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Abstract: Soft pneumatic actuators with a channel network (pneu-net) based on thermoplastic elas-
tomers are compatible with fused deposition modeling (FDM). However, conventional filament-based
fused deposition modeling (FDM) printers are not well suited for thermoplastic elastomers with a
shore hardness (Sh < 70A). Therefore, in this study, a pellet-based FDM printer was used to print
pneumatic actuators with a shore hardness of Sh18A. Additionally, the method allowed the in situ in-
tegration of soft piezoresistive sensing elements during the fabrication. The integrated piezoresistive
elements were based on conductive composites made of three different styrene-ethylene-butylene-
styrene (SEBS) thermoplastic elastomers, each with a carbon black (CB) filler with a ratio of 1:1. The
best sensor behavior was achieved by the SEBS material with a shore hardness of Sh50A. The dynamic
and quasi-static sensor behavior were investigated on SEBS strips with integrated piezoresistive
sensor composite material, and the results were compared with TPU strips from a previous study.
Finally, the piezoresistive composite was used for the FDM printing of soft pneumatic actuators
with a shore hardness of 18 A. It is worth mentioning that 3 h were needed for the fabrication of
the soft pneumatic actuator with an integrated strain sensing element. In comparison to classical
mold casting method, this is faster, since curing post-processing is not required and will help the
industrialization of pneumatic actuator-based soft robotics.

Keywords: soft robotics; additive manufacturing; fused deposition modeling; piezoresistive sensors

1. Introduction

Soft robotics are increasing in popularity compared to their rigid counterparts and
can be used in applications that require the careful manipulation of sensitive objects, safe
interaction with the user and complex motion [1,2]. Pneumatic soft actuators are a type of
soft robot modules in which the inflation of hollow sections, which are connected through a
channel system (pneu-net), results in a bending of the elastomeric structure [3]. Very large
deformations are exerted on the elastic inflatable actuators and to avoid high pressure,
elastomers with low shore hardness, such as silicone elastomers, are preferred [4].

The most widespread method for the production of pneumatic actuators is mold
casting [5–8]. However, the method is time consuming because it involves multiple steps
and is not easy to scale up for production lines, especially if there is the embedding of soft
sensors involved [4,9]. It is a simple technique and it is compatible with elastomers of low
shore hardness such as silicone elastomers, which are the most widespread elastomers used
for pneumatic actuators [10,11]. The rise of additive manufacturing (AM) methods provide
an interesting alternative to molding. It can lead to the production of samples with good
reproducibility and flexibility in the design of the actuator device [12]. Extrusion-based
AM and stereolithographic-based AM (SLA) are methods compatible with elastomers of
low shore hardness. SLA, especially, can be used for the fabrication of soft pneumatic
actuators from silicone elastomers [13], but unfortunately, higher cost and fabrication time
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are required [14]. Similar to the casting method, it is difficult to integrate soft sensors.
Multi-material printing is state-of-the-art for extrusion-based AM and soft sensor elements
can be integrated in situ during printing process [15].

From the extrusion-based AM methods, the most widespread for the printing of
soft robotic pneumatic actuators is Direct Ink Writing (DIW) [16–19]. However, there
are significant disadvantages related to restrictions from the rheological properties of the
elastomers and the additional step of curing that is required after the printing [20,21].
Fused deposition modeling (FDM), or fused filament fabrication (FFF), is an extrusion-
based method of AM for thermoplastics. The polymers are extruded through a heated
hot-end and deposited as threads, layer by layer, on a moving platform to build up a
3D structure [22]. FDM is known for its cost efficiency, compatibility with large scale
production and the fact that the produced parts can be recycled [15,23]. The resolution
of the method has been reported to be 100 µm [24,25]. There have been some attempts in
producing pneumatic actuators with FDM based on thermoplastic polyurethane elastomers,
such as NinjaFlex [26,27] and eSUN eFLEX [28], and it was shown that the method can be
used to fabricate airtight pneumatic structures [29]. Unfortunately, the shore hardness was
limited to materials with a shore hardness above 70A, which is significantly higher than
most silicone elastomers. The conventional FDM printers have a gear system that causes a
jamming of the filament if the shore hardness of the material is too low.

