
tensile behavior of the printed specimen. The infill pattern has four different levels while
the other two factors have three different levels as shown in Table 2. A mixed full factorial
design of experiments is defined by the selected three process parameters.

Table 2. FDM process parameters and their levels.

Factors Symbols Units −1 0 1 2

Infill Patern A ----- Honeycomb Gyroid Grid Triangles

Infill density B Percentage (%) 40 50 60 -----

Infill cell orientation C Degree (◦) 0 45 90 -----

2.4. Tensile Testing

The printed specimens are shown in Figure 5 in accordance with ASTM D638 [29]
standards. Tensile tests were executed on an MTS insight machine with an extensometer to
accurately measure the displacement, as shown in Figure 6. It should be noted that each
specimen was printed three times.

To properly see the internal structure of the tensile specimens, a close-up view is
shown in the Figure 7 of several specimens with different infill patterns.

After conducting the tensile test, the yield strength (with 0.2% offset) and the elastic
modulus were extracted from the tensile curve of each specimen and reported in Table 3.
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Figure 5. Some of the printed tensile specimens.

Figure 6. MTS insight tensile test machine with the specimen between the grips.
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Figure 7. A close-up of some specimens with different infill patterns: (a) grid/(b) triangles/
(c) gyroid/(d) honeycomb.

Table 3. Mixed full factorial design of experiments and tensile test results.

Infill Pattern Infill Density Infill Cell Orientation Yield Strength (MPa) Elastic Modulus (MPa)

1 0 −1 3.60 ± 0.07 605.0 ± 44

2 1 1 4.43 ± 0.08 696.5 ± 31.5

0 0 −1 3.35 ± 0.13 514.5 ± 19.5

2 0 −1 3.33 ± 0.01 339.5 ± 29

0 0 0 1.86 ± 0.16 238.5 ± 13.5

1 1 0 2.91 ± 0.19 403.0 ± 88

−1 0 1 2.37 ± 0.07 339.0 ± 9

−1 −1 −1 1.97 ± 0.12 161.5 ± 12.5

−1 1 0 3.83 ± 0.08 456.5 ± 22.5

0 1 0 3.66 ± 0.35 360.0 ± 5

2 1 0 4.29 ± 0.12 646.0 ± 5

0 1 1 4.55 ± 0.09 685.0 ± 3

−1 1 1 2.94 ± 0.12 388.0 ± 29

−1 −1 0 1.95 ± 0.04 150.0 ± 3

−1 −1 1 1.87 ± 0.03 224.0 ± 10

0 0 1 2.67 ± 0.02 434.5 ± 9

2 −1 −1 2.56 ± 0.1 411.0 ± 32

1 0 1 3.60 ± 0.07 605.0 ± 44

2 −1 0 1.73 ± 0.02 483.0 ± 95

−1 1 −1 4.22 ± 0.16 469.5 ± 18.5

1 −1 0 1.28 ± 0.04 78.0 ± 2

1 0 0 2.72 ± 0.06 272.0 ± 8

1 1 1 4.49 ± 0.1 773.5 ± 43.5
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Table 3. Cont.

Infill Pattern Infill Density Infill Cell Orientation Yield Strength (MPa) Elastic Modulus (MPa)

−1 0 0 2.67 ± 0.01 348.5 ± 45.5

0 −1 0 1.34 ± 0.05 111.5 ± 8.5

1 −1 −1 1.84 ± 0.09 344.5 ± 7.5

2 0 0 2.91 ± 0.01 446.5 ± 10.5

0 1 −1 3.80 ± 0.18 488.0 ± 29

2 0 1 4.00 ± 0.1 616.5 ± 16.5

1 −1 1 1.84 ± 0.09 344.5 ± 7.5

2 −1 1 1.84 ± 0.06 325.0 ± 1

2 1 −1 4.67 ± 0.14 624.0 ± 10

1 1 −1 4.49 ± 0.1 773.5 ± 43.5

−1 0 −1 3.21 ± 0.15 331.0 ± 11

0 −1 −1 2.10 ± 0.18 227.5 ± 27.5

0 −1 1 1.93 ± 0.05 210.0 ± 12

3. Results and Analysis

DOE is a versatile data collection and analysis tool that can be used in a variety of
studies. It enables the manipulation of a large number of input variables to determine their
influence on the desired results (responses). By changing many inputs at the same time,
DOE can uncover critical interactions that might otherwise go undetected when testing
with one component at a time.

