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Considering wide applications of Additive Manufacturing (AM), profound knowledge on the mechanical
performance of AMed components is a necessity. In the present study, the mechanical behavior of AMed
polymer parts under static and dynamic tests has been investigated. To this end, cantilever beams with
three different mesostructure cells were designed and fabricated via ABS Carbon material based on the fused
deposition modeling process. The specimens were subjected to a series of static bending tests and free vibration
experiments. In addition, numerical models have been presented for both static bending and the dynamic tests.
In the current study, digital image correlation technique has been employed to determine strain field and
validate the numerical results. The experimental findings and numerical outcomes have been compared and
the convergence has been investigated. Based on the applications of AM in fabrication of structural elements
with complex geometries, the results of the current study are useful for new designs of AMed parts with

customized mechanical strength and enhanced structural performance.

1. Introduction

Due to benefits of Additive Manufacturing (AM), this innovative
manufacturing process has attracted considerable attention in recent
years. AM, also known as three-dimensional (3D) printing, is a class
of manufacturing technology that can be utilized for fabrication of
physical objects directly from digital data. 3D printing is a tool-free
technique that is suitable for fabrication of parts with complex geome-
tries based on the principle of layered manufacturing. Moreover, this
technique is flexible in design and it overcomes the design limitations
related to subtractive manufacturing processes. Considering advantages
and benefits of 3D printing, it has been used for fabrication of parts
in different applications, such as medicine [1], electronics [2], food
industry [3], construction [4], automotive [5], soft robotics [6], and
aerospace industry [7]. According to ISO/ASTM 52900 [8], 3D printing
has been classified into seven methods of which material extrusion is
utilized in the present study.

Material extrusion is one of the most common 3D printing tech-
niques for fabrication of customized engineering plastic parts. Fused
Deposition Modeling (FDM) is a common material extrusion-based 3D
printing process that uses different thermoplastics, such as Polylactic
Acid (PLA), nylon, and Acrylonitrile Butadiene Styrene (ABS). In detail,
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the FDM technique utilizes a continuous filament of a thermoplastic
material that is fed from a coil, by moving of the hot extruder head.
The pattern of each layer can be controlled by changing the position of
the nozzle via mechanical manipulation. As FDM is affordable and easy-
to-use, it has been used in diverse applications, and relatively growing
number of scientific research works have been performed over the
last ten years [9-12]. Considering applications of 3D-printed parts, the
mechanical performance and structural integrity of 3D-printed compo-
nents have become of great importance [13-15]. Although FDM-printed
components have been used in different applications (as prototypes
or final products), these parts have showed poor mechanical strength.
Based on aforementioned issues, different research studies have been
conducted to investigate mechanical behavior and fracture behavior of
FDM-printed components [16-19]. For instance, in [20], we investi-
gated effects of raster orientation and printing speed on the mechanical
strength of FDM-printed parts. To this aim, the specimens with five
different raster orientations were fabricated under two different print-
ing speeds. Based on the tests, dependency of the mechanical strength
and elastic modulus of the parts on the raster orientation has been
documented. Moreover, the obtained results confirmed that the higher
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fracture load was belong to the samples fabricated at the lower speed.
Later, thermal annealing and isostatic pressing process have been uti-
lized to improve mechanical and surface properties of FDM-printed
components [21]. In this context, thermal annealing was coupled with
isostatic pressing. This post-processing has led to improvement in layer
adhesion that was proved by enhancement in flexural modulus and
flexural strength of the examined components.

In the FDM process, the printed parts are created by putting down
filament that fused together chemically or thermally with the layer
underneath. As a result, there is anisotropic material properties with
void and weld in layers. A review of the literature reveals that differ-
ent computer modeling of parts fabricated by the FDM process have
been performed by various multi-scale methods [22-25]. For instance,
in [26] the asymptotic theory of homogenization has been used to
determine effective elastic moduli and strength of ABS 3D-printed parts.
More recent studies [27-30], investigated failure mechanism of FDM
3D-printed components. An extant study [31] presents details of failure
behavior in the FDM parts printed with different layer thicknesses.
To this aim, experimental tests are carried out using ABS material,
and different models are created to determine influence of the layer
thickness on the mechanical behavior of the components.

