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ABSTRACT

The fused deposition modeling (FDM) technique produces function models of various
thermoplastic polymers and is one of the most commonly utilized additive manufacturing (AM)
technologies. The purpose of this research is to study how combining infill pattern (CIP) and
printing orientation affects tensile characteristics and building time. Polylactic acid (PLA) was
chosen as a material for the specimen's fabrication. The print orientations were the on-long-edge
and flat orientations. Because the product is built along the z-axis, the short-edge (up-right)
orientation was not considered, resulting in minimal strength. The combinations of the infill
patterns called Concentric, Cross, Triangle, Zigzag, Rectilinear, Cubic, Honeycomb, and Grid were
investigated with 70% infill density and 0.15 mm layer thickness with a layer-by-layer strategy. The
result indicates that the printing orientation significantly affected the tensile strength, especially
in CIP specimens. The on-long edge orientation of the CIP specimen had higher tensile strength.
The specimen Concentric/Triangle has the highest tensile strength in flat and on-long edge
orientations of 30 MPa and 33 MPa, respectively. Still, the building time in flat orientation was
long (25 min.) while the printing time in on-long orientation was short (29 min.). The
honeycomb/Triangle combination represents lower tensile strength in both orientations of 19
MPa for flat and 20 MPa for on-long edge, but the building time in both orientations was long (14
min and 35 min, respectively). As a result, the specimen with the CIP has greater tensile strength
than the single-infill pattern specimen. It was additionally found that when the Triangular pattern
was combined with other patterns, the tensile strength of those patterns improved. CIP specimens
built in an on-edge orientation had a higher tensile strength than those built in a flat orientation.
In the triangle infill pattern, when combined with other patterns, the tensile strength of some
samples enhanced while the others improved, while others decreased.
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Introduction

product’s application [2]. The main disadvantage of
these techniques is their longer production time and

The additive manufacturing (AM) techniques are
known as three-dimensional printing (3DP)
technology. This method produces 3D objects with
lightweight and complicated structures [1]. 3D
printers have been used in various applications in
recent years such as architectural configurations,
prototype manufacturing, and medical applications.
The AM techniques include FDM, digital light
processing, laminated object manufacturing, and
stereo lithography which depend on the material’s
types, the production tolerances, and the

low part strength compared to other traditional
manufacturing techniques. That is why they cannot
be used for mass production. FDM technology is one
of the greenest and most economical 3D printing
processes since it produces functional prototypes
that use different thermoplastic filaments as a
starting material [3]. There are various types of
thermoplastic filaments such as Acrylonitrile
Butadiene Styrene (ABS), Polylactic acid (PLA),
Nylon, Thermoplastic elastomer (TPE), High-Impact
Polystyrene (HIPS), polypropylene (PP), and other
thermoplastic polymer materials are available for
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FDM method for different purposes. These filaments
have been used as synthetic polymer components
due to their processability, mechanical flexibility,
physicochemical capabilities, and ability to
withstand significant deformations [4]. In this way,
the filaments are heated in the nozzle and are then
dispensed on the printing plate layer-by-layer to
produce the desired 3D structure [5]. This enables
the manufacturing of complex products that are
difficult to be modeled by subtractive processes.
Such techniques are now used in industries to
shorten the time and cost involved in product
development [[6], [7]]. However, the FDM draws
some significant disadvantages including poor
mechanical qualities, surface finish, and inferior
dimensional quality [8]. The quality of the product is
attributed to process parameters such as layer
thickness, infill pattern, infill density, nozzle
temperature, build orientation, print speed, and
raster angle [9]. Notably, various works studied the
FDM specimen properties in association with the
parameters of the printing process [10]. Chacon et
al. investigated the impact of layer thickness,
building orientations, and rate of feed on the PLA
specimens’ tensile strength with the FDM process
[11]. They found that as the layer thickness of the
specimen decreased, the resulting strength
increased, while the strength varied significantly for
the sample with a flat orientation. In addition,
Durgun et al. explored the improvement of
production cost and mechanical properties for the
FDM process [12]. It had been concluded that the
build orientation had a greater impact on surface
roughness and the ABS polymer’s strength than the
raster orientations. Aloyaydi et al. studied how infill
patterns affect FDM parts' compression strength
[13]. The Grid type pattern showed the greatest
compressive strength, while the Triangular pattern
had higher impact energy. Further, Mishra et al.
investigated the influence of FDM printing variables
and the thickness of layers on the strength [14]. It
was found that the strength of FDM parts increases
as the wall layer increases. The influence of printing
variables such as the air gap and raster angle on
FDM's specimen strength has been examined by Ahn
et al. [15]. They discovered that the air gap and
raster angle significantly affect the strength. Wang
et al. studied the PLA specimen’s mechanical
properties under various printing parameters using
the 3D-printing process [16]. They concluded that
the height of the layer influences the layer bonding
of 3D-printed samples' strength. Yang et al.
investigated five printing parameters to find out
their effect on building time, strength, and surface

