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Abstract: Additive manufacturing technologies are dynamically developing, strongly affecting almost
all fields of industry and medicine. The appearance of electrically conductive polymers has had a
great impact on the prototyping process of different electrical components in the case of upper limb
prosthetic development. The widely used FFF 3D printing technology mainly uses PLA (polylactic
acid) and ABS (acrylonitrile butadiene styrene) based composites, and despite their presence in
the field, a detailed, critical characterization and comparison of them has not been performed yet.
Our aim was to characterize two PLA and ABS based carbon composites in terms of electrical and
mechanical behavior, and extend the observations with a structural and signal transfer analysis.
The measurements were carried out by changing the different printing parameters, including layer
resolution, printing orientation and infill density. To determine the mechanical properties, static and
dynamic tests were conducted. The electrical characterization was done by measuring the resistance
and signal transfer characteristics. Scanning electron microscopy was used for the structural analysis.
The results proved that the printing parameters had a significant effect on the mechanical and electrical
characteristics of both materials. As a major novelty, it was concluded that the ABS carbon composite
has more favorable behavior in the case of additive manufacturing of electrical components of upper
limb prosthetics, and they can be used as moving, rotating parts as well.

Keywords: composite; additive manufacturing; ABS; PLA; carbon; resistance; EMG signal; upper
limb prosthetic; mechanical properties; electrical properties

1. Introduction

Limb loss affects more than 3-5 million people worldwide [1]. It is estimated that more than
3.5 million people will have this condition by 2050, only in the United States [2]. Upper limb
loss represents a smaller percentage among this condition [3], but highly impacts the quality of
living and functionality of the patients, and devices must be continuously developed to reduce
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prosthetic abandonment [4,5]. Developing highly functional devices is the key factor towards
regaining the functionality of the affected clients, alongside with proper rehabilitation methods.
Additive manufacturing technologies are ideal for product development, rapid prototyping (RPT) and
small series production [6-8]. Tinkers, researchers and physicians use 3D printers on a daily basis
to create and visualize their ideas, concepts, products or models. The most common technology is
desktop FFF or FDM 3D printing worldwide. The devices are cost-effective, and easy to operate and
maintain. The variety of materials are relatively high; thermoplastic polymers like TPU (thermoplastic
polyurethane) and PMMA (poly-methyl acrylate) can be easily printed but the most frequently used and
well-known materials are PLA (polylactic acid) and ABS (acrylonitrile butadiene styrene) [9]. In upper
limb prosthetic development, FFF 3D printers are frequently used [10,11]. They can be used for printing
sockets or other mechanical parts [10,11], but different electrical components can also be manufactured
by 3D printing. [12,13]. Relevant research can be found in reference to the characterization of FFF
printed resistors [14], in which conductive PLA resistance tests were made originating from the X, Y and
Z printing orientation. The 3D printing of electronic sensors appears to hold promise according to the
work of R.J.B Simon et al. [15], in which a low-cost conductive composite material (“carbomorph”)
was presented. The rapid prototyping of structural electronics [12], specifically, electrically conductive
components using a carbon nanofiber (CNF) composite, is also possible [16]. High-content graphene
scaffolds for electronic and biomedical applications [17] and a PLA conductive filament in support of
smart sensing applications [18] have also been tested, and the results recently published. Furthermore,
results were published regarding the manufacturability and resistivity of a conductive filament [19]
in which the “Protopasta” conductive PLA filament was used, printing different specimens from
certain directions, and analyzing the resistance values. The characterization and practical testing of
electrically conductive PLA-graphene and PLA-carbon black (CB) composite filament was also formerly
examined [20]. Despite the previous, extensive research work, the effects of printing parameters on
electrical and signal processing properties have not been examined before. In addition, there are several
valuable and highly detailed publications on the mechanical behavior of PLA and ABS composites
and polymers [21-24], although torque measurements have not been carried out before, which are
essential in terms of the moving parts like joints and wrists modules. In addition, according to our
research, previous works have not compared the electrical behavior of these materials, nor the usability
of them in upper limb prosthetic development. Our aim was to provide a practical, yet scientifically
valid, detailed description about conductive ABS and PLA carbon filaments potentially suitable for
prosthetic and other bionic or soft-robotic applications.