The aim of the current study is to examine mechanical behavior of
ABS 3D-printed parts under static and dynamic loads. To this end, ABS
Carbon material is utilized to print the beam-like specimens with dif-
ferent mesostructures. Based on a series of bending and free-vibrations
of the specimens, their performance and mechanical response are de-
termined. In this study, we used the Digital Image Correlation (DIC)
technique to measure local deformation on the specimens surface, and
determine strain distribution and local displacements. On the numerical
side, Finite Element (FE) simulation is employed to identify how stress
distributions on different meso-configurations might affect bending
rigidity and load carrying capacity of 3D-printed ABS cantilever beams
with load at its tip under quasi static deformation. The FE analysis
determines the best meso-shape(s) for 3D-printing structures under
bending, and provides some insights in topology design of ABS 3D-
printed structures with enhanced load carrying capacity under bending.
The presented results can be used for optimization and further fabrica-
tion of FDM 3D-printed parts with a better mechanical behavior and
structural performance. In the reminder of the paper we proceed as
follows: the next section presents details of specimen design and prepa-
ration. In Section 3 the experimental tests are explained. Numerical
simulations are outlined in Section 4. Discussion on the obtained results
and verification of experiments are presented in Section 5. Finally, a
conclusion has been furnished in Section 6.

2. Specimen preparation

In the present study, two groups of specimens are designed and
fabricated: (i) dumbbell-shaped, and (ii) beam-like 3D-printed test
coupons. For fabrication of all specimens, ABS Carbon material (Carbon
fiber filled ABS: ABS-CF10) [32] is used, which combined the advan-
tages of carbon fiber filament with favorable mechanical properties and
ease of use of ABS material. The utilized ABS Carbon material is an
engineering thermoplastic with exceptional strength and stiffness. The
dumbbell-shaped specimens are designed according to type IV in ASTM
D638 [33]. These test coupons are printed with thickness of 4 mm
and 45°/—45° raster direction. The dumbbell-shaped specimens are
fabricated and examined to obtain basic mechanical properties based
on the tensile tests. Table 1 summarizes the printing parameters and
the material parameters of the utilized ABS Carbon.

Since printing parameters have effects on the mechanical behavior
of 3D-printed components, all printing parameters (e.g., infill density,
layer thickness, and feed rate) were kept constant in fabrication of the
test coupons. In this study, we printed and examined three dumbbell-
shaped samples. Fig. 1 shows the schematic of dumbbell-shaped tensile
test specimen.
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Table 1
Properties of utilized ABS Carbon [32] and the printing parameters of dumbbell-shaped
tensile test specimens.

Material parameters Values Printing parameters Values
Specific gravity 1.097 Raster angle (°) 45/-45
Elongation at break (%) 2.7 Infill percentage (%) 100
Tensile yield strength (MPa) 21.2 Printing speed (mm/s) 100
Tensile elastic modulus (GPa) 3.342 Layer thickness (mm) 0.254
Compression modulus (GPa) 2.129 Bed temperature (°C) 100

Impact energy (notched) (J/m) 51.4 Nozzle temperature (°C) 250
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Fig. 1. Schematic of a dumbbell-shaped specimen (dimensions in mm).

The second group of the test coupons (beam-like specimens) are
designed with four different mesostructures. For fabrication of the
beam-like specimens, the Stratasys F190CR 3D printer is used, which
is a user-friendly and cost-effective high strength composite print-
ing equipment. This printer is equipped with hardened components
to operate with composite materials. It is capable of printing both
model and support material. The F190CR printer has a maximum
build area of 305 x 254 x 305 mm with 2 material spool bays, 1
for model and 1 for support. The system weighs 227 kgand tolerance
of +£0.2 mm. The schematics of the beam-like specimens with four
different mesostructures are illustrated in Fig. 2. it should be pointed
out that the visual appearance of 3D-printed specimens parts were
investigated to ensure the specimens were fabricated correctly. In the
present study, three samples for each types of beam-like specimens
were designed and fabricated. All specimens have a base dimension of
102.4 x 22 mm. The specimens are combined with a gripping area of
dimensions 40 x 22 mm to be fixed on the instrument. The specimens
were tested to ensure the repeatability and provide representative
results. All test coupons were subjected to the experimental tests, which
is explained in the following section.

3. Experimental tests
3.1. Tensile tests of 3D-printed dumbbell-shaped specimens

The tensile tests of dumbbell-shaped specimen were conducted in
accordance with the ASTM D638 standard with the head displacement
rate of 1 mm/min. The average results obtained from three repeated
tests is used to provide information for evaluating the 3D-printed
materials’ performance.

3.2. Static and dynamic tests of 3D-printed beam-like specimens

A series of tests on the beam-like specimens is conducted using
the Instron 50 kN load cell universal testing machine. A fixture was
designed using a 100 mm x 50 mm aluminum block with two M5
tapered screws at the front to tighten the sample and two M10 holes
to fix the fixture to a T-slot fixture. The fixture had an opening on the
right side with a 22 mm height and 40 mm length for the gripping
area of the sample to slide in. Once the fixture was ready, testing on
the samples was done with a head displacement rate of 1 mm/min, as
shown in Fig. 3.