roughness utilizing the analysis of variance test
(ANOVA) [17]. They showed that the layer thickness
and the nozzle diameter had the most impact on
tensile strength and surface roughness. Sukindar et
al. examined the nozzle diameter and the impact of
pressure drop on product quality by comparing
different extruder angles and diameters using finite
element analysis (FEA) and testing procedures. In
their work, the low strength in FDM-printed samples
is considered a drawback that results from poor
layer binding [18]. In addition, poor adhesion
between layers is caused by temperatures or
parameters that are not optimized. Furthermore,
Moradi et al. worked on 3D-printed Honeycomb
internal pattern samples with FDM technology [19].
Compared with other infill patterns, Honeycomb
patterns showed a higher mechanical resistance.
Besides, Akhoundi et al. examined the effect of
binding and adhesion after printing, regarding
various patterns such as concentric, rectilinear,
Honeycomb, and Hilbert curves, on the strength of
the final product [20]. The research focused on the
infill pattern and infill percentage of 3D-printed PLA
parts. Accordingly, Hanon et al. investigated the
strength of PETG (polyethylene terephthalate-
glycol) and PLA, comparing the two materials in a
variety of building orientations (from +45° to -45°)
using Honeycomb and Straight patterns [21]. Better
elongation results were indicated by PETG which
enhances the highest tensile strength possible value
in Y orientation with a 0° raster direction. Also, they
improve the flexural rigidity by decreasing its value
below 10%. Moreover, Samykano et al. analyzed the
parameters of the FDM utilizing an improved
mathematical model [22]. Their findings indicated
that the optimized parameters for ABS material
were 80% density, 65° raster angle, and 0.5 mm
thickness of layer. Li et al. proved that layer height is
the main factor influencing the strength of bonding,
followed by deposition velocity [23]. It was noticed
that the infill rate has a negligible effect. The
mechanical characteristics of the FDM parts
employing standard laminate theory were explored
by Casavola et al. [24]. Both Young's modulus and
Ultimate Tensile Strength (UTS) decreased when the
raster’s angle increased from 0° to 90°, while
samples at 45° showed mediate mechanical
behaviors. Studying the effect of the raster angle on
the strength, Rajpurohit et al. verified that a lower
layer height and a 0° raster angle provide higher
strength [25]. As well as the tensile strength
increased as the raster width increased up to a point
at which the tensile strength decreased. In the same
manner, Dave et al. noticed higher tensile strength
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of samples that were built into on-long edge and flat
orientations with rectilinear and concentric infill
patterns as compared to upright orientations [26].
Also, they confirmed that parts with Hilbert’s curve
infill patterns performed improved when oriented
along the short edge compared to the long edge. In
comparison  with the strength of ABS
monofilaments, Rodrigues et al. viewed degradation
in the FDM specimens’ strength due to the existence
of losses and void of molecule’s orientation
throughout the extrusion procedure [27]. However,
Lederle et al. performed material extrusion in an
inert gas atmosphere and found that both ABS and
nylon copolymer materials had been mechanically
enhanced [28]. Utilizing different materials, Wu et
al. compared various parameters of a specific
material with those of the ABS specimen [29]. They
utilized the  polyether-ether-ketone  (PEEK)
specimens to be examined. The results ensure that
the PEEK had good strength performance
comparable with the ABS specimen as it recorded
114% higher compressive strength, 115% higher
bending strength, and 108% higher tensile strength.
Ziemian et al. reported greater fatigue life for 0° and
+ 45°/- A45° raster orientations under tension-
tension fatigue testing when compared to
transverse (90°) and diagonal (45°) raster
orientation [30]. Witkin et al. investigated how the
building orientations affected the thermal and
mechanical properties of polyetherimide (ULTEM)
specimens that were printed using FDM and found
that the thermal expansion coefficient varied
according to the orientation [31]. Alvarez et al.
found that for hexagonal infill patterns, infill
percentages ranging from 50% to 98% resulted in
longer printing times and lower tensile strength [32].
Furthermore, Shih et al. found that PLA specimens,
which were treated with cold plasma, hada
higher strength of interlayer bonding than PLA
samples that were left untreated. They also
observed that the bonding strength had been
adversely affected by the treatment time [33]. Lee
et al. examined forced air cooling's effects on PLA
specimens manufactured [34]. They concluded that
using the FDM method and at greater airflow
velocities conditions (5 m/s), a trade-off between
the dimensional quality and the strength had
occurred since the dimensional quality was
improved while the mechanical strength was
decreased. Bin Ishak et al. used material deposition
for various building orientations in a single product
in several planes [35]. For the upright printed
samples, they observed developments in vyield
strength, modulus of elasticity, and (UTS). Currently,

research has been presented about the impact of
the combined infill pattern on the mechanical
behavior of parts. In this line, Mohd Ariffin et al.
combined (MIP) multiple infill patterns in a sample
with different build orientations and found the
effect on mechanical properties, as shown in Fig. 1
[36]. To design the patterns, they used CAD software
which indicated that the FDM process was unable to
combine patterns on its own. As a result, the Grid
and Honeycomb patterns have the maximum
ultimate tensile strength with the lightest weights,
while the build orientation had significant effects on
the mechanical characteristics.

Fig. 1 - Set of classified layers and 3DP printed
PLA samples

Similarly, Patel et al. studied the part’s ultimate
tensile strength with a combined infill pattern with
different infill densities, and sequences of layer
staking for various raster’s orientations using the
FDM technique, as shown in Fig. 2 [37]. While
compared to single infill pattern samples, the results
showed that the arrangements of combined infill
and stacking of layer had a significant impact on the
strength for the 45° raster’s orientation.

o

(a) 0° raster orientation (b) 45° raster orientation

Fig. 2 - Various staking of layers for different infill
densities and raster orientations.
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However, Roger et al. used topological
optimization in such a way the structural design of
the 3D-built printed parts had been optimized, as
shown in Figs. 3and 4 [38]. They combined the
heterogeneous infill types while printing the sample
using the FDM technique to achieve their targeted
properties.