2. Materials and Methods

2.1. Printing of the Materials

The materials investigated in our research included PLA based carbon composites (ESD-PLA,
manufactured by Philamania Ltd., 3527 Miskolc, Jozsef Attila Street 57) and ABS based carbon
composites (ESD-ABS, distributed by HobbyKing®). The materials were procured in a filament form
with a diameter of 1.75 mm, ideally suitable regarding Fused Filament Fabrication AM (additive
manufacturing) technology. According to the technical data sheet, both materials were mixed with
carbon yet in an unknown concentration. The samples for the experiments were printed using a
nozzle diameter of 0.4 mm, with a Craftbot Plus desktop 3D printer (Craftunique Ltd, 1143 Budapest,
Ilka Street 50). The specimens for the test with ESD-PLA were printed with a 210 °C hot-end and
50 °C printing bed temperature, set to a 60 mm/sec printing speed and with the default parameters
(number of loop counts: 2; number of top and bottom layers: 3; type of printing: parallel line; type of
infill: parallel line), all originating from CraftWare™ software (Figure 1). Supportive printing was
implemented regarding the Y orientation for the tensile strength test. The material ESD-ABS was
printed with a 240 °C hot-end and 100 °C printing bed temperature where the first layer was printed
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out with a 40 mm/sec printing speed; thereafter, a 60 mm/sec printing speed was used. The CraftWare™
software was used with the default parameters set as before.

(c) (d) (e)

Figure 1. Printing orientations of the different test specimens in the CraftWare™ software—screenshots.

(a) Test specimens to determine the effect of the layer height on resistance—specimen “A.” (b) Test
specimens for measuring the effect of the infill density on resistance—specimen “B.” (c) Test specimen
for signal transfer capability—specimen “C.” (d) Test specimens for the tensile test strength. (e) Test
specimens for the torque strength test.

2.2. Electrical Measurements

In reference to the electrical characterization of the materials, test specimens were manufactured
using different printing parameters. First, the effect of the layer height on the resistance was evaluated.
The size of the samples was 20 mm X 2 mm X 2 mm, and the printing resolution was set from
100 micrometers to 400 micrometers, with incremental steps consisting of 50 micrometers (Figure 1a).
Six pieces were created from every test specimen, with a different layer height. At this point forward,
the nomenclature refers to specimen “A.” The samples were also created in the X and Z printing
orientations, respectively. In all cases, the infill density was 100%.

The dependence of resistance from the infill density was tested on specimens measuring 50 mm
x 8 mm X 5 mm. The layer height varied from 100 to 400 micrometers with each step increasing
100 micrometers. Each sample was created with an infill density of 20%, 50% and 100% (Figure 1b),
and from this point forward, the nomenclature refers to specimen “B.” To determine the effect of
printing orientation, the specimens were also printed in the X and Z directions.

Standardized conductivity measurements were carried out using two ends of a multimeter
including a pre-planned centralizer. Probes were attached at identical places on the endpoints of the
specimens. To increase the accuracy and the reliability of the measurements, the implementation of
a uniquely elaborated silver based connector was carried out. This ensured that the surface of the
composite material was measured with far more precision. Four 1 mm x 1 mm silver marks were
painted upon the four angles at the endpoints of the test bars. Copper wires were arranged on the
silver painted surface. The resistance results measured between two endpoints of each specimen in
random arrangement. The tests were performed in an ambient temperature of 27 °C and also in a
cooling chamber at 3 °C, after tempering for 5 h. All measurements were repeated in the span of 30 min.
The accuracy of the applied multimeters (TEPCEL DMM-8062, UNI-T UT 33) was e = £0.5%.



