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Abstract

The usage area of 3D printers from architecture to heavy industry has been increasing in recent
decades. By this process, it is possible to manufacture structures having different geometric
configurations to improve the mechanical, vibration, impact, and acoustic properties of the structures.
In this study, three-point test specimens with different topologies were produced by the 3D printing
method in order to see the effect of the geometric configuration. The specimens having 100% infill
density were produced using PLA (Polylactic Acid), ABS (Acrylonitrile Butadiene Styrene) and PETG
(Polyethylene terephthalate glycol-modified) filament materials with the additive manufacturing
method, which is the most widely used method in three-dimensional production. Numerical and
experimental results are compared for loading conditions at specific force values.

Keywords: 3D printing, Finite element analysis, Three-point bending test, Additive manufacturing.

Oz

Son yillarda mimariden agir sektére kadar 3B yazicilarin kullanim alani artmaktadir. Bu yéntem ile
yapilarin mekanik, titresim, darbe ve akustik o6zelliklerini iyilestirmek icin farkli geometrik
konfigiirasyonlara sahip yapilar tiretmek miimkiindiir. Bu ¢alismada, geometrik konfigiirasyonun
etkisini gormek i¢in farkl topolojilerde ti¢ nokta deney numuneleri 3B baski yontemi ile iiretilmistir.
% 100 dolgu yogunluguna sahip numuneler PLA (Polilaktik asit), ABS (Akrilonitril biitadien stiren)
ve PETG (polietilen tereftalat glikolle degismis) filament malzemeleri kullanilarak ii¢ boyutlu
liretimde en yaygin kullanilan yontem olan eklemeli imalat yontemi ile iiretilmistir. Belirli kuvvet
degerlerindeki yiikleme kosullari i¢in sayisal ve deneysel sonuglar karsilastirilmistir.

Anahtar Kelimeler: 3B baski, Sonlu eleman analizi, 3 nokta egme deneyi, Eklemeli imalat.
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1. Introduction

Additive manufacturing technologies have made
significant progress over the past decades. In this
manufacturing process, an object is built by
adding successive layers of raw material. Each of
these layers can be viewed as a thinly sliced
horizontal section of the final object [1]. Chuck
Hull is known for his invention of the first three-
dimensional printer in 1984, which has a
Stereolithography (SLA) systems [2]. The
stereolithographic technique is based on the
principle of solidifying certain parts of the resin
layer, which is liquid at room temperature, by
means of a laser beam [3]. Fused deposition
modeling (FDM), an extrusion-based technology
was developed by Scott Crump in 1989 [4]. FDM
uses a moving nozzle to extrude a filament of
polymer or metal which is heated to its melting
point to create a 3D model. ABS, PLA, and PETG
are the most used materials in this technique.

With the widespread use of 3D printers,
determining the physical properties of the
structures produced by this technique has
gained importance in recent years. Studies based
on the effects of material type, filling rates,
orientation, nozzle temperature, and topology
on the behavior of the structure under loading
have started to take place in the literature.
Rebenaque and Requena examined the different
filling density rates and different geometries in
accordance with UNE-EN ISO 178 (2011)
standard [5]. Kotodziej et al. examined printing
parameters such as infill density on the modulus
of elasticity, maximum stress and deflection
value to find the optimal printing parameters.
They carried out the static bending tests of the
specimens made of PLA [6]. Hernandez et al.
determined the tensile, compressive, and
flexural properties of printed ABS P340 polymer
specimens having different orientations [7].
Harshitha and Rao examined the displacement,
tension and shear force values of bolts made of
ABS and PLA material by the finite element
analysis [8]. Abbot et al. printed PLA, PETG, ABS
and TPU square blocks having different infill
ratios to compare the numerical simulation and
tensile test results. They concluded that the 50%
infill density simulations behaved when
compared to that of the dimensions of the 100%
infill density, representing almost double the
displacements. They also emphasized that a
multi-body model can be considered to closely
illustrate the variation in the infill density of 3D

printed structures [9]. Abeykoon et al. examined
the effect of different geometries, filling speed,
nozzle temperature, and filling pattern
conditions. They compared the results to those
obtained by the finite element analyses [10].
Sayre investigated the tensile, compression, and
bending behaviors of specimens made of ABS
considering different printing orientations by
the finite element method [11]. Martinez et al.
carried out a comparative study to develop the
accurate finite element models of laminated
tensile test specimens made of FDM having
different orientations [12]. Zhou et al. studied
the mechanical behavior of PLA specimens
under tensile conditions both experimentally
and numerically, and the effects of printing
pattern and infill density on ultimate tensile
strength [13]. Sarvestani et al. investigated the
structural responses, failure mechanics, energy
absorption capabilities of 3D printed sandwich
structures by the tensile and three-point
bending tests [14]. They determined the failure
mechanism and energy absorption capabilities
of the core topology and geometric parameters
of the meta-sandwich structures. Ercan etal. [15]
investigated the effect of geometry on bending
strength of sandwich panels considering four
different geometries namely honeycomb, cubic,
skeleton, and truss by the three-point bending
test and finite element analysis.

