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ABSTRACT

3D printing has revolutionized the product development process in several areas inclu-
ding the healthcare field. In the context of assistive technologies, one of the main
contributions includes personalizing the design of devices such as prostheses and
orthotics. Assistive devices with personalized design may benefit users’ acceptance
and engagement to use, thus contributing to reducing product abandonment. Many
studies have reported on the application of 3D printing (mainly FFF technology) in the
design of prosthetics and orthotics, with a wide variation of filament materials and
printing parameters. Understanding how these influence the mechanical resistance of
the printed piece is therefore important as it may support the decision regarding the
most appropriate printing parameters. This study was aimed at evaluating the mech-
anical properties of different types of filament and printing parameters applied in the
manufacturing of 3D printed upper limb prosthesis. For this purpose, specimens were
3D printed in accordance with the international ASTM standards in six different condi-
tions, varying the filament material (ABS, PLA and PETG) and number of layers (3 and
5). The specimens were subjected to mechanical tests to evaluate the flexural resista-
nce and tensile strength. The results indicate that the mechanical performance of the
parts was influenced by both the type of material and the number of layers, and PLA
demonstrated higher mechanical properties compared to PETG and ABS. This study
contributes to the design of 3D printed prosthetics by providing information that may
support decision about filament type and printing parameters.
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INTRODUCTION

Assistive technology devices can be any item, equipment or product that
is used to improve the functional capabilities of individuals with disabili-
ties. When appropriate to the user and the user’s environment, they have
been shown to be effective tools to increase independence and improve social
inclusion (WHO, 2011).

The application of 3D printing in assistive devices has demonstrated seve-
ral benefits such as the development of custom products that meet the user’s
needs and preferences and improving the user’s acceptance (da Silva et. al.
2019 and Figliolia et. al. 2020).

Many open-source 3D printed prosthesis designs have been made available
online, enabling anyone with access to a 3D printer to manufacture a custom
prosthesis. Despite the growing number of studies reporting the use of the 3D
printing (mainly FFF technology) in these devices, few scientific publications
were found about the materials and 3D printing parameters recommended
to manufacturing these products (Pereira et. al., 2016). As reported by some
researchers (Lovo et. al. 2017,Harpool et. al. 2021, Chacón et. al. 2017, Cou-
tinho 2017), these parameters do influence the mechanical properties of the
materials and consequently affects the 3D printed products. This preliminary
study therefore aims to evaluate the mechanical properties (tensile strength
and flexural resistance) of the most used materials in 3D printed upper limb
prosthesis, that are ABS, PETG and PLA and with 3 and 5 printing layers.

METHOD

The flexural (three-point bending test) and the tensile tests were selected to
evaluate these mechanical properties of filaments. Each test was performed in
six different conditions, from two main factors: filament type, namely acry-
lonitrile butadiene styrene (ABS), polyethylene terephthalate glycol-modified
(PETG) and polylactic acid (PLA); and the number of layers (3 and 5). Five
specimens were printed for each condition. All the specimens were 3D mode-
led in a CAD file, in accordance with the international standards: ASTM
D638 (ASTM, 2014) for tensile test specimens, type IV with 115 mm ×
19 mm × 3.3 mm and having a rectangular cross-section of 6.0 mm × 3.5
mm; and the ASTM D790 (ASTM, 2017) for flexural test specimens with
127 mm × 12.7 mm × 3.2 mm of dimensions (see Figure 1).

The specimens were 3D printed in white-coloured filaments with a fused
filament fabrication (FFF) technology using the Mousta Mega 2 printer
(Mousta, Brazil) available at the Center for Advanced Product Development
(CADEP-UNESP). The environment conditions and printing parameters were
controlled. The only parameters that varied were the temperature (because
each of the three materials used have their specific printing temperature) and
the number of layers (3 and 5 layers).

Before starting the mechanical tests, preliminary tests were conducted
using only a few specimens to be assured that the thickness of the specimens
was appropriate and to find the ideal speed of the equipment actuation. The
equipment used was the universal testing machine (EMIC-DL 2000) with a
200kg load cell and the constant speed was set at of 2 mm/min (see Figure 2).
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Figure 1: Specimens for tensile (left) and flexural (right) tests respectively.
(Authors, 2021).

Figure 2: Traction (left) and flexural (right) tests been performed respectively.
(Authors, 2021).

Due to the small number of sample (n = 5) tested in each condition, only
descriptive data by means of mean and standard deviation is presented.

RESULTS AND DISCUSSION

The results observed in the mechanical tests in all six conditions showed that
the PLA had higher flexural resistance and tensile strength, followed by PETG
and ABS. For all the materials, the use of 5 layers showed greater resista-
nce and increased more than 20%, as described in the diagram below (see
Figure 3).