Crystals 2020, 10, 398 40f12

2.3. Mechanical Analysis

For mechanical testing, static and dynamic mechanical tests were performed. As static
measurements, the 3-point bending test (ASTM D 790-03), tensile strength test (ASTM D 638-03)
and Shore D hardness measurement (ISO 868) were carried out. Dimensions of the specimen at Shore
D hardness were 5 mm x 10 mm x 10 mm. The Charpy impact tests were carried out using a testing
device with a maximum measurement threshold of 1 J. The dynamic tests were conducted by the
ISO-179-1 standard with 80 mm x 4 mm x 10 mm specimen dimensions. In all cases, the test specimens
were printed out in the X, Y and Z directions with a 100 micron layer height and 100% infill, and to
precisely determine the effect of printing orientation on the mechanical properties, the samples with
direction X were also manufactured in a 45° orientation (Figure 1d). A torque test was carried out
using the ISO 18338:2015 standard (Figure le). The diameter of the test specimen was 10 mm and
the parallel length was 70 mm in this case. The speed of torsion was set to 36°/s. In this case, all the
test bars were printed with 200 micrometers. The ambient temperature was 24 °C. All the tests were
repeated 5 times, according to the standards.

2.4. Signal Transfer Capability

In the case of prosthetics, EMG signal transfer is essential to control the device. To determine
the possibility of signal transfer with ESD-PLA and ESD-ABS materials, test specimens were created
with the sizes of 100 mm x 5 mm x 1 mm (Figure 1c). All of them were manufactured with a 100,
200, 300 and 400 pum layer height as well. Excitation sinus-signals were transferred in the X direction,
with different frequencies that varied between f. = 100 Hz and 500 kHz. The amplitude was set to
Ue =7.36 V. The means of attenuations were analyzed.

2.5. Scanning Electron Microscopy (SEM)

For SEM measurements (JEOL JSM 6300—Japan), with 60x, 200x and 1700x magnification,
golden sheathing was applied on the specimen’s fracture surface. The broken surfaces were examined
from every printing orientation and images were also made from non-printed (and fractured) conductive
composite filaments.

2.6. Statistical Analysis

For testing the difference between the means of electrical and mechanical measurements,
a two-sample t-test was used, with p = 0.05 significance level, in all cases. Standard deviation values
were used as error rates. All graphs contain standard deviation values (error rates). Relative error
rates are marked with “s;.” The statistical analysis was carried out using Origin Pro 2016 software.

3. Results

3.1. Electrical Measurements

The results of the electrical measurements show that ESD-PLA and ESD-ABS have significantly
different electric characteristics. In addition, they demonstrate that the printing orientation, infill density
and layer height are strongly correlated with the electrical resistance of the printed objects (Figure 2).
To obtain more detailed results on the effect of the layer height and temperature on the electrical
resistance, the measurements were performed with seven different layer resolutions.

It can be seen that the materials had significantly better conductive abilities at a 3 °C ambient
temperature, which refers to metal-like electrical behavior. Specimens of PLA based composites had
higher resistance values in any kind of printing setting than ESD-ABS. In orientation Z, the layer height
did not have a significant impact on resistivity. In orientation X, increasing the layer height increased
the resistance in the PLA composite. In orientation X, the resistance value with a 100 micrometer layer
height was 10.85 + 0.22k(), while it was 25.93 + 5.04 k() at 400 micrometers, while ESD-ABS showed
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around a 5 k() resistance value on every printing resolution in orientation X; therefore, we could not
observe a significant difference.
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Figure 2. The effect of the layer height and temperature on electrical resistance. The test bars indicate
the mean with the standard deviation of the measured resistance values. On the left (a), the results of the
Z printing orientation, and on the right (b), the results of the X printing orientation are demonstrated.

Infill density is one of the most important printing parameters which can be easily modified using
different slicing software. Test specimens printed with 100% infill density had lower resistance values
in all specimens (Figure 3). Similarly, to the mechanical parameters, the printing orientation Z can be
characterized with remarkable results. In all cases, test bars printed in orientation Z had significantly
higher resistance values, up to 100 times higher compared with the X orientation results. The highest
resistance was achieved by ESD-PLA with a 200 um layer height and 20% infill density, resulting in
946.66 +£184.78 k(). With the same printing parameters, the resistance value in the case of ESD-ABS
was only 49.12 + 1.86 k(). It was also observed that ESD-ABS had lower resistance values compared
with the ESD-PLA test specimens created with the same printing parameters. Increasing the layer
height at the same infill density, the resistance decreased. Surprisingly, in the case of the measurements
with printing orientation X, the ESD-PLA test bars with 50% infill density had higher resistance values
than probes with 20% infill density, which does not correlate with the other results. The results show
that in the case of conductivity, ESD-ABS performs better, which means this material should be used
for creating prototypes for electrical components like wires or sensors.