The current study aims to investigate the
structural responses of 3D printed three-point
bending specimens having seven different
topologies both experimentally and numerically.
Three-point bending specimens were produced
using three different materials such as ABS, PLA
and PETG in order to also examine the effect of
the material type on the mechanical behavior.

2. Material and Method

Material properties, geometrical parameters,
and core cell topology affect the structural
performance and one of the most used
topologies is the honeycomb in various
engineering applications [14]. Therefore, it is
necessary to examine the effect of process
parameters on the mechanical performance of
the considered structures. The literature is
somewhat limited, especially on the mechanical
properties of parts processed by low-cost 3D
printers. In this study, seven different topologies
are examined for three types of 3D printing
materials, such as PLA, ABS, and PETG. The PLA

756



DEU FMD 23(69), 755-765, 2021

is formed from one of the most common plastic
filaments, a  biodegradable [16] and
environmentally friendly plastic Polylactic Acid
(or Polylactide abbreviated with PLA) derived
from starch. It does not smell bad during printing
and its fumes are not dangerous, so it does not
require special safety measures or forced
ventilation. Another most common filament is
made of Acrylonitrile Butadiene Styrene (ABS). It
is a petroleum-based plastic that is used for
many purposes. Its smoke smells bad and is even
considered dangerous to health, so it is
recommended to use extra ventilation [17] when
printing ABS for a long time. The ABS filament is
printed on a heated bed, usually covered with
Kapton tape, to adhere well, adding cost and
complexity to the printer itself. The advantage of
ABS over PLA is that the resulting objects are
more robust and less brittle, and can resist
higher temperatures. Another type of material
we used in this study 1is Polyethylene
terephthalate glycol-modified (PETG). The
characteristic properties of PETG material are as
follows: odorless, little shrinkage rate,
hydrophobicity (will not absorb water and as
such clog the extruders), outstanding toughness
and high impact strength, good liquidity (flows
smoothly), high mechanical strength and
excellent flexibility, high transparency, good
gloss, recyclable. The mechanical properties of
these materials are shown in Table 1.

Table 1. Mechanical properties of the ABS, PLA
and PETG materials [18].

Modulus of  poisson's i
Material Elasticity . P e/nfrllt%
(MPa) Ratio (-) 8/¢c
ABS 2100 0.35 1.03
PLA 2300 0.36 1.23
PETG 2100 0.4 127

2.1. Design of Test Specimens

The main purpose of this study is to examine the
effect of topology and material on the bending
behavior of the 3D printed structures. For this
reason, the three-point bending specimens were
manufactured using ABS, PLA, and PETG and
seven different core topologies were designed
for each material according to ASTM D790 [19]

and ASTM (C393 standards [20]. Dimensions of
test specimens are 12.7x20x125 mm3 as shown
in Figure 1.
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Figure 1. Specimen types

According to the test standard, the support span-
to-depth ratio is recommended as 1:16.
However, there are thicker specimens in the
literature [14]. The minimum vertical distance
between geometric shapes is designed as 2 mm.
The total filament volumes used and total lateral
surface area for each specimen are shown in
Table 2.

Table 2. Specimen nomenclature and total
surface areas.

Specimen Total Surface Filament Volume Used
Area (mm?) (mm3)
S1 8683.00 32481.54
S2 14673.82 15186.84
S3 16490.56 17359.78
S4 15998.36 18986.89
S5 18452.18 20260.89
S6 13759.78 19220.99
S7 16473.53 17624.09

2.2. Printing of Test Specimens

Three-point bending test specimens were
produced by fused deposition modeling (FDM),
which creates complex objects from molten
plastic extruded through a nozzle. The plastic
filament (thermoplastic material) is wound on a
coil and unreeled to supply material to the
extrusion nozzle, while the nozzle or the object
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(or both) is moved along three axes by a
computer-controlled mechanism, and the
material hardens immediately after extrusion.
The specimens modeled using by SolidWorks™
software were converted into STL file format to
open the model in the slicer programs. In order
to model the specimens to be produced from ABS
material, 3D solid models in STL file format were
separated layer by layer with the three-
dimensional slicing program PrusaSlicer [21].
Another slicing program, CURA, was used for
PLA and PETG specimens. Among the specimens
prepared for this study, PLA specimens were
produced with Ultimaker/2+ and ABS and PETG
materials were produced by Prusa i3 MK3 3D
printers (Table 3). Although the slicing programs
are different, all advanced settings are arranged
in the same way.