In this study, a pneumatic bending actuator with a shore hardness of Sh18A was
printed with in situ integrated sensing elements by FDM. The FDM printer was equipped
with a screw extruder that allowed the use of material in the form of pellets instead of
the conventional filament. For the sensing element, three different styrene-butadiene-
styrene (SEBS) thermoplastic elastomers with a carbon black filler content (CB) of 50 wt.%
were investigated. Clemens et al. reported that when using a high CB filler content, the
piezoresistive sensor properties of SEBS composites could be improved [30]. After the
selection of the right piezoresistive sensor material, SEBS strips (Sh18A) with an integrated
piezoresistive element were characterized by dynamic and quasi-static tensile testing in
order to investigate the potential of the sensor, in comparison to TPU strips reported
in literature [15]. The sensor performance was also assessed on the pneumatic bending
actuators. This study allows for expanding the applicability of thermoplastic elastomer
materials for the fabrication of soft pneumatic actuators.

2. Materials and Methods
2.1. Development of Piezoresistive Sensing Material

For the development of piezoresistive sensing material, styrene-based tri-block co-
polymers by Kraiburg TPE (Waldkraiburg, Germany), with a shore hardness of Sh25A,
Sh50A and Sh70A were used. As a conductive filler, carbon black obtained from TIMCAL
(Bodio, Switzerland) was used. The two components were mixed in a 1:1 mass ratio, using
torque rheometer HAAKE Polylab Rheomix 600 from Thermofisher (Karlsruhe, Germany).
After mixing, the filaments were extruded, using a capillary rheometer RH7 from NET-
ZSCH (Selb, Germany). To achieve a homogeneous granule size, manual cutting was
performed using filaments with a diameter of 1.75 mm. Finally, the electrically conductive
filament was cut into 3 mm pellets.

Sensor fibers with a diameter of 0.6 mm were extruded using pellet printer Voladora
NX+ (International Technology 3D Printers, S.L., Valencia, Spain). For the extrusion, the
temperature of 250 ◦C was used.

2.2. Printing of the SEBS Structures with Integrated Sensing Elements Using Pellet-Based FDM

For the printing of SEBS-based soft pneumatic structures, a thermoplastic elastomer
with a shore hardness of Sh18A (Kraiburg TPE, Waldkraiburg, Germany) was used. In
order to compare the electrical sensor behavior with TPU reported results [15,31], strip-like
structures were printed (Figure 1a). The design of the pneumatic actuator (Figure 1b) was
performed using a CAD software based on an open-source design for molds of a pneu-net
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bending actuator [32]. The dimensions of the actuator were derived from the design of
the mold that is traditionally used for casting silicone rubber. The width of the actuator
was 25 mm, the length 108 mm and the height 18 mm. One segment of the actuator had
the length of 8 mm and the size of the trench between the different segments was 0.2 mm.
To produce the bending actuator with the in situ integrated strain sensor, first the sensing
element was printed and on top of it the bending actuator (Figure 1c).
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Figure 1. (a) The SEBS-based thermoplastic elastomer (TPE) strip with the integrated sensing element fabricated with a
pellet-based FDM printer; (b) the CAD design of the bending actuator; (c) the bending actuator with the integrated sensing
element fabricated with a pellet-based FDM printer.

The printer was equipped with a rotating screw that was controlled by a stepper motor.
The printing parameter, extrusion multiplier is linked with the speed of the stepper motor.
The extrusion chamber was heated with two different heating elements and separated into
two heating zones, as seen in Figure 2. The printing parameters for the strip-like structure
and the soft robotic actuator are listed in Table 1.
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stepper motor and has two separate heating zones.

Table 1. Processing parameters used for AM of the TPS strips with integrated sensing elements using
pellet-based FDM printer.