3.2. Mechanical Test Results

The results of the Charpy impact test showed that the Z printing orientation had significantly
lower impact strength results than the others (Figure 4). In the case of ESD-PLA, it was 1.27 £0.37 k]/m2,
and 0.78 + 0.15 kJ/m? was measured with ABS test specimens. This observation correlates with our
previous experiments [7]. The orientation Y reached the highest values: the ESD-ABS test specimens
had an impact strength of 18.95 + 3 kJ/m? and the ESD-PLA was 13.62 +1.1 kJ/m?. It is surprising that
the test bars printed with a 45° orientation showed similar results, with 10.61 +1.44 kJ/m? and 10.41
+0.62 kJ/m?; therefore, there was no significant difference between the two materials. The ESD-ABS
material can be characterized with a greater stability in the case of dynamic forces, except in the Z
orientation. Compared with our previous investigations with neat PLA, we can observe that the
carbon filling eventuates the increase of the impact strength [25]. In a previous study, test bars were
manufactured with injection molding instead of 3D printing [26]. A neat ABS casted test specimen
test resulted in a 11.3 kJ/m? impact strength value compared with our measurement of 15.37+ 1.66
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kJ/m? with X oriented ESD-ABS, which is higher than previously measured neat ABS with a 0.178 mm
printing resolution. The results indicate that ESD-ABS can be used when the prosthetic device has to

withstand dynamic forces, for example, in the case of manufacturing socket parts.
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Figure 3. The effect of infill density on electrical resistance. The test bars indicate the average resistance
values with the standard deviation. On the left (a), the results of the Z printing orientation, and on the
right (b), the results of the X printing orientation are demonstrated.
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Figure 4. The results of dynamical and static mechanical testing. The graph on the left (a) demonstrates
the results of tensile test strength and the 3-point bending test; (b) indicates the results of the Charpy
Impact test in each printing orientation. Mean values with the standard deviation are demonstrated.

Tensile strength, flexural strength and Shore D hardness were also measured. Performing tensile
tests, orientation Y provided the highest results with 21.79 + 0.79 MPa for the ESD-ABS, and 25.87 + 0.89
MPa for the ESD-PLA X orientation test specimens (Figure 4.). As expected, orientation Z showed the
lowest results, where no significant difference was measured between the materials. In a previous
research work, neat ABS tensile tests were made from the X and Z orientations with a 270 um layer
height [27]. In orientation X, the result was 28.5 MPa; in orientation Z, it was 14.1 MPa. With ESD-ABS,
our measured results were 19.14 + 0.3 MPa in orientation X, while 6.58 + 0.53 MPa in Z. Compared with
the neat material, it has significantly lower results. In the cited article, they used a fully infilled neat
PLA specimen with a 200 micrometer layer height printed in orientation X [28]. The measured value
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was 31.6 MPa, which was higher than our result. The 3-point bending test showed major differences
in terms of printing orientation when compared with each other. The highest value was measured
in the case of the ESD-ABS in orientation Y with 43.3 + 2.58 MPa, and the lowest with ESD-PLA in
orientation Z, where 7.11 + 0.28 MPa was measured. This is quite similar to the cited work, where they
measured 42.6 MPa for neat ABS [28]. The addition of carbon to PLA slightly decreases the flexural
strength compared with neat PLA polymer, and greatly decreases the values of tensile strength [25].
The Shore D measurements did not show significant differences; the values varied between 59.72 + 1.45
and 64.2 + 1 in the case of ESD-ABS, and between 67.1 +£0.77 and 71.66 +0.45 in the case of ESD-PLA,
which is lower than the results of neat materials despite that fillers usually increase the hardness of the
materials [29].