Table 3. Specifications regarding preparation

ABS PLA PETG
Prusia
Prusia i3
Printer Ultimaker/2+ i3
MK3
MK3
PrusaSlicer CURA
Software CURA 4.5.0
2.2.0 4.5.0

specimens have 100% infill density, layer height
of 0.2 mm and were produced by selecting the
rectilinear infill pattern. Details about the
printing parameters are shown in Table 4.
Besides, no support material was needed in the
production of specimens placed horizontally on
the plate of the device.

Table 4. Printing parameters

ABS PLA PETG
Nozzle

1.75 mm 1.75 mm 1.75 mm
diameter
Layer height 0.2 mm 0.2 mm 0.2 mm
Infill pattern  Rectilinear  Rectilinear  Rectilinear
% infill 100 100 100
Nozzle

250°C 215°C 245°C
temperature
Heater plate

90°C 60°C 90°C
temperature
Production
tolerance +0.05 mm +0.05 mm +0.05 mm
for x-y axes

2.3 Three-Point Bending Tests

In this study, ABS, PLA, and PETG filaments
having 1.75 mm diameter produced by
Porima3D [18] were used as printing materials.
The recommended nozzle temperature during
production for ABS material is specified as 220-
255°C, and heater plate temperature as 80-
100°C in the product catalog. In this study,
nozzle temperature 250°C and heater plate
temperature 90°C were selected. For PLA
material, the recommended nozzle temperature
during production is specified as 200-220°C and
heater plate temperature as 60-75°C in the
product catalog. During printing, the nozzle
temperature was kept at 215°C and the
temperature of the heater plate at 60°C. In the
product catalog for PETG, the recommended
nozzle temperature and plate temperature
during printing are specified as 230-265°C and
90-100°C, respectively. In the printing of PETG
specimens, the temperature values of the nozzle
and heater plate were set to 245°C and 90°C,
respectively. The manufacturing tolerance for
the x and y axes is = 0.05 mm for all materials. All

Three-point bending tests were conducted on
the specimens by using Shimadzu AG-X tensile
test machine. The experimental setup shown in
Figure 2 was used to determine the three-point
bending capability of different cellular shapes on
3D printing specimens to evaluate their flexural
stiffness. The transverse load was applied at a
displacement rate of 1 mm/min at room
temperature. The load was applied by a central
roller on the midpoint of the specimen while two
rollers support the specimen from the bottom.
The length of the support span was chosen as
Ls=50 mm.

758



DEU FMD 23(69), 755-765, 2021

Figure 2. Three-point bending test configurations of 3D printed structures.

3. Results and Discussions
3.1 Three-Point Bending Tests

In this section, the experimental three-point
bending test results of the 3D printed specimens
are presented. Three-point bending test
specimens were prepared in such a way that
force was applied to their weakest cross-section
to evaluate the section effect more easily. Figure
3 shows the experimental three-point bending
load-displacement curves for specimens
produced with seven different topologies and
three different materials. As seen in Figures 3
(a,b,c), specimens S1, S2 and S3 made of ABS,
PLA and PETG materials have similar tendency
regardless of the material. When the numerical
and experimental results are examined, it is seen
that the remaining specimens (54, S5, S6 and S7)
made of PLA material show a fragile behavior.
Although PLA is a brittle material, all the
specimens made of this material have the
maximum load values. Images of deformed
specimens resulting from the three-point
bending test of seven different designs made of
ABS, PLA, and PETG materials can also be seen in
this figure. Results obtained by the experiments
show the topology has a significant effect on the
force-displacement curves. Figure 4 presents the
effect of the printing material on the bending
stiffness. For the sake of clarity, force-
displacement curves are given only for
specimens S6 and S7. As seen from the figure,
bending stiffness and the maximum contact
forces of ABS and PETG materials are close to
each other. Specimens printed using PLA has
higher bending stiffness and contact force than
those made from the other two materials. On the
other hand, ABS shows more ductile behavior

while PLA is more brittle. Although PLA has the
maximum contact force, it shows a more brittle
behavior. In the light of these results, alternative
designs and materials can be selected for
different sectors, considering the usage areas of
ABS, PLA and PETG materials. While ABS, PLA,
and PETG materials are used in different sectors,
different design criteria can be determined
according to the desired strength and strain
values. Thus, small changes made in the topology
allow materials to create alternatives to each
other. Figure 5 presents the maximum loads and
corresponding displacements for seven different
designs produced with ABS, PLA, and PETG
materials obtained by the three-point bending
tests. As seen from the figure, specimen S1
having a solid rectangular cross-section (12.7
mmx20 mm) are stiffer than the other specimen
types as expected.