Infill 20%

Fig. 3 - Inner rectilinear filling of the optimized
structure with different densities

Printing direction

x (1) Top views

Fig. 4 - Bimaterial samples: (1) vertical printing, (2)
horizontal printing with side-by-side parts, and (3)
horizontal printing with side-by-side and interpenetrated
layers at the interface

(a) Flat orientation (XY)

(b) On-long orientation (ZX)

Fig. 5 - 3DP printed tensile parts with different
build orientations

Moreover, Naik et al. investigated the effects of
raster angles on the UTS of multiple infill patterns
(MIP) items produced with the FDM technique
(Fig.5) [39]. The findings indicated that single-infill
pattern samples had less tensile strength than MIP
parts. Also, they found that MIP parts built-in on
long orientation had high UTS/mass ratios and UTS.

Finally, Sajjad, R et al. examined the influence of
combined infill strategies on the structural strength
of single-build samples using FDM technology, as
shown in Fig. 6 [3]. The experimental results have
shown that the combinations of triangular and
rectangular patterns led to 20%, 13%, 27%, and 4%
increments in ratio of strength-to-weight compared
with Triangular type, Rectilinear type, Rectangular
type, and Honeycomb type single infill, respectively.
In addition, along with minimal production cost, the
rectangular infill combination with the Triangle
patterns possessed the optimum strength-to-weight
ratio.

Individual Possible combinations of filling patterns
infills
Pattern 1 Pattern 2 Pattern 1 Pattern 2
Rectilinear Rectilinear Honeycomb Honeycomb Rectilinear
Triangle Triangle Rectangular Rectangular Triangle
Rectangular Triangle Honeycomb Honeycomb Triangle
Honeycomb Rectangular Honeycomb Honeycomb Rectangular

Fig. 6 - Printing of combinations of chosen infill patterns
with various types of infill patterns

To the best of the author’s knowledge, few
studies have been accomplished on the effect of the
combined infill patterns and some printing variables
like building orientation on the tensile properties
and 3D printing time of FDM products. There are
requirements for a study on the effect of single and
CIP on the tensile properties of FDM-printed PLA
parts. Hence, in this study, experimental
investigations were carried out to understand the
impact of a CIP at different building orientations and
infill patterns on the strength of FDM-printed PLA
parts. To fabricate the specimens, a customized G-
code file was prepared to print CIP specimens, and
the uniaxial tensile tests were carried out to
investigate mechanical responses in terms of tensile
strength. It was noticed that the tensile strength for
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some CIP specimens has been increased as well as
the printing time has been decreased.

Experimental part

FDM-based printer and material

In this study, an open-source 3DP with the FDM
technique was utilized for the samples’ fabrication.
The 3D printer had a print-bed of 500 x 500 x 500
mm?3. As shown in Fig. 7, the 3D printer may use
several different thermoplastic materials such as
PLA, ABS, and PEEK. In our work, the PLA material
was selected because of its high modulus and
strength. Also, the manufacturer specifications of
the PLA filament and the 3DP parameters are
presented in Table 1 and Table 2.

Fig.7 - Open source FDM 3D printer

Table 1 - PLA material properties by the manufacturer

Description Typical value
Filament diameter 1.75 mm
Tensile Strength at Yield 65 MPa
Flexural modulus 2102 MPa
Flexural strength 75 MPa
Elongation at break 12 %
Density 1.25 g/cm3
Printing temperature 205-225°C
Melting temperature 115+35°C

Table 2 - Main printing parameters of the 3DP machine

Description Value
Nozzle diameter 0.4 mm
Layer height 0.15 mm
Wall thickness 0.7 mm
Infill density 100 %
Print speed 60 mm/s
Printing temperature 200 °C
Build plate temperature 60 °C
Line width 0.35mm

Experimental fabrication of
specimens

Print orientations are the most significant
process parameters affecting the quality of CIP
products, among other printing parameters. The CIP
specimens were designed and fabricated as dog
bone shapes according to the ASTM D638 standard
for tensile test measurement, as shown in Fig. 8. The
build orientations of the part are defined by placing
the specimen models concerning the x-axis. There
were two print orientations were considered (flat
and on-edge) with 70% infill density and 0.15 mm
layer thickness using the layer-by-layer (LBL) printing
strategy, as shown in Fig. 9. Since the part in the
upright orientation is built along the z-axis, resulting
in the minimum strength, this orientation was not
considered. The CIP models were created using the
Cura 3DP software, version 5.1.0, as shown in Fig 10.
It consists of different layers of single infill patterns,
which involve Concentric, Cross, Triangle, Zigzag,
Rectilinear, Cubic, Honeycomb, and Grid pattern
types, respectively, as shown in Fig 11.

design for

38 mm

L 15.8 mm

Thickness=3mm
— )

Fig.8 - Tensile specimen with dog bone shape
(Dimensions were in mm)

15.9 mm

o
3
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o
I > _e39®
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Fig. 9 - 3D-printed tensile specimens with different
orientations
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Fig. 10 - FDM 3D printer on Cura software

Rectilinear Cubic Honeycomb Zigzag

Triangle Grid Cross

Concentric

Fig. 11 - Infill patterns of the 3D printed PLA

Specimen fabrications

Based on the ASTM D638 standard, 3D models
of the tensile specimen were designedin Solid
Works. The models are exported in STL files format
and transferred to the slicer software, where the
whole cross-sections of the 3D models are converted
to individual layers of a specific layer thickness with
the adjustment of the process parameters then the
files are exported in G-Code format which is
assigned to a 3DP using PLA filaments. By
considering CIP, the shell feature is used for printing
the boundary of the parts, while for the inner
sections.