In the experiment on the four beam-like specimens, each sample was
mounted on the T-slot fixture. To carry out the optical measurements,
a speckle pattern was prepared by black dots over a white background
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Fig. 3. Quasi-static test view of beam-like specimens mounted on the T-slot fixture; angled view (left) and front view (right).

spray painted on 3D-printed specimens. The samples were then in-
troduced to a gradual load set to obtained specimen failure within 1
to 10 min. The deformation of the specimen was measured utilizing
the DIC technique. In order to determine the material parameters,
during the experiments, the photos of the specimens were taken at a
2-second interval and processed. A digital single-lens camera with a
matrix resolution of 6000 x 4000 pixels was used to capture the images.
The camera was equipped with a Sigma 17-50 mm f/2.8 AF EX DC OS
HSM zoom lens with a focal length set at about 16 mm to cover the
entire surface of the samples. The surface of the specimen was addi-
tionally illuminated with a white LED light source with a neutral hue
of about 6000 K. The above process is repeated for 12 samples, three
samples per specimen type. The universal testing machine recorded the
force-displacement response. Moreover, optical documentation of the
deformation for bending analysis was accompanied by a camera for DIC
analysis as seen in Fig. 4.

The beam-like specimens were excited into free vibrations in order
to perform a vibration test. The specimens were hit with a modal impact
hammer, which produced short-duration excitation upon impact with
the structure as shown in Fig. 5. A soft-force tip was used in the hammer
in order to obtain a smaller bandwidth of frequencies, which therefore
resulted in fewer double hits. An accelerometer was fixed at the free
end of the specimen with wax in order to obtain the acceleration data
via the ObserviewVR1000 software. The force data was obtained via the
software from the hammer’s force sensor. The data was captured using
the roving hammer method, where the accelerometer stays in place
and the hammer impacts the specimens at different points. Five points
were chosen where the hammer was struck three times at each location,
thus acquiring 15 sets of measurements in total for each specimen. A
threshold force of 20 N and a frequency range of 0-1000 Hz were set.
The data was directly transferred to the computer through the data
acquisition system, where Frequency Response Function (FRF) graphs
were obtained using the ObserviewVR1000 software.

4. Numerical simulations

To investigate how different topologies could impact the load-
carrying performance of a 3D-printed ABS Carbon cantilever beam,
Finite Element (FE) simulation is employed using the commercial FE
package ABAQUS®. 3D geometrical models of cantilever beams with
different meso-patterns (as depicted in Fig. 2) are built and precisely
meshed using a 20-node quadratic brick (Hex) element C3D20R [34].
As quadratic elements are more accurate to capture stress and strain
variations around the corners and curvatures of the model, and ac-
cording to the shapes of the meso-beams chosen here, C3D20R is
employed as a more accurate element compared to the similar types like
C3D8R (8-node linear brick type element). It is also worth highlighting
that the mesh size of elements is chosen precisely to fulfill the node-
independency criteria of the FE models. This has been done through
sensitivity analysis on the mesh size of the beams. The current global
mesh size of all models is chosen as 0.8 mm. Fig. 6 shows the meshed
model of a cantilever beam with four different meso-configurations:
small square (B1), big square (B2), small circle (C1) and big circle
(C2). The optimum global mesh size of all beams are considered as
0.8 mm to achieve the grid-independency criteria for all FE models.
As demonstrated in Fig. 6, all nodes on the left side of the cantilever
beams (40 mm from the left side) are considered to be fully fixed with
all degrees of freedoms constrained. A uniform vertical displacement
of U is applied on the top right corner of the beam. These boundary
conditions match to the experimental conditions shown in Figs. 3. For
mimicking the quasi-static status of the experiment, the static analysis
of ABAQUS is used with non-linear mode activated. It is assumed that
the vertical displacement at the right tip for all beams is of U = 10 mm
and will be gradually applied to the structure.

The experimental force-displacement data of tensile tests of the
standard dumbbell-shaped specimens (as shown in Fig. 1) are uti-
lized, and the obtained strain-stress curve is illustrated in Fig. 7. This
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Fig. 4. DIC test analysis of beam-like specimens mounted on the T-slot fixture (from left to right) from the beginning till the maximum loading; grayscale image (top) and DIC

software on (bottom).