Parameter Value

Heating Zone 1 Temperature 200 ◦C
Heating Zone 2 Temperature 230 ◦C

Bed Temperature 45 ◦C
Printing Speed 30 mm/s

Extrusion Multiplier 10
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For the actuation of the pneumatic actuator, a vacuum pump was used from Spark-
Fun Electronics (Boulder, CO, USA). The vacuum pump was controlled with an arduino
microcontroller. A pressure of 220 kPa was used.

2.3. Tensile Testing

For the investigation of the piezoresistive behavior of the sensors, a tensile testing with
simultaneous measurement of the electrical sensor signal was performed. For the tensile
testing, a Zwick Roell Z005 tensile testing machine from Zwick Roell GmbH & Co. (Ulm,
Germany) was used. The tensile machine was equipped with pneumatic clamps with a
pressure of 4 bar and a 200 N load cell to avoid slipping behavior during the tensile testing.
A crosshead speed of 200 mm/min was applied during all the different tensile experiments.
The electrical signal was measured using a Keithley 2450 multimeter (Keithley Instruments,
Solon, OH, USA) with a data recording frequency of 10 Hz. Based on Georgopoulou et al.,
tensile tests were performed up to the point of fracture, under dynamic and quasi-static
conditions [33].

The relative resistance (Rrel) was calculated using the following formula:

Rrel =
R − Ro

Ro
(1)

where R is the value of the resistance during certain strain and Ro the initial resistance
value of the printed strip.

To define the sensitivity of the sensor, the gauge factor (GF) was calculated by the
following equation:

GF =
Rrel
∆ε

(2)

where ∆ε is the range of strain in which the Rrel is measured.
The drift of the resistance value between different tensile cycles was calculated at

maximal as the percentage difference between the values of the relative resistance, at the
same level of strain between different cycles of the dynamic tensile testing. Finally, the
relaxation of the resistance between the beginning and the end of a dwell time of 60 s
during the quasi-static test was investigated. Finally, the relaxation of the mechanical stress
and electrical resistance was calculated using the percentage difference of the resistance at
the beginning and the end of a dwell time, during the quasi-static test. For the bending
actuator a stepwise test was performed, where the value of the electrical resistance was
recorded in different bending angles of the pneumatic actuator with the integrated sensing
element. With the same actuator, a dynamic test was performed with a dwell time of 4 s at
angles 0◦ and 90◦.

3. Results and Discussion
3.1. FDM-Printed Sensing Fibers

FDM-printed sensor fibers were produced using thermoplastic elastomer (SEBS) as
a matrix material. Based on literature, in all three cases, the carbon black concentration
was fixed to 50 wt.% (1:1 mass ratio). A tensile test up to the point of fracture, with a
simultaneous recording of the electrical resistance, was performed for the three different
filaments (Figure 3).

Based on the stress-strain curve (Figure 3a), it was seen that for all the different
fibers, there was a characteristic necking around the yield point. This response has been
seen before for composites based on TPE with high carbon black concentration [30] and
it is worth mentioning that such a high loading is needed to achieve sufficient sensor
properties [30]. Comparing the fibers, the main difference can be observed for the strain at
the point of fracture. For the Sh25A, the fiber broke already at 55% strain. This is insufficient
for applications with deformations above 30% strain, even if the sensor fibers have the
highest GF (291). Obviously, the mechanical and electrical behavior do not correlate with
the shore hardness of the SEBS matrix. A possible explanation could be found in the carbon
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black distribution inside the SEBS. It has been reported that the preferential location of
CB is in the hard rather than the soft phase of the TPE [34]. A common way to tune the
shore hardness of the TPE is to change the ratio of the hard and soft phases of the TPE
and the oil content [35]. The distribution of the CB filler in the TPE is affected by the shore
hardness. However, we assume that the additional oil content in the TPE explains the
non-correlation between the shore hardness and the mechanical and electrical properties
of the three different composites. For the Sh70A, up to 18% strain, almost no change in
resistance occurs and then the relative resistance sharply increases. The sensor responds
monotonically, with a GF of 53 between 18% and 140% strain and 104 from 140% and up
to the point of fracture. Using a pre-straining concept above 18% strain, this sensor can
be used for strain sensing applications. However, pre-straining of 3D-printed pneumatic
actuators is difficult. Therefore, it can be concluded that good performance in terms of
sensing without pre-straining, high GF and maximal elasticity can be achieved with the
Sh50A TPE material. The slope, in this case, changes at 50% and 340% strain.