Tensile test

Each specimen is tested using a Zwick/Roell Z010
tensile testing machine by the ASTM D638 standard;
this machine is shown in Fig. 12. This machine has a
load cell that can measure loads up to 10 kN.
Additionally, it has built-in software that enables the
recording, control of measured data, and
monitoring. Between the two jigs, the tensile
specimen (a dog bone) is gripped and tightened. To
monitor and record the material deformation until
the specimen fractures, the speed’s crosshead is
retained at 2 mm/min during the entire test. After
that, the test is stopped, and the crosshead motion
resumes, returning to its starting point. Through the

data acquisition system, data test is collected from
the software. The 3D-printed dog-bone specimens
after mechanical testing are shown in Fig. 13.

N Zwick ' Roell 11
————

e

e \\\n\\\\n\\\u\\\n\i
uuun\\\\\\lm
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Fig. 12 - 3D printed dog-bone specimens during
testing using mechanical testing machine Zwick/
Roell Z010 according to ASTM D638.
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Fig. 13 - The fractured 3D printed dog-bone
specimens after testing using mechanical testing
machine Zwick/ Roell Z010 according to ASTM D638
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Results and Discussion

Results

In the present work, investigations were carried
out to study the tensile behavior of CIP printed parts
of different orientations. All of the experiments are
carried out by the previously discussed experimental
design and tested. In this section, the results
obtained through the tensile test of the FDM
samples with CIP are discussed.

Effect of the combined infill patterns and
printing orientation on tensile strength

For studying the effect of the combined infill
pattern on the strength and printing or building time
of PLA samples, four samples were printed as a
single infill pattern (Concentric, Cross, Triangle, and
Zigzag), and then each two types of these patterns
were combined. The six combined samples
(Concentric/Cross, Concentric/Triangle,
Concentric/Zigzag, Cross/Triangle, Cross/Zigzag, and
Triangle/Zigzag) were obtained via the layer-by-
layer printing strategy, which means layer infill type
by layer of different infill types with flat and on-long
edge orientations. Table 3 and Table 4 represent the
results of tensile strength for different orientations
of single and combined infill patterns. It was noted
that the Triangle pattern improved significantly the

Table 4 - Tensile strength of combined PLA samples using
different infill patterns

Combined Tensile strength | 3D printing infill
infill type (MPa)
Flat On-long
Concentric
/Cross 25 28
Concentric
/Zigzag 27 30
Concentric
/Triangle 30 33
Triangle
/Zigzag 22 31
Triangle
/ Cross 23 29
Cross /
Zigzag 26 27

Table 5 - Tensile strength of PLA samples printed with
Triangle pattern combined with different infill patterns

strength of the sample. Thus, four other different Combined | Tensile strength | 3D printing infill
patterns (Rectilinear, Cubic, Honeycomb, and Grid) infill type (MPa)
were printed and combined with the Triangle - Flat | On-long
pattern. Accordingly, four combined samples were T;IaGr;ie 21 24
obtained  (Rectilinear/Triangle,  Cubic/Triangle,
Honeycomb/Triangle, and Grid/Triangle), and the
effect of the Triangle pattern after combining them
with on the tensile strength was studied as Triangle
presented in Table 5. /Cubic 26 30
Table 3 - Tensile strength of PLA samples printed with
different types of single infill patterns Triangle
/Honeycomb | 19 20
Infill type Tensile strength (MPa)
Flat On-long edge
Concentric 21 31
Triangle 25 28 Triangle
Cross 15 25 /Rectilinear 23 24
Zigzag 29 30
Grid 10 25
On the other hand, Fig. 14 shows the effect of
Cubic 10 26 different types of single infill patterns on the tensile
Honeycomb 1 29 strength of the PLA-printed samples at different
orientations. In the case of the on-long orientation,
Rectilinear 15 32 a higher strength is observed for all samples than for
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the other orientations. It is obvious that in the on-
long edge orientation of the PLA samples printed
with the single pattern, the Rectilinear infill pattern
possessed the highest tensile strength (32 MPa),
while in the flat orientation of the single pattern, the
Zigzag pattern possessed the highest tensile
strength (29 MPa), as shown in Fig. 14. On the other
hand, the effect of different types of combined infill
patterns on the tensile strength of the PLA-printed
samples at different orientations is shown in Fig. 15.
It was found that when some different patterns
were combined, the strength of both infill patterns
increased, such as Concentric/Triangle,
Cubic/Triangle, and Concentric/Cross in the flat
orientations, and Concentric/Triangle,
Zigzag/Triangle, Cubic/Triangle, and Cross/Triangle
in the on-long orientations. It was also found that
the pattern that has high strength improves the
pattern that has low strength when combining them,
such as Concentric/Triangle, Concentric/Cross,
Concentric/Zigzag, Cross/Zigzag, Cross/Triangle,
Rectilinear/Triangle, Honeycomb/Triangle,
Grid/Triangle, and Cubic/Triangle samples in flat
orientations and Concentric/Triangle,
Zigzag/Triangle, cubic/Triangle, Concentric/Cross,
and Cross/Zigzag in on-long orientations, as shown
in Fig. 15. It was also noted that when the Triangle
infill pattern was combined with some patterns,
some patterns improved while others decreased the
tensile of the sample, as it was in Zigzag/Triangle
with  flat  orientations and  Grid/Triangle,
Honeycomb/Triangle, and Rectilinear/Triangle with
on-long orientation, as shown in Fig. 16.