Fig. 5. Impact hammer test illustrations of 3D-printed mesostructured samples; small square (top left), small circle (top right), big square (bottom left), big circle (bottom right).

elasto-plastic stress—strain curve is then fed to the FE model of the
beams demonstrating the material behaviors of 3D-printed ABS Carbon

structures under the conditions given by Table 1.

The von-Mises stress distribution of a cantilever beam with four
different meso-configurations (small square (B1), big square (B2), small
circle (C1), and big circle (C2)) are shown in Figs. 8 at the tip deflection

of U = 10 mm. Although, the maximum von-Mises stress for all four dif-
ferent configuration is almost equal (around 38.5 MPa), occurring close
to the top right of the beams; distributions of the stress is more uniform
across the body of the small square (B1) and small circle (C1) beams
compared to the other twos. This clearly shows that the meso-pattern
with smaller network of holes, facilitates the stress flow distributes
evenly across the body of the beam and enhances its load-carrying
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Fig. 6. 3D mesh model of the beams with four different microstructures: small square (B1), big square (B2), small circle (C1) and big circle (C2). All dimensions and geometrical

details of these FE models are already given in Fig. 2.
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Table 2
Maximum resultant force of the meso-beams obtained
by the FE models and the experiments.

Meso-beam Frax (kKN)

FE Experiment
Small square 0.0981 0.0915
Big square 0.0613 0.0653
Small circle 0.1132 0.0957
Big circle 0.07 0.086

10 q Table 3
The average force and displacement data of the dumbbell-shaped specimens.
5r ) Max. Force Displacement at Max. Force Max. Displacement
0 I I I | . ™ (mm) (mm)
0 0.25 0.5 0.75 1 125 1.5 737.1 1.503 1.53

Strain ¥

Fig. 7. Stress vs Strain curve of dumbbell-shaped tensile test ABS Carbon specimen as
depicted in Fig. 1, according to the experimental force-displacement data.

capacities, accordingly. It is worth to highlight that the deflection of
U = 10 mm is well beyond the elastic limit of the beams.

As ABS shows an elasto-plastic behavior (see Fig. 7), it is important
to highlight how different regions of the beams might contribute to the
load-carrying of the beams. Actively Yielding parameter (AC YIELD) is
the element output defined in ABAQUS showing if an specific element
undergoes plastic deformation or not. For the plastic flow zone, AC
YIELD = 1, while for other areas AC YIELD = 0. In Fig. 9, AC YIELD
contours for the four different meso-beams are shown at the deflection
of U = 10 mm. It is obvious that for the small circle (C1) and small
square (B1), the focus of the plastic zone and plastic elements (red
elements with AC YIELD = 1) are more uniform and close to the fixed
point area. Hence, in this area, more elements are carrying higher
stress (beyond their elastic limit), and more elements contribute to the
load-carrying of the beams, consequently.

To reveal this fact more, the reaction force of the four cantilever
meso-beams are plotted against the vertical displacement of the tip U.
As it is shown in Fig. 10, the best load-carrying performance (with the
highest level of reaction force), goes for the beam with small circle
meso-structure (C1), where the maximum carrying load is obtained
as 0.1132KN. The beam with small square (B1) meso-structure is the
next beam that shows a good load-carrying capacity with a maximum
load of 0.0981 kN. The other two meso-beams with the big square (B2)
and big circle (C2) carry the lowest maximum load of 0.07kN and

0.0613kN, correspondingly. These important data are also validated
with the experimental data and the same pattern is observed. Table 2
compares the FE and experimental result of the maximum reaction
force for the four types of meso-beams.

5. Results and discussion

« Static test

The force and displacement data from the initial tensile tests that
were conducted on the dumbbell-shaped specimens were obtained
through the Instron software. Three dumbbell-shaped samples were
tested in total, and the average of the three data points is used to plot
the force-displacement graph in Fig. 11.

The data mentioned in Table 3 is used for conducting the FEA
analysis on the beams. The average data of the samples of the beam
is calculated, and force-displacement graphs are plotted in Fig. 11 and
shown in Table 4 for the same. Using the force and weight data of the
specimens, the force-to-weight ratio is calculated as inserted in Table 5.