Actuators 2021, 10, x FOR PEER REVIEW 5 of 11 
 

 

fixed to 50 wt.% (1:1 mass ratio). A tensile test up to the point of fracture, with a simulta-
neous recording of the electrical resistance, was performed for the three different fila-
ments (Figure 3). 

 
Figure 3. (a) Stress-strain and (b) relative electrical resistance-strain response for FDM extruded 
sensor filaments made of SEBS-based TPEs with three different shore hardness (Sh25A, Sh50A, 
Sh70A). 

Based on the stress-strain curve (Figure 3a), it was seen that for all the different fibers, 
there was a characteristic necking around the yield point. This response has been seen 
before for composites based on TPE with high carbon black concentration [30] and it is 
worth mentioning that such a high loading is needed to achieve sufficient sensor proper-
ties [30]. Comparing the fibers, the main difference can be observed for the strain at the 
point of fracture. For the Sh25A, the fiber broke already at 55% strain. This is insufficient 
for applications with deformations above 30% strain, even if the sensor fibers have the 
highest GF (291). Obviously, the mechanical and electrical behavior do not correlate with 
the shore hardness of the SEBS matrix. A possible explanation could be found in the car-
bon black distribution inside the SEBS. It has been reported that the preferential location 
of CB is in the hard rather than the soft phase of the TPE [34]. A common way to tune the 
shore hardness of the TPE is to change the ratio of the hard and soft phases of the TPE and 
the oil content [35]. The distribution of the CB filler in the TPE is affected by the shore 
hardness. However, we assume that the additional oil content in the TPE explains the non-
correlation between the shore hardness and the mechanical and electrical properties of the 
three different composites. For the Sh70A, up to 18% strain, almost no change in resistance 
occurs and then the relative resistance sharply increases. The sensor responds monoton-
ically, with a GF of 53 between 18% and 140% strain and 104 from 140% and up to the 
point of fracture. Using a pre-straining concept above 18% strain, this sensor can be used 
for strain sensing applications. However, pre-straining of 3D-printed pneumatic actuators 
is difficult. Therefore, it can be concluded that good performance in terms of sensing with-
out pre-straining, high GF and maximal elasticity can be achieved with the Sh50A TPE 
material. The slope, in this case, changes at 50% and 340% strain.  

For further validation, piezoresistive lines, based on Sh50A and Sh70A, were printed 
on a heated printer bed with a pellet extruder-based FDM printer. Looking on the printed 
sensor lines made of piezoresistive Sh50A composite (Figure 4a), two lines without inter-
ruptions and a constant width can be observed. For the Sh70A (Figure 4b), the printed 
lines were interrupted and not smooth. Individual dots were visible and indicated an in-
homogeneous flow of the material through the nozzle. 
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For further validation, piezoresistive lines, based on Sh50A and Sh70A, were printed
on a heated printer bed with a pellet extruder-based FDM printer. Looking on the printed
sensor lines made of piezoresistive Sh50A composite (Figure 4a), two lines without inter-
ruptions and a constant width can be observed. For the Sh70A (Figure 4b), the printed
lines were interrupted and not smooth. Individual dots were visible and indicated an
inhomogeneous flow of the material through the nozzle.
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Based on the printing results, the Sh50A piezoresistive composite was used for the
fabrication of the strips and soft pneumatic actuators with in situ-printed piezoresistive
strain sensing elements.
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3.2. FDM-Printed Strip with Sh18A SEBS and Integrated Strain Sensing Element