Effect of the infill patterns and printing
orientation on the building time of the PLA samples

Building time is an important parameter for the
production of 3D-printed materials in industry. In
this regard, the impact of printing orientations and
the infill pattern of the FDM part on the building
time was studied. Tables 6, 7, and 8 represent the
results of the building time test for different
orientations of single and combined infill patterns.

Tensile strength Mpa

CONCENTRIC CROSS TRIANGLE 2IGZAG RECTLINEAR GRID CUBIC
single infill pattern

Fig. 14 - Effect of printing orientation on the tensile

strength of PLA samples printed with different types of
single infill patterns

Combined infill pattern

= flat = long edge

Fig. 15 - Effect of printing orientation on the tensile
strength of PLA samples printed with different types of
combined infill patterns

TRIANGLE/RECTILINEAR TRIANGLE/GRID TRIANGLE/CUBIC TRIANGLE/HONEY

Tensile strength Mpa

Combinedinfill pattern

= flat long edge

Fig. 16 - Effect of printing orientation on the tensile
strength of PLA samples printed with Triangle combined
with different types of infill patterns

Table 6 - Building time (min) of single PLA samples using
different infill patterns printed orientation

Infill type Building time (min)
Flat On-long edge
Concentric 20 32
Triangle 18 31
Cross 22 33
Zigzag 18 30
Grid 13 25
Cubic 15 26
Honeycomb 12 29
Rectilinear 15 25

Table 7 - Building time (min) of combined PLA samples
using different infill patterns printed orientation

Infill type Building time (min)
Flat On-long edge
Concentric/Cross 25 30
Concentric/Zigzag 26 28
Concentric/Triangle 25 29
Triangle/Zigzag 18 31
Cross/Triangle 20 32
Zigzag/Cross 17 32
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Table 8 - Building time (min) of combined PLA samples
using Triangle with different infill patterns printed
orientation

Infill type Building time (min)
Flat On-long edge
Triangle/Grid 12 35
Triangle/Cubic 12 29
Triangle/Honeycomb 14 35
Triangle/Rectilinear 13 36

In the case of on-long orientation, a longer
printing time is observed for all samples than for the
other orientations. As seen from Fig. 17, for single
infill patterns in the flat orientation, the Cross
pattern had a longer time and the Honeycomb had a
shorter time in the on-long orientation. As shown in
Figs. 18 and 19, for the combined pattern, the
Concentric/Zigzag pattern had a longer time in the
flat orientation and Triangle/Rectilinear in the on-
long orientation. Here it is interesting to note that
there are samples that, when combined, the
building time less than printing them individually,
such as Concentric/cross, Concentric/Zigzag,
Concentric/Triangle, Zigzag/Triangle, Cross/Triangle,
and in on-long orientation, and Zigzag/Cross,
Cubic/Triangle, Rectilinear/Triangle, and
Grid/Triangle in flat orientation.

Printing time min.

CONCENTRIC ~ CROSS

TRIANGLE ZIGZAG  RECTLINEAR GRID CUBIC  HONEYCOMB

Single infill pattern

uflat = longedge"

Fig. 17 - Effect of printing orientation of different single
infill patterns on the building time of the
PLA printed samples
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Combinedinfill pattern

u flat long edge

Fig. 18 - Effect of printing orientation of different
combined infill patterns on the building time of the
PLA printed samples

g
< __ I 35 H—B
(1]

S S s W

=

W O o o ©

£ & S S S

a
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Fig. 19 - Effect of printing orientation of Triangle with
different types of infill patterns on the building time of
the PLA printed samples

Discussion

After deep research, it was found that not much
research has been accomplished on the effect of the
combined infill patterns and some printing variables
like building orientation on the tensile properties
and 3D printing time of FDM products. There are
requirements for a study on the effect of single and
CIP on the tensile properties of FDM-printed PLA
parts. Hence, in this study, experimental
investigations were carried out to understand the
impact of a CIP at different building orientations and
infill patterns on the strength of FDM-printed PLA
parts.

In the case of the on-long orientation, a higher
strength is observed for all samples than for the flat
orientation due to vertically stacked layers and these
layers are perpendicular to the applied force during
the tensile test and have good adhesion of layers
because each layer acts as a reinforcing element for
the layers below and above it additionally it provides
better structural integrity. In flat orientation, the
applied force is parallel to the layers leading to
weaker interlayer bonding, and interlayer
boundaries may act as stress concentrators, making
failure of the product.

In the on-long edge orientation of the single
pattern, the Rectilinear infill pattern possessed the
highest tensile strength because it offers good
structural integrity and efficient material usage.