3.1. Pareto Charts

A Pareto chart is a statistical tool that allows us to determine the degree of impact of
our studied factors on the responses. Figure 8 shows the Pareto chart for the yield strength
of the tested specimens. Bars that cross the red line are considered significant so we notice
that infill density is the most important factor followed by infill cell orientation and, lastly,
the infill pattern.

Figure 8. Pareto chart for the yield strength.
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Figure 9 represents the Pareto chart for the Elastic modulus of the tested specimen,
and it shows that all the studied factors and the interaction between the infill pattern and
infill cell orientation had significant effects on the elastic modulus.

Figure 9. Pareto chart for the elastic modulus.

3.2. Main Effects Plots

ANOVA analysis is used to determine the individual effect of each studied factor
(infill pattern, infill density, and infill cell orientation) on the Elastic modulus and the yield
strength of the tensile specimens. MINITAB2020 is the statistical software that was used
to analyze the experimental data. Figure 10 represents the main effect plot for the yield
strength. It is observed that the specimen that had the highest yield strength was printed
with a triangle infill pattern, a 60% infill density, and an infill cell orientation of 0◦, while
the lowest yield strength was obtained from a printed specimen with a honeycomb infill
pattern, 40% infill density and an infill cell orientation of 45◦. We also noticed that the infill
density had a linear effect on the yield strength.

Figure 11 represents the main effect plot for the Elastic modulus. It shows that the
specimen with the highest Elastic modulus was obtained with a triangle infill pattern, a
60% infill density, and an infill cell orientation of 90◦. At the same time, the lowest Elastic
modulus resulted from a specimen with a honeycomb infill pattern, 40% infill density, and
an infill cell orientation of 45◦. In addition, the effect of infill density on the Elastic modulus
was also linear.

3.3. Interaction Plots

An interaction plot shows the effect of modifying one experimental factor’s settings
in relation to the other factors. A two-way interaction plot shows the interaction effect
between two factors. Figure 12 represents the interaction plot for the yield strength, and it
shows that there was a small interaction between the infill pattern and infill cell orientation.
We notice that for the four studied infill patterns, a cell orientation of 0◦ offers the best yield
strength. The highest yield strength is obtained from printing with a triangle infill pattern,
60% infill density, and 0◦ infill cell orientation.
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Figure 10. Main effects plot for the yield strength (MPA).

Figure 11. Main effects plot for the elastic modulus (MPA).
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Figure 12. Interaction plot for the elastic modulus (MPA).

As for the Elastic modulus, Figure 13 shows that there is only one significant interaction
was between the infill pattern and the infill cell orientation. for the 4 studied infill patterns
a cell orientation of 90◦ offers the best Elastic modulus. The highest Elastic Modulus is
obtained from a triangle infill pattern, 60% infill density and 90◦ infill cell orientation.

Figure 13. Interaction plot for the yield strength (MPA).
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3.4. Regression Equation

ANOVA analysis provides a regression equation that can predict the response. Table 4
represents the model summary, and it shows that the percentage of variation explained
by the model for the yield strength response is 78.51%. Equation (1) gives the regression
equation of the yield strength.

Yield strength = 2.88 + 0.158 × A + 1.031 × B − 0.1744 × C + 0.1078 × A × B + 0.0982 × A × C + 0.014 × B × C (1)

where A is the infill pattern, B is the infill density and C is the infill cell orientation.
This regression equation was constrained to include only the most significant coefficients
identified through the Pareto chart.

Table 4. The yield strength model summary.

S R-sq R-sq(adj) R-sq(pred)

0.417367 87.00% 83.75% 78.51%

Figure 14 gives both the experimental results and the predicted ones by the regression
Equation (1). It was noticed that the plots are close with an average error of 11.3%, which
is satisfactory.

Figure 14. Comparison graph between the yield strength experimental and predicted values.

For the elastic modulus, the regression equation can explain 73.69% of the response’s
variation, and it is shown in Table 5.

Table 5. The elastic modulus model summary.