From the results in Fig. 11, it is seen that the big square has the
highest displacement among all the specimens, but at the same time
has the least force-to-weight ratio of all. Whereas the small square
has the least displacement but the highest force-to-weight ratio among
all, indicating it is the stiffest one. The big circle has an optimum
displacement and force-to-weight ratio value, comparatively. The small
circle would be the least viable choice, as the force-to-weight ratio is
comparatively poor when considering its weight. The data collected are
for different geometries, but all the beams have the same volume as
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Fig. 8. von Mises stress distributions on FE models of meso-beams at the tip deflection of U = 10 mm with small square (B1), big square (B2), small circle (C1) and big circle

(C2) configurations.
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Fig. 9. Actively yield elements (AC Yield) of FE models of the meso-beam at the tip deflection of U = 10 mm with small square (B1), big square (B2), small circle (C1) and big

circle (C2) configurations.
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Fig. 10. Finite element resultant force-displacement curves of the meso-beams with
different configurations.

Table 4
The average force and displacement data of the 3D-printed beam-like specimens.

Specimen Max. Force Displacement at Max. Force
) (mm)

Small square 91.40 7.36

Big square 65.31 8.36

Small circle 95.73 7.14

Big circle 86.20 7.55

Table 5
The force-to-weight ratio of the specimens with
various mesostructure.

Specimen Force-to-Weight Ratio
(N/kg)

Small square 8.9345

Big square 8.3133

Small circle 8.7946

Big circle 9.5554

they are all printed using the same material. The strength-to-weight
ratio values are directly proportional to the infill density; the higher
the infill density, the higher the strength-to-weight ratio values. But
the drawback of using higher infill density implies that both raw
material consumption and build time are high. Standard industrial
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Fig. 11. Force-displacement response of examined dumbbell-shaped (left) and cantilever beams (right).
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Fig. 12. Deflection results of the cantilever tips.

Table 6
The frequency results of the specimens with various mesostructures.

Small circle

97.1 + 2.3

Small square

196.7 + 2.5

Big square

202.8 + 1.8

Big circle

228.5 + 5.2

practice works on the principle of saving built time and material and
reducing running costs without reducing the mechanical properties of
FDM 3D-printed parts.

The data obtained from the optical measurements through DIC
is shown in Fig. 12. The DIC technique indicated the experimental
deflection lines. This the deflection line was measured on the top edge
of the beam-like specimens by placing various point probes on the
beam. The data is acquired right before the specimen breaks.

» Dynamic test

A graph of a representative set of measurements from the dynamic
tests is illustrated in Fig. 13. After averaging five measurements, the
FRF determined the dominant frequency. The FRF in ObserviewVR1000
is used to plot the frequency results of the beams in response to the
hammer strikes, while the time domain results are demonstrated too.
From the frequency results, in Table 6, it is evident that the beam
that vibrated with the lowest frequencies is the small circle, whereas
the beam that vibrated with the highest frequencies is the big circle,
indicating that its mesostructure is the stiffest one (see Fig. 14).

The presented outcome of this study can be used to optimize the
design and 3D-printed structural elements. Since the obtained results
are validated by comparison of experimental tests and numerical simu-
lation, the developed numerical models can be employed for further

numerical models and future computational modeling of 3D-printed
parts.

6. Conclusion

In this contribution, mechanical behaviors of 3D-printed structural
elements with different meso-patterns are investigated. The beam-like
specimens with four different mesostructures are printed using ABS
Carbon material. ABS carbon filament is chosen as one of the most
popular materials being used in commercial 3D printers nowadays, and
the popular FDM printing technique is employed to manufacture the
beam-like elements. Four different meso-patterns (with small circles,
big circles, small squares and big squares pattern) are chosen. The main
objective of this research is to identify how different meso-patterns
could have impact on the load carrying and dynamic characteristics of
3D-printed beam-like elements. Mechanical properties of printed ABS
Carbon structures are experimentally extracted using a series of 3D-
printed standard dumbbell-shaped coupons subjected to the standard
universal tensile test. To measure static load carrying capacity of the
meso-beams, standard cantilever bending test is conducted and modal
test is employed to extract their natural frequencies. It is noteworthy
that the deformations of the specimens are measured and reported
based on the DIC technique.

In addition, FE simulation is performed to expand detailed knowl-
edge on the impact of different topologies on the load-carrying perfor-
mance of the examined 3D-printed ABS meso-structures. The results in-
dicate that the beam-like specimen with small circle meso-structure in-
dicates the best load-carrying performance (maximum force: 95.73 N).
On the other hand, two beam-like specimens with big square and
big circle mesostructure carry the lowest maximum load (65.31 and
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Fig. 14. Frequency vibration results of the cantilever tips.

86.20 N, respectively). Considering the range of values obtained from
both tests (bending and modal tests) and computational FE models,
technical insights are provided to the structural and material designers
in selecting the best topology, desired stiffness and enhanced load-
carrying capacities of ABS Carbon 3D-printed structures on the specific
application needs.
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