While in the flat orientation of the single
pattern, the Zigzag pattern possessed the highest
tensile strength. This is because of its interlocking
Structure, increased Contact Area, and improved
Layer Adhesion.

The PLA samples printed using a combination of
Concentric and Triangle patterns possessed the
highest strength in both orientations (flat and on-
long) compared to their single counterparts. The
synergistic improvement in the strength of the two
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samples can be due to several factors: enhanced
interlayer adhesion, increased surface ares,
improved load distribution, and structural integrity.

Moreover, its printing time decreased,
particularly in the on-long orientation, and increased
in the flat orientation as compared to its single
counterparts.

When the Triangle and Cubic samples were
combined and printed in the flat orientation, the
strength of the two single samples improved
because these patterns were regular and repetitive,
they helped to distribute stress uniformly
throughout the print, minimizing the concentration
of stress points that could cause failure and the
building time was the shortest in the combined
sample. Similarly, printing on the on-long
orientation.

In the case of combined Concentric and Cross
samples, an improvement in the strength of the two
singular samples was found since it maximizes the
print strength in both the X and Y axes when printed
on a flat orientation. This is important because
forces acting on a flat surface are usually distributed
in both directions, making reinforcement in both
directions required to prevent deformation,
twisting, and bending, however, the building time
was longer in the combined sample. Whereas, in the
on-long orientation, an improvement was found in
the Cross sample only, but the building time of the
combined sample was the shortest.

After combining the Triangle and Cross patterns,
an improvement in the strength of the two samples
was found, in the case of on-long orientation by
creating an interlocking structure, promoting better
layer adhesion, offering directional strength,
optimizing material usage, ensuring uniform stress
distribution, enhancing rigidity, and simplifying the
printing process, and the building time of the
combined sample was the shortest. However, in a
flat orientation, the strength of the cross pattern
was improved due to its combination with the
concentric pattern, the building time was longer in
the combined sample.

When the Triangle and Zigzag samples were
combined, an improvement in the strength of the
two samples was found, this is because the Zigzag
infill design adds support in multiple directions and
increases overall strength, while the Triangle infill
pattern helps with stability and resistance to
bending., in the case of on-long orientation, and the
printing time of the combined sample was the
shortest.

So we can conclude from these results that
when combining the Triangle infill pattern with

other patterns, the effect on tensile strength can
depend on several factors:

i.  Complementary Patterns: Some infill
patterns may complement the Triangle infill pattern,
resulting in improved tensile strength. For example,
combining the Triangle infill with a perpendicular or
diagonal pattern can enhance the overall structural
integrity by providing additional reinforcement and
reducing stress concentration points.

ii.  Conflicting Patterns: When the Triangular
infill pattern is combined with some other patterns
that may not distribute the material effectively or
provide adequate support, it could lead to
decreased tensile strength. The interaction between
these patterns can result in weak points or
inconsistencies in the structure, reducing its overall
mechanical performance.

Conclusions

In this study, the impact of combined infill
patterns and printing orientations has been
examined, concerning the tensile and building time
characteristics of PLA-based 3D-printed objects.
Based on the experimental findings, the following
major conclusions are drawn:

The results showed that CIP specimens built in
an on-edge orientation had a higher tensile strength
than those built in a flat orientation.

The PLA samples printed using a combination of
Concentric and Triangle patterns possessed the
highest strength in both orientations (flat and on-
long) compared to their single counterparts. The
synergistic improvement in the strength of the two
samples was found to be 30% and 16.7%,
respectively, in the case of the flat orientation and
6% and 15%, respectively, in the case of the on-long
orientation. Moreover, its printing time decreased,
particularly in the on-long orientation, and increased
in the flat orientation as compared to its single
counterparts.

When the Triangle and Cubic samples were
combined and printed in the flat orientation, the
strength of the two single samples improved by 3.8%
and 61.5%, respectively, and the building time was
the shortest in the combined sample. Similarly,
printing on the on-long orientation, both samples
improved by 6.7% and 3%, respectively, and the
building time was the shortest in the combined
sample.

In the case of combined Concentric and Cross
samples, an improvement in the strength of the two
singular samples was found to be 16% and 40%,
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respectively, when printed on flat orientation,
however, the building time was longer in the
combined sample. Whereas, in the on-long
orientation, an improvement was found in the Cross
sample only by 10.7%, but the building time of the
combined sample was the shortest.

After combining the Triangle and Cross patterns,
an improvement in the strength of the two samples
was found to be 3.4% and 13.7%, respectively, in the
case of the on-long orientation, and the building
time of the combined sample was the shortest.
However, in a flat orientation, improvement was
found in the Cross sample only by 34.7%, but then
again, the building time was longer in the combined
sample.

When the Triangle and Zigzag samples were
combined, an improvement in the strength of the
two samples was found to be 9.7% and 3.2%,
respectively, in the case of on-long orientation, and
the printing time of the combined sample was the
shortest.

The Triangle infill pattern, when combined with
some other patterns, the tensile strength of some
samples enhanced while the others improved, while
others decreased.

The printed PLA samples with the combined
patterns Zigzag/Triangle and Concentric/Zigzag in
the flat orientation and Grid/Triangle,
Honeycomb/Triangle, and Rectilinear/Triangle in the
on-long orientation have the lowest tensile strength
and the highest building time. So, it is not
recommended for future work.