Since we have not found a detailed description of torque forces regarding ABS and PLA materials
compared in different orientations, we created test specimens as references as well. The results are
shown in Figure 5. The end of each measurement was set to the decrease of torque strength by
40%. The maximal torque strength was marked with Tnax and the correlated torsion was marked
with @rmax. The results show that ESD-PLA with X orientation had Ty, = 1.59 = 0.07 Nm and
@ Tmax = 14 + 0.8° while in the Z direction, it resulted in Tax = 1.16 + 0.14 Nm and @ max = 11.5 +£2.18°,
which significantly differs. It can also be seen that neat PLA and ABS have significantly higher
resistance against torque forces; therefore, the carbon, as a filler, decreases the stability. It can also be
observed that the orientation dependence is less significant compared to other mechanical tests.

12
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Figure 5. The results of torque strength tests and torsion angle of the test specimens manufactured
with different materials. Mean values are demonstrated with the standard deviation.

3.3. Results of Signal Transfer Capability

The results of the measurements regarding attenuation are visualized on a Bode diagram
(Figure 6). Based on previous results, we selected the test specimens with the smallest electrical
resistance, fabricated with a 400 pm layer height. In the case of ESD-PLA, the attenuation stays below —
2 dB until 15 kHz. To examine the signal transfer capability, sinus waves were sent through the test
specimens as well. The test was performed at 100 Hz frequency, at cut-off frequency (66.4 kHz) and at
500 kHz. Based on the results, we can state that the materials act as a low-pass filter, which can be
promising in EMG (electromyography) signal transfer and processing. This feature can be extremely
useful for rapid prototyping of 3D printed, myoelectric prosthetic devices.
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Figure 6. On the Bode diagram, the attenuation values can be observed. The length of test specimens
was 100 mm, printed with a 400 pm layer height.

3.4. Structural Analysis

Scanning electron microscopic (SEM) images were also captured from the filaments before the 3D
printing and after the manufacturing process of different test specimens. The ESD-ABS filaments have a
more dense and homogenous structure, where carbon particles were dissolved smoothly. The ESD-PLA
has a different formation: in ESD-PLA, it can be observed that the carbon “threads” run parallel to
each other, and the threads fall into smaller, thinner, finer compartments. The length of the threads is
variable; they can be changed from 10 micrometers up to 500 micrometers (Figure 7).

These characteristics are clearly visible with 200x magnification. For deeper understanding of
the structure of the 3D printed test specimens, we used the ”"A” probes as samples. To examine the
surface, and after mechanically removing the upper layers, the inner patterns could be revealed. It is
clearly shown at a 100 micrometer layer height that the ESD-ABS material has a more structured and
ordered synthesis, compared to the ESD-PLA, which is more heterogeneous. This observation was also
made with 200x magnification. The test specimens created with a 400 micrometer layer height were
ideal to analyze the connections between each layer and the columns building them up. In addition,
it was possible to visualize both the dissolved carbon particles embedded in the ESD-ABS and the
carbon threads within the ESD-PLA material. With a 60x magnification, it was seen that the columns
were more integrated and melted together in the case of the ESD-ABS; this observation correlates with
the lower resistance values. With 200X magnification, the homogenous structure and platelet-like
broken surface is revealed for the ESD-ABS test specimen, whereas the columns of ESD-PLA are more
separated from each other. Figure 8 images with bigger resolution indicate that the carbon threads
cause a wire-like structure, where the PLA base component behaves as an insulator.
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Figure 7. Scanning electron microscopy (SEM) images. Image (a) shows the cross-section of an ESD-ABS

filament. The white arrows indicate the carbon particles, and the white star shows the surface of the
filament. Image (b) has been taken from the cross section of ESD-PLA filaments, where the carbon
threads are marked with white arrows, and a bigger piece of it with a white star. The discursive white
lines indicate the orientation of the threads in the filament. Image (c) has been taken after printing with
100 micrometers. In direction X with ABS material, while (d) shows ESD-PLA with the same printing
parameters. The brackets demonstrate 1 layer (size: 100 micrometers). Magnification 200x.