S R-sq R-sq(adj) R-sq(pred)

73.0687 90.17% 84.37% 73.69%

The following regression equation of the Elastic modulus when considering the most
significant coefficients is:

Elastic modulus = 380.7 + 67.7 × A + 153.0 × B + 8.6 × C + 1.8 × A × B + 12.1 × A × C + 9.3 × B × C (2)

where A is the infill pattern, B is the infill density and C is the infill cell orientation.
The comparison between the experimental and predicted values of the Elastic Modulus

is shown in Figure 15. This figure proves that the regression equation is reliable with an
average error of 11.6%.
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Figure 15. Comparison graph between the elastic modulus experimental and predicted values.

4. Conclusions

In this study, our objective is to investigate the influence of relevant printing parame-
ters on mechanical properties, namely the elastic modulus and the yielding strength. The
variation of the mechanical properties is specifically related to the anisotropic aspect of the
manufactured specimens with specific printing parameters, especially the raster pattern
and the orientation of the printed layers relative to the loading direction. The effect of
three different FDM printing parameters (the infill pattern, the infill density, and the infill
cell) on the two mechanical properties, the Elastic modulus and the yield strength, were
investigated using the experimental design method.

The main findings of this study were:
The most important factor is the infill density. It was observed that this factor had a

linear effect on the mechanical properties. The increasing of this factor leads to the increase
on the mechanical properties.

For the yield strength, it was concluded that the most important factor after the infill
density is the infill cell orientation followed by the infill pattern.

For the Elastic modulus, it was found that the all studied factors had a significant
effect. In addition, the interaction between the infill cell orientation and infill pattern was
found to be also impactful.

The optimal levels to print parts with high yield strength are a triangle infill pattern,
a 60% infill density (exceeding 60% is expected to give higher results), and an infill cell
orientation of 0◦.

The optimal levels to print a part with high elastic modulus are a triangle infill pattern,
60% infill density (exceeding 60% is expected to give higher results), and an infill cell
orientation of 90◦.

This study provides an important insight into FDM 3D printing process optimization.
In a feature work we intend to study the effect of the studied process parameters on the
fatigue behavior. Also, the obtained experimental results can be used to determine the
anisotropy parameters of the printed parts to be considered for numerical simulations.

Author Contributions: Conceptualization, S.B.h.H., S.C. and B.L.; methodology, S.B.h.H., S.C. and
B.L.; software, S.B.h.H. and S.C.; validation, S.B.h.H. and S.C.; formal analysis, S.B.h.H., S.C. and
B.L.; investigation, S.B.h.H. and S.C.; resources, S.B.h.H. and S.C.; data curation, S.B.h.H. and S.C.;
writing—original draft preparation, S.B.h.H., S.C. and B.L.; writing—review and editing, S.B.h.H.,
S.C., B.L. and A.S.; visualization, S.B.h.H., S.C., B.L. and A.S.; supervision, S.C. and B.L.; project
administration, B.L. All authors have read and agreed to the published version of the manuscript.



Polymers 2024, 16, 1562 15 of 16

Funding: This work was supported and funded by the Deanship of Scientific Research at Imam
Mohammad Ibn Saud Islamic University (IMSIU) (grant number IMSIU-RP23018).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

References
1. Stavropoulos, P.; Foteinopoulos, P.; Papacharalampopoulos, A.; Bikas, H. Addressing the challenges for the industrial application

of additive manufacturing: Towards a hybrid solution. Int. J. Lightweight Mater. Manuf. 2018, 1, 157–168. [CrossRef]
2. Wong, K.; Hernandez, A. A Review of Additive Manufacturing. ISRN Mech. Eng. 2012, 2012, 208760. [CrossRef]
3. Durakovic, B. Design for additive manufacturing: Benefits, trends and challenges. Period. Eng. Nat. Sci. 2018, 6, 179. [CrossRef]
4. Prakash, K.; Nancharaih, T.; Rao, V. Additive Manufacturing Techniques in Manufacturing—An Overview. Mater. Today Proc.

2018, 5, 3873–3882. [CrossRef]
5. Rahim, T.; Abdullah, A.; Akil, H.M. Recent Developments in Fused Deposition Modeling-Based 3D Printing of Polymers and

Their Composites. Polym. Rev. 2019, 59, 589–624. [CrossRef]
6. Heidari-Rarani, M.; Ezati, N.; Sadeghi, P.; Badrossamay, M. Optimization of FDM process parameters for tensile properties

of polylactic acid specimens using Taguchi design of experiment method. J. Thermoplast. Compos. Mater. 2020, 35, 2435–2452.
[CrossRef]

7. Ahn, S.; Montero, M.; Odell, D.; Roundy, S.; Wright, P. Material Characterization of Fused Deposition Modeling (FDM) ABS by
Designed Experiments. Soc. Manuf. Eng. 2001, 10, 1–21.