Research recommendations. With PLA material,
the present work is only valid for uniaxial loading.
The way forward of this research may include the
implementation of the proposed strategies for
combined loading, shear, and flexural by using the
same or different printing materials.
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OHpAipineTiH NOANNAKTUKANDBIK KbILWKbIN 66niKTepiHiH MeXaHUKa/bIK KacueTtepiHe
TONTbIPY YATiNepi meH 6acbin WbiFapy 6afbITbIHbIH, 3Cepi

Hamoud M., 2Abdal-Aziz O., 'Barakat A., 'Gad A.
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TYWIHAEME

Makana kengi: 15 mameip 2024
CapanTtamagaH eTTi: 20 mamsip 2024
Kabbinganapl: 20 mayceim 2024

6epiKTiri  »Kofapbl

BanKkpITbiNFaH TYHABIPY apKbiabl  mogenbaey (FDM) agici apTypni  TepmonnacTuKanbik
nonnmepnepain, GyHKLMOHaNAbIK YATINEPIH WbIFapaabl XaHe eH, Xui KONAaHbINATbIH Kocnanapabl
eHajipy (AM) TexHonoruanapbiHbiH 6ipi 6oabin Tabbliaabl. byn 3epTreyaiH makcaTbl TOATbIPY YArIC
(CIP) meH 6acbin wbifapy 6afbiTbiH BipiKTipy CO3blNy cUNaTTamanapblHa aHe KypacTbipy
yaKbITbIHa Kanai acep eTeTiHiH 3epTTey 60/bin Tabbliaabl. YAriHi acay ywiH maTepuan petiHae
NONMNAKTUKANbIK KbiwKpn (PLA) TaHganabl. bacna 6afaapnapbl y3blH KUEKTI KaHE Kaninak,
bafbiTTapaa 6onabl. OHIM z oci 6oMbIMeH CanblHFAHAbIKTAH, KbICKA XMEKTi (ofapbl OH, »Kak)
baFrpapbl eckepinmepgi, byn eH, a3 bepikTikke akenepni. «KoHULEHTPAIK», «KpecT», «YwoypbILw»,
«3ur3ar», «Ty3 CbI3bIKTbI», «KybTbIK», «Ban yacbl» aHe «Top» Aen aTanaTbiH TOATbIPY YATINEPIHIH,
KOMBUHAUMANApbl TOATbIPY TbiFbi3gplFbl 70% XaHe 0,15 mm KabaT KanblHAbIFbIMeH KabaTTbl
cTpaTervsmeH 3epTTengi. Hatuske 6acbin woiFapy 6afbiTbiHbIH, acipece CIP yarinepiHaeri cosbiny
6epikTiriHe aWTapAblKTain acep eTKeHiH »kaHe CIP yariciHiH, y3blH Kueri 6afbITbiHbIH, CO3blay
eKeHiH Kepceteai. Concentric/Triangle (KoHueHTpaik/Yw6ypbiw) yarici
calikeciHwe 30 MMMa »kaHe 33 MIMa KesiHAe Xa3blK KaHe y3blH XUeK baraapnapbiHaa eH, *KoFapbl
co3bly BepikTiriHe ne 6onabl, 6ipak Teric 6aFbITTafbl KUHAKTAY YaKbITbl y3afbipak 6onabl (25
MWHYT), an y3blH *KMeK bafaapbiHAa 6acbin LWbiFApy yakbiTbl Kbicka 6onabl (29 muHyT). Ban
YACHI/YWOYPbIW KOMBUHALMACH! eKi 6afblTTa Aa TOMEH COo3blay 6epiKTiriH KamTamachi3 eTTi: Teric
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JKMeK ylWwiH 19 MMa kaHe y3bIH uek ywid 20 MMMa, 6ipak KypacTbipy yaKkpbiTbl eki 6afbiTTa Aa
y3afblpak 6ongbl (TuiciHwe 14 MUHYT kaHe 35 MuHyT). HaTukeciHge, CIP yarici 6ip pet
TONTLIPbIIFAH YArire KapafaHAa YAKeH co3bliy GepikTiriHe ne. COHbIMEH KaTap, ywoeypbiwTbl
OpHeKTi backa epHeKkTepmeH bipiKTipreHAe, CO/M BPHEKTEPAiH CO3blay Kyl »aKcapFfaHbl
aHbIkTangpl. LetTik 6armapmeH KypacTbipbinFaH CIP yarinepi Teric 6afgapmeH KacanfaH
yArinepre KapafaHga »Kofapbl co3blny 6epikTiriHe ue 6ongbl. Keibip 6acka yarinepmeH
6ipiKTipinreH ywobypbIWTbl TOATbIPY yAricCiHAE Keilbip yarinepain, cosbiny 6epiKTiri »ofapbliagbl,
an backanapbl }aKkcapabl, an keinbipeynepi TomeHaesi.