There is a slight difference in the design between
the S2 and S3 specimens. However, as seen in
Figure 5 (b), while the displacement values of S2
specimens made of PLA and PETG materials at
maximum load are higher, they are higher in S3
specimen made of ABS. It was aimed to use less
material in the S7 specimen than in the S6
specimen, an 8.31% reduction was achieved in
the volume of the filament used as shown in
Table 2. As shown in Figure 5(a), the maximum
load values of specimen S7 made of ABS and PLA
materials are lower than those of S6 while
specimen S7 made of PETG reaches a higher load
value than that of specimen S6.When the
displacement values of specimens S6 and S7 at
the maximum loads are compared, it is observed
that the displacement values of specimen S7
increase independently of all the materials used
in this study.
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Figure 3. Bending characteristics of 3D printed specimens with different lattice structures.
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3.2 The Finite Element Analyses

In this study, the displacements of the designs
with different cellular structures on the y-axis
under bending loading were calculated by the
finite element analysis software SolidWorksTM
Simulation. Figure 6 shows the exemplary finite
element model and the boundary conditions for
the three-point bending specimen having the
hexagonal lattice structure selected as an
example. For the numerical simulation of the
three-point bending test, two fixed supporting
rods are made of AISI 1015 steel with radii of 3
mm. The load was subjected to the top rod on the
three-point bending specimen using contact sets.
The contact properties between specimen and
rods were frictionless, no penetration and node-
to-surface. The stress-strain relation of PLA, ABS,
and PETG was assumed as multi-linear behavior
using data obtained by the experiments. The
finite element model consists of 300522 nodes
and 192617 tetrahedron elements having 10
nodes and a total of 30 degrees of freedom. By
both the experimental examinations and finite
element analyses, it is observed that the printing
materials especially PLA exhibit an anisotropy
having multi-directions.

During the experiment, the stiffness of the 3D
printed structures changes dynamically in time
since there are areas that break even at low
loadings below the yield strength. Since it was
not possible to determine which region,
direction and time the break occurred, the finite
element analysis was carried out mainly for the
purpose of showing the topological effect. It
should be stated that determining the exact force
and displacement values from the finite element
analysis is complicated, especially for PLA, which
exhibits a highly brittle behavior. Therefore, the
tendency of the numerical results obtained is
compared with the experimental results.

Figure 7 presents the comparison of
displacements in the y-direction of 3D printed
specimens subjected to the load of 300 N
obtained by experimental and finite element
analyses. Similar tendency and satisfactory
agreement can be observed in the displacement
values between the numerical and experimental
results for all specimens made of PETG and ABS
except S4 and S6 made of PLA. The finite element

analyses have been performed for many load
values below the yielding point and similar
results have been found. In this paper, the
displacement results are presented for only 300
N. After the yielding point it has been observed
that the numerical and experimental results are
not agreed upon, as well as the fracture may
occur in some region before the yield point.
Figure 8 shows the comparison of the failure
behavior observed by experiments and finite
element analyses.

Force in y-direction

Fixed rod
RY

Fixed rod
Figure 6. Bending characteristics of 3D printed

A good agreement is observed in the
deformation shapes. As seen from all the figures
given in the table, it can be concluded that the
lower region of the structures should be
strengthened, where the maximum principal
stresses occur in these regions that cause the
failure of the brittle materials. It can be
concluded that printing directions besides
topology play important role in the failure
mechanisms. When the results are evaluated, as
a general design criterion, it can be proposed to
thicken the bottom plate of the structures
produced by additive manufacturing method
subjected to such loads. As seen from the
deformed shapes of the three-point bending
specimens obtained by the experiments, due to
the occurrence of fractures in some regions as
well as plastic deformation, it is not sufficient to
consider only the von Mises criterion for
evaluation. For this reason, the maximum
principal stress distribution that occurred in the
specimen under loading is given for the
evaluation of the failure mechanism.
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4. Conclusions

In this study, three-point bending specimens
having seven different lattice topologies were
produced using three different printing
materials namely PLA, ABS, and PETG. The
maximum load that all the specimens can carry
and the corresponding displacement values
were determined by the experiments. Finite
element analyses were carried out by using the
multilinear displacement-force relation and
bending stiffness obtained from experimental
studies. Results obtained by experiments and
numerical investigations show that the specimen
which can bear the highest load value is S1 with
rectangular cross section as expected. It is seen
that specimens made of ABS show more ductile
behavior while those made of PLA remain fragile.

Although PLA could withstand higher load
values, it is clear that they show more brittle
behavior when the maximum displacement
values are considered. The results may provide a
reference for alternative design and material
selection for different sectors, considering the
usage areas of ABS, PLA and PETG materials. The
printing materials especially PLA exhibit an
anisotropic behavior with multi-directions. The
stiffness of the 3D printed structures under
loading changes dynamically. To determine the
accurate mechanical behavior of the 3D printed
structures under loading by the finite element
analyses, material characteristics for printing
direction should be known. After yielding point
the numerical and experimental results do not
agree, as well as fracture may occur in some
region before the yield point.
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