8. Es-Said, O.; Foyos, J.; Noorani, R.; Mendelson, M.; Marloth, R.; Pregger, B. Effect of Layer Orientation on Mechanical Properties of
Rapid Prototyped Samples. Mater. Manuf. Process. 2000, 15, 107–122. [CrossRef]

9. Alafaghani, A.; Qattawi, A.; Alrawi, B.; Guzman, A. Experimental Optimization of Fused Deposition Modelling Processing
Parameters: A Design-for-Manufacturing Approach. Procedia Manuf. 2017, 10, 791–803. [CrossRef]

10. Liu, X.; Zhang, M.; Li, S.; Si, L.; Peng, J.; Hu, Y. Mechanical property parametric appraisal of fused deposition modeling parts
based on the gray Taguchi method. Int. J. Adv. Manuf. Technol. 2016, 89, 2387–2397. [CrossRef]

11. Tontowi, A.E.; Ramdani, L.; Erdizon, R.V.; Baroroh, D.K. Optimization of 3DPrinter Process Parameters for Improving Quality of
Polylactic Acid Printed Part. Int. J. Eng. Technol. 2017, 9, 589–600.

12. Maloch, J.; Hnátková, E.; Žaludek, M.; Kratky, P. Effect of processing parameters on mechanical properties of 3D printed samples.
Mater. Sci. Forum. 2018, 919, 230–235. [CrossRef]

13. Chadha, A.; Haq, M.I.; Raina, A.; Singh, R.R.; Penumarti, N.B.; Bishnoi, M.S. Effect of fused deposition modelling process
parameters on mechanical properties of 3D printed parts. World J. Eng. 2019, 16, 550–559. [CrossRef]

14. Fernandez, J.; Deus, A.M.; Reis, L.; Fatim, M.; Leite, M. Study of the influence of 3D printing parameters on the mechanical
properties of PLA. In Proceedings of the 3rd International Conference on Progress in Additive Manufacturing, Singapore,
14–17 May 2018.

15. Giri, J.; Chiwande, A.; Gupta, Y.; Mahatme, C.; Giri, P. Effect of process parameters on mechanical properties of 3D printed
samples using FDM process. Mater. Today Proc. 2021, 47, 5856–5861. [CrossRef]

16. Ziemian, S.; Okwara, M.; Ziemian, C.W.; Ziemian, S.; Okwara, M.; Ziemian, C.W. Tensile and fatigue behavior of layered
acrylonitrile butadiene styrene. Rapid Prototyp. J. 2015, 21, 270–278. [CrossRef]

17. Rankouhi, B.; Javadpour, S.; Delfanian, F.; Letcher, T. Failure analysis and mechanical characterization of 3D printed ABS with
respect to layer thickness and orientation. J. Fail. Anal. Prev. 2016, 16, 467–481. [CrossRef]

18. Chacón, J.M.; Caminero, M.Á.; García-Plaza, E.; Núñez, P.J. Additive manufacturing of PLA structures using fused deposition
modeling: Effect of process parameters on mechanical properties and their optimal selection. Mater. Des. 2017, 124, 143–157.
[CrossRef]

19. Iyibilgin, O.; Yigit, C.; Leu, M.C. Experimental investigation of different cellular lattice structures manufactured by fused
deposition modeling. In Proceedings of the 24th Annual International Solid Freeform Fabrication Symposium—An Additive
Manufacturing Conference, Austin, TX, USA, 12–14 August 2013; pp. 895–907.