According to the wire-lie structure, the carbon threads in the ESD-PLA follow the pattern of
3D printing. That explains the higher resistance values in the case of orientation Z test specimens,
since the pathway of the extruder has a circular component, which leads to cross-links between the
threads, and they become orthogonal to one another. With a magnification of 1700x, the crystalline-like
homogenous structure of ABS-carbon composite is detailed, and the particles can be differentiated
from one another. In the case of ESD-PLA, the insulator role of the PLA base material is more
emphasized. The thickness of the threads could also be determined: they have an average size from
3 to 10 micrometers. In orientation Z, the layers separated in the course and broke, while at other
orientations the threads broke.
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Figure 8. Scanning electron microscopy (SEM) images. Image (a) shows the printed structure of the
ESD-ABS test specimen and (b) shows ESD-PLA with 200x magnification, where the printed columns
are marked with a discursive circle. On image (c), the arrows indicate the carbon particles in the
ESD-ABS, and in (d), the white star shows the side of a column in printed ESD-PLA and the dashed
black curve indicates the margin of it. The images were taken with 1700x magnification.

4. Discussion

Concluding our research, we found an important and practical correspondence between the
printing parameters and the electrical and mechanical characteristics in the case of PLA and ABS
carbon composites. These observations can play an important role in further upper limb prosthetic
developments or in other bionic research projects. Our results revealed that the ESD-PLA and ESD-ABS
materials can be used as electrical components like wires or sensors, allowing researchers to extend
their rapid prototyping possibilities. Detailed analysis of test specimens A and B revealed that
the value of resistance strongly depended on the layer height and infill density. The Z orientation
always had significantly higher resistance, since the circular movement of the printing head prevented
interconnection between the carbon threads and particles by creating an insulator layer between them.
The SEM images proved that these insulator layers covered the conductive components of the materials.
The ESD-ABS had better conductivity, caused by the homogenous distribution of carbon particles.
It was also observed that the elevation of the layer height did not have a significant impact on the
values of the resistivity if the test specimens were small and melted together; therefore, they had a
compact and consistent structure printed in the Z orientation, and hence the X orientation had higher
resistance with the elevation of the layer height, which can be caused by the printing orientation itself
in the case of ESD-PLA. ESD-ABS resistance values seemed to be nearly independent from the layer
height in this case. When the printed object had a greater volume, it was clearly observed that the
printing infill could improve conductivity, as well as the layer height. This correlation can be explained
with the cooling process of the printed material—the greater layer height and infill need more material,
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which have longer cooling times, that causes a more homogenous structure. One exception could be
observed in the case of X orientated ESD-PLA specimens printed with 50% infill density, which had an
outstanding resistance value. The explanation of this could be the insufficient rate of interconnection of
carbon threads with this infill density, which can be observed on SEM images. As a general observation,
it can be stated that ESD-ABS had better electrical conductivity compared to ESD-PLA. In upper limb
prosthetic development, some parts should have the ability to rotate and spin, like joints or wrists,
and elbow modules. In these cases, mechanical stability is essential. Flexural strength and torque
force had higher results in the case of ESD-PLA. This feature can be a game-changer in the case of
interconnected, moving parts which need electrical components like wires. In addition, it was proved
that the examined materials work like a low-pass filter; therefore, they can be used for EMG signal
transmission, which is needlessly important in the case of these devices.

5. Conclusions

Conductive 3D printing materials are necessary for creating complex, functional models and
prototypes containing electrical components. Choosing the right printing orientation, infill density
and layer height is necessary, since the conductivity has a strong dependence on these parameters.
As a result of this study, it is possible to determine the value of resistance using these materials
with different printing settings, which can be a reference for further investigations. As an overall
conclusion, it was proved that ABS-ESD has more advantageous mechanical and electrical properties
compared to ESD-PLA. Our future work aims to examine the possibility to create and examine
actual, functional electrical components for our own upper limb prosthetic development project using
ESD-ABS and ESD-PLA materials.
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