Regarding the flexural resistance (see Figure 4), in the condition with
3 layers, ABS (39.2MPa+ 0.33) showed lower resistance compared to PETG
(40.8 MPa + 1.51). In this condition there are no results with PLA because
of a project limitation where the PLA specimens with 3 layers could not be
printed. In the specimens with 5 layers, the PLA had the greatest flexural resi-
stance (89,7MPa+ 3.49), followed by PETG (56.6MPa+ 0.82) followed by
ABS (50.1 MPa + 0.65). Another study limitation is that only 3 specimens
of the 5-layers PETG were tested. Having a higher value of tension means
that the material has a higher flexural resistance. The percentage of variation
between the specimens with 3 and 5 layers was higher in PETG (27.9%) and
ABS (21.8%).

In the tensile strength test (see Figure 5) and condition with 3 layers, ABS
had the lowest tensile strength (16.3 MPa + 0.12) and PLA the highest
(22.7 MPa + 0.11), followed by PETG (18.5 MPa + 0.46). Similar results
were observed in the specimens with 5 layers: ABS (21.9 MPa+ 0.23), PETG
(27.6 MPa + 0.36) and PLA (36.0 MPa + 0.26). The percentage of variation
between the specimens with 3 and 5 layers was the highest in PETG with
33.0%, followed by ABS 25.6% and last PLA with 23.1%.
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Figure 3: Results in percentage of the tensile strength and flexural resistance.
(Authors, 2022).

Figure 4: 3 points flexural resistance diagram. (Authors, 2022).

Figure 5: Tensile strength diagram. (Authors, 2022).

The results are similar with the findings reported in other studies as the
comparative study between PLA and PETG developed by Santana et. al.
(2018), in which the materials in two different processes (3D printing and
injection) were analysed by traction tests and thermal characterization. The
tests suggested that PLA was more rigid and mechanical resistance. Although
PETG showed a better resistance to thermal degradation, stronger thermal
stability and flexibility which can be interesting for some specific applications
and should be taken in consideration when developing 3D printed pieces.

The study of Martinez et. al. (2019) found that PLA had shown signi-
ficantly greater mechanical resistance in the three points flexural test in
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Figure 6: Tensile and flexural specimens after rupture respectively. (Authors, 2022).

comparison with ABS, having a higher flexural tension. However, the fle-
xural modulus of elasticity in ABS was higher than those measured for PLA.
Some of these findings are in agreement with Rodríguez-Panes et. al. (2018),
where PLA also was more rigid than ABS.

Another finding is related to the specimen’s position of rupture (see
Figure 6): the majority of the tensile strength specimens cracked in the same
position, in the layers’ joints or in the air gaps. A few specimens had stretched
without having a complete rupture. These air gaps and layer joints can be a
consequence of the 3D printing process using FFF technology. A suggestion
about the position of rupture is because such effects from the printing process
can weaken the material, making it susceptible to the ruptures. Regarding the
flexural specimens, it was observed that none of them ruptured, but they all
bended close to the center. The study by Rodríguez-Panes et. al. (2018) analy-
sed the rupture and suggested that some printing parameters can influence
and contribute to the rupture, with the percentage of infill being one of the
parameters observed to have a great influence.

This study has limitations that must be noted. First, a statistical test was not
applied for comparison of the six conditions (3 types of filament, 2 amounts
of layers), because only 5 specimens of each condition was tested. Additi-
onally, due to operational issues, it was not possible to print and test the
condition PLA with 5 layers, and only 3 specimens of the condition PETG
with 5 layers were tested.

CONCLUSION

This paper reported a preliminary study based on interdisciplinary between
engineering and design that aimed to evaluate the mechanical characteri-
stics of 3D printing materials submitted to flexural and tensile strength tests.
We addressed the mechanical resistance of three types of filament (ABS,
PETG and PLA) in two different conditions (using 3 and 5 printing layers),
that are amongst the most commonly used in 3D printing in the field of
assistive technologies and, more specifically, manufacturing of 3D upper limb
prostheses.
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It was an experimental study with some limitations due to some printing
problems and the restrictions due to the pandemic COVID-19. However,
the findings bring contributions to the 3D printing applied to the design of
upper limb prostheses by providing information that can support appropriate
decision on the type of filament and printing parameters.

The main findings can be summarized as: PLA showed greater flexural
resistance and tensile strength than PETG and ABS, respectively. Also, the
number of printing layers (shells) can influence the mechanical properties of
the 3D printed material, as it was observed that the increasing quantity of
layers enhanced the resistance and strength. Another finding is related to the
position of rupture, where it is suggested that the process of 3D printing -
FFF showed some limitations and failures that can lead to the weakening of
the material, which may contribute to a more fragile printed piece and even
more possibility of rupture.

This study contributes to the knowledge on the influence of the mechani-
cal properties of the 3D printing materials, as well as suggests the need for
more studies on the mechanical resistance of the materials and the influe-
nce of more printing parameters applied to the development of 3D printed
customized prostheses. As a device that will be in direct contact directly
with the user’s body, it needs to be safe and comfortable to the user. Ano-
ther important aspect that has to be considered before choosing the material
is related to the product’s context of use, because the material that has
better tensile strength or flexural resistance may not be the better mate-
rial for a specific type of use, for example, if the product needs to have
strong thermal resistance, PLA is the less indicated when compared with
PETG and ABS.
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