It is the first time that low shore hardness SEBS-based TPE (Sh18A) was printed with a
pellet-based FDM extruder. Therefore, before printing pneumatic actuator structures with
integrated strain sensors, strips with an in situ-printed sensing element were printed and
investigated by dynamic and quasi-static tensile testing [15]. It is worth mentioning that
for the later application, the integrated sensor is bent under compression mode. However,
it was decided to use tensile testing method to be able to compare the sensor behavior
with 3D-printed TPU strips, based on commercial filaments, published by Georgopoulou
et al. [14]. Figure 5 shows the mechanical and piezoresistive response of the SEBS-based
TPE strips with the integrated sensing elements up to the point of fracture.
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From the stress-strain curve (Figure 5a), it can be seen that the SEBS strips can endure
large elongations of up to 500%. The Young’s modulus of 1 MPa was calculated from
the elastic region of the stress-strain curve. As expected, Young’s modulus of the printed
elastomer structure is much lower than the reported TPU strips (34 MPa) [15]. Silicone-
based pneumatic actuators typically have a Young’s modulus between 0.1 and 10 MPa [4],
and therefore it can be expected that SEBS-based printed structures could replace silicone
easily, if needed for future applications. The relative resistance increased monotonically,
up to the point of fracture (Figure 5b). For previous TPU-based printed strips, such a
monotonic increase in resistance behavior cannot be achieved. For low strain values, a
negative piezoresistive effect can be observed [15]. Dynamic tensile testing (cyclic) was
performed between the strains 0–50% (Figure 6).

Actuators 2021, 10, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 6. (a) Stress-strain and (b) relative electrical resistance-strain response for the SEBS-based 
TPE strips (Sh18A) with integrated sensing elements Sh50A under dynamic testing between 0% 
and 50% strain. 

From the response of the stress (Figure 6a), it was seen that below 14% strain, the 
mechanical stress became negative. This response is known as buckling and it can be 
linked with the viscoelasticity of the thermoplastic elastomer matrix. The buckling behav-
ior can be confirmed by visual inspection during the experiment (Figure S1). For the rela-
tive electrical resistance, a positive piezoresistive response can be observed. This is in 
good agreement with the tensile test shown in Figure 5b. For the strips, an initial resistance 
of 3 ± 0.6 kΩ was measured. The small deviation shows the good consistency in quality 
that can be achieved with additive manufacturing as a fabrication method. The sensor 
signal response at 50% strain, between cycle number 2 and 10, had a drift of 1%. The drift 
was smaller in comparison to FDM-printed TPU strips (8%), reported by Georgopoulou 
et al. [15]. A hysteresis of 2% of the electrical signal was calculated. The value was calcu-
lated at 10% strain, to compare with another study that reported values for the hysteresis 
between 1.2% and 16% for the different composites at 10% strain [36]. Therefore, it is as-
sumed that the hysteresis of 2% in the current study was at the lower part of the reported 
range. The SEBS-based TPE strips exhibited a positive piezoresistive response without a 
plateau or uncertainty in the sensor behavior; however, a change in the slope at low strains 
during unloading can be observed. 

Another important aspect of the sensor characterization is cycling testing with a 
dwell time at the maximum and minimum strain, called “quasi-static” cycling test (Figure 
7). For that reason, a quasi-static test between 0% and 50% strain with a dwell time of 60 s 
at maximum and minimum strain was performed. 

 
Figure 7. (a) Stress-strain and (b) relative electrical resistance-strain response for the SEBS-based strips (Sh18A) with inte-
grated sensing elements Sh50A under quasi-static testing between 0% and 50% strain and a dwell time of 60 s. 

Figure 6. (a) Stress-strain and (b) relative electrical resistance-strain response for the SEBS-based TPE strips (Sh18A) with
integrated sensing elements Sh50A under dynamic testing between 0% and 50% strain.