20. Gebisa, A.W.; Lemu, H.G. Influence of 3D printing FDM process parameters on the tensile property of ULTEM 9085. Procedia
Manufact. 2019, 30, 331–338. [CrossRef]

21. Panda, S.; Padhee, S.; Sood, A.; Mahapatra, S. Optimization of Fused Deposition Modelling (FDM) Process Parameters Using
Bacterial Foraging Technique. Intell. Inf. Manag. 2009, 1, 89–97. [CrossRef]

22. Alafaghani, A.; Qattawi, A. Investigating the effect of fused deposition modeling processing parameters using Taguchi design of
experiment method. J. Manuf. Process. 2018, 36, 164–174. [CrossRef]

23. Tamas, ag, I.; Bes, liu-Băncescu, I.; Severin, T.-L.; Dulucheanu, C.; Cerlincă, D.-A. Experimental Study of In-Process Heat Treatment
on the Mechanical Properties of 3D Printed Thermoplastic Polymer PLA. Polymers 2023, 15, 2367. [CrossRef] [PubMed]

24. Czyzewski, P.; Marciniak, D.; Nowinka, B.; Borowiak, M.; Bielinski, M. Influence of Extruder’s Nozzle Diameter on the
Improvement of Functional Properties of 3D-Printed PLA Products. Polymers 2022, 14, 356. [CrossRef]

https://doi.org/10.1016/j.ijlmm.2018.07.002
https://doi.org/10.5402/2012/208760
https://doi.org/10.21533/pen.v6i2.224
https://doi.org/10.1016/j.matpr.2017.11.642
https://doi.org/10.1080/15583724.2019.1597883
https://doi.org/10.1177/0892705720964560
https://doi.org/10.1080/10426910008912976
https://doi.org/10.1016/j.promfg.2017.07.079
https://doi.org/10.1007/s00170-016-9263-3
https://doi.org/10.4028/www.scientific.net/MSF.919.230
https://doi.org/10.1108/WJE-09-2018-0329
https://doi.org/10.1016/j.matpr.2021.04.283
https://doi.org/10.1108/RPJ-09-2013-0086
https://doi.org/10.1007/s11668-016-0113-2
https://doi.org/10.1016/j.matdes.2017.03.065
https://doi.org/10.1016/j.promfg.2019.02.047
https://doi.org/10.4236/iim.2009.12014
https://doi.org/10.1016/j.jmapro.2018.09.025
https://doi.org/10.3390/polym15102367
https://www.ncbi.nlm.nih.gov/pubmed/37242942
https://doi.org/10.3390/polym14020356


Polymers 2024, 16, 1562 16 of 16

25. Vedrtnam, A.; Ghabezi, P.; Gunwant, D.; Jiang, Y.; Sam-Daliri, O.; Harrison, N.M.; Goggins, J.; Finnegan, W. Mechanical
performance of 3D-printed continuous fibre Onyx composites for drone applications: An experimental and numerical analysis.
Compos. Part C Open Access 2023, 12, 100418. [CrossRef]

26. Ghabezi, P.; Sam-Daliri, O.; Flanagan, T.; Walls, M.; Harrison, N.M. Circular economy innovation: A deep investigation on 3D
printing of industrial waste polypropylene and carbon fibre composites. Resour. Conserv. Recycl. 2024, 206, 107667. [CrossRef]

27. Ritter, T.; McNiffe, E.; Higgins, T.; Sam-Daliri, O.; Flanagan, T.; Walls, M.; Ghabezi, P.; Finnegan, W.; Mitchell, S.; Harrison, N.M.
Design and modification of a material extrusion 3D printer to manufacture functional gradient PEEK components. Polymers 2023,
15, 3825. [CrossRef]

28. Filament2print. Available online: https://filament2print.com/gb/pla-basic/698-blue-pla-basic.html (accessed on 10 May 2024).
29. Morettini, G.; Palmieri, M.; Capponi, L.; Landi, L. Comprehensive characterization of mechanical and physical properties of PLA

structures printed by FFF-3D-printing process in different directions. Prog. Addit. Manuf. 2022, 7, 1111–1122. [CrossRef]
30. Zemcik, O.; Sedlak, J. Application of Linear Optimization on Parameters of 3D FDM Print. Tech. Gaz. 2019, 26, 1164–1170.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jcomc.2023.100418
https://doi.org/10.1016/j.resconrec.2024.107667
https://doi.org/10.3390/polym15183825
https://filament2print.com/gb/pla-basic/698-blue-pla-basic.html
https://doi.org/10.1007/s40964-022-00285-8

	Introduction 
	Material and Methods 
	Specimen Design 
	Printing Process 
	Mixed Full Factorial Design of Experiments 
	Tensile Testing 

	Results and Analysis 
	Pareto Charts 
	Main Effects Plots 
	Interaction Plots 
	Regression Equation 

	Conclusions 
	References