Tyiiin ce30ep: BanKkbITblIFaH TYHAbIPY apKblnbl modenbaey (FDM), kocnanapapl eHaipy (AM),
NOANNAKTUKANbIK KbllwKbla (PLA), kabaT-kabaT, 6acbin woiFapy 6afbiThl, apanac TOATbIPY yArinepi
(CIP), KypacTbipy 6abITbl.
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BanAaHMe pUCYHKOB 3aN0O/IHEHUA U OPUEHTAL UM NeYaTn Ha MexaHu4yecKue
CBOMCTBA ,qe'raneﬁ, M3roTOBJ/IEHHbIX U3 NOJIMMOIOYHOWU KUCNOTbI
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AHHOTAUMA

MeTog, MoOAenupoBaHWA  HannaBneHHbIM  ocaxaeHnem (FDM) nossonseT co3gasaTtb
OGYHKUMOHaNbHbIE MOAENM Pa3NUYHBIX TEPMOMNACTUYHBIX NMOSMMEPOB U ABAAETCA OAHOU U3
Hanbonee 4acTo MCNONb3yeMbIX TEXHOOMMI aaaUMTMBHOMO NpoussoacTea (AMl). Llesbto aaHHoro
uccnefoBaHUA ABNAETCA U3yYEHME TOTO, KaK codeTaHue pucyHKa 3anonHeHus (CIP) u opueHTaLmm
neyaTu BAMAET Ha XapPaKTePUCTUKUN PACTANKEHWUA U BPeMsA CTPOUTENbCTBA. B KauecTBe maTepuana
[NA U3rotoBneHnsa ob6pasuos 6bina BbibpaHa NoaMmonoyHas kucnota (PLA). OpueHTauma nevatu
6b11a A/IMHHOM M NAOCKOW. [TOCKONbKY U3Ae/Me NOCTPOEHO BAOJb OCK Z, OPUEHTALMA KOPOTKOTO
Kpas (BBepx-npaBas) He paccMaTpuBasacb, YTO NPUBOAUT K MWHWMANbHOM MNPOYHOCTM.
KOMBWHALMM  PUCYHKOB 3anoO/IHEHWA MOA Has3BaHWeM «KOHLEHTPUYECKui», «KpecT»,

MNoctynuna: 15 masa 2024 «TpeyronbHuK», «3ursar», «MpaMoONUHeRrHbIN», «Kybuyeckunit», «CoTbl» M «CeTka» 6blan
PeueHsnpoBaHue: 20 mas 2024 MUccnenoBaHbl C MIOTHOCTbIO 3anonHeHusa 70% u TonwmHoi cnos 0,15 mm € nocnoiHow
MpuHATa B neyvatb: 20 utoHa 2024 cTpaTterven. Pe3ynbTaT NOKasbIBAET, YTO OPUEHTALMA NEYaTU OKa3ana 3HaYMTEIbHOE BANAHUE HA

MPOYHOCTb Ha pa3pbiB, ocobeHHo B 0bpasuax CIP, a opueHTauma obpasua CIP B4OAb AAMHHON
KPOMKM umena 6onee BbICOKYID MPOYHOCTb Ha paspbiB. Ob6pasel, KoHUEHTPUK/TpeyronbHUK
MMeeT Camylo BbICOKYIO MPOYHOCTb Ha Pas3pbiB NPMW MJIOCKOW OpUEHTaLUMWM U OpueHTauuu no
AAVHHOM KpomKe - 30 MMa 1 33 MIla cOOTBETCTBEHHO, HO BPEeMA HApaLLMBAHWUA NMPW NJIOCKOM
opueHTauum 66110 6onblMm (25 MUHYT), B TO BpEMA Kak Bpemsa neyaTty npu opueHTauuu no
[ANVHHOM CTOpPOHe 6bin KOPOTKMM (29 MUH.). KoMBUHaumMa «coTa/TpeyronbHuUK» obecneunBaet
MEHbLUYI0 MPOYHOCTb Ha pa3pbiB B 0benx opueHTaumax: 19 MMa gns naockoi n 20 MMNa ana
OJIMHHOM KPOMKMU, HO Bpems cOopKM B 06enx opueHTaumax 6b110 60nbluinm (14 MUHYT U 35 MUHYT
COOTBETCTBEHHO). B pe3synbrate obpasey ¢ CIP umeeT 60nblUyO NPOYHOCTb HA Pas3pbiB, Yem
obpasel, ¢ oAHMM 3anonHeHMem. Kpome TOro, 6bI10 OBHapyXKeHO, YTO MpU COYETaHUU
TPeyroNbHOro PUCYHKa C APYrMMM y30pamMmn NPOYHOCTb Ha Pa3pbiB 3TUX Y30POB Y/y4Llanach.

06pasubl CIP, NOCTPOEHHbIE C OpUEHTaLUMel No Kpato, umenn b6onee BbICOKYIO MPOYHOCTb Ha
paspbiB, 4Yem o06pasubl, MNOCTPOEHHbIE C MJIOCKOM oOpueHTauuenh. B wabnoHe 3anonHeHus
«TpeyroNbHUK» B COYETAHUM C HEKOTOPbIMM APYrMMM LWABNOHAaMKM NPOYHOCTb Ha paspbiB
HeKOoTOpbIX 06Pa3LLOB YBEAUYUAACH, B TO BPEMA KaK Y APYrMX YAYHLWMAAC, @ Y APYrMX CHU3UAACh.

Kniouesvie cnoea: MopenvposaHve HannasneHwem (FDM), agautusHoe npoussoactso (AM),
noAnmosodHas Kuciota (PLA), nocioiiHoe opueHTaLus nevyaTi, KOMBUHVMPOBaHHbIE WabNOHbI
3anonHeHus (CIP), opueHTaums cbopKu.
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