Actuators 2021, 10, 102 7 of 11

From the response of the stress (Figure 6a), it was seen that below 14% strain, the
mechanical stress became negative. This response is known as buckling and it can be linked
with the viscoelasticity of the thermoplastic elastomer matrix. The buckling behavior can be
confirmed by visual inspection during the experiment (Figure S1). For the relative electrical
resistance, a positive piezoresistive response can be observed. This is in good agreement
with the tensile test shown in Figure 5b. For the strips, an initial resistance of 3 ± 0.6 kΩ
was measured. The small deviation shows the good consistency in quality that can be
achieved with additive manufacturing as a fabrication method. The sensor signal response
at 50% strain, between cycle number 2 and 10, had a drift of 1%. The drift was smaller
in comparison to FDM-printed TPU strips (8%), reported by Georgopoulou et al. [15]. A
hysteresis of 2% of the electrical signal was calculated. The value was calculated at 10%
strain, to compare with another study that reported values for the hysteresis between 1.2%
and 16% for the different composites at 10% strain [36]. Therefore, it is assumed that the
hysteresis of 2% in the current study was at the lower part of the reported range. The
SEBS-based TPE strips exhibited a positive piezoresistive response without a plateau or
uncertainty in the sensor behavior; however, a change in the slope at low strains during
unloading can be observed.

Another important aspect of the sensor characterization is cycling testing with a dwell
time at the maximum and minimum strain, called “quasi-static” cycling test (Figure 7).
For that reason, a quasi-static test between 0% and 50% strain with a dwell time of 60 s at
maximum and minimum strain was performed.
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For the mechanical and electrical relaxation, a value of 88% and 13% was calculated
at 0% strain, respectively. The larger value of the mechanical relaxation can be linked
with the buckling behavior observed at strains below 14% during the dynamic tensile
testing (Figure 6). At 50% strain, values of 29% and 32% can be detected for the mechanical
and electrical relaxation, respectively. For TPU strips, relaxation values of 20% and 25%
were reported for the mechanical and electrical analysis, respectively, at 30% strain [14].
It is worth mentioning that the TPU strips are limited to 30% strain. Above this strain,
viscoelastic effects increased significantly (high drift) and secondary peak appeared during
unloading phases [37]. There was no drift observed between the second and fifth cycles.

3.3. FDM-Printed Pneumatic Bending Actuators with Integrated Sensing Element

An airtight pneumatic-based actuator with an integrated sensing element can be
successfully printed with a pellet-based FDM printer. The printed actuators can be inflated
by an external air pump. Even though FDM is based on layer-by-layer deposition of
the material to form the 3D structure, airtight structure can be successfully achieved. A
printing time of 3 h was needed for the fabrication of the soft pneumatic actuator with the
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integrated strain-sensing element. Therefore, in comparison to the classical mold casting
method, the pellet-based FDM method is significantly faster.

As already mentioned, the pneumatic soft actuator module deforms under bending
and the piezoresistive element acts under compression. Therefore, the electrical signal was
evaluated under different bending angles (Figure 8).
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In order to assess the sensor performance, two different tests were performed. First,
the value was recorded for different deformation angles (Figure 9a); second, a cycling
bending test between 0◦ and 90◦ was performed (Figure 9b).
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From Figure 9a, it is seen that the resistance decreased when the bending angle
increased. In comparison to tensile testing experiments (Figure 5), inverse behavior was
expected due to compression mode. Nonetheless, the sensing element exhibited good
sensing response (Figure 9a) and it was possible to distinguish between the different values
of the angle of the bending actuator.
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As for the quasi-static cycling test (Figure 9b), relaxation in the sensor signal was
observed, especially at minimum deformation (60%). There was an overshoot (e.g., positive
relative resistance value) when the sensor returned to the initial state (0◦ angle). At 90◦, a
relaxation of 4% can be observed. At 90◦, the relaxation is lower than what was measured
during the quasi-static testing of the strips. Additionally, there is a small drift between
the different cycles (2%). This drift was not observed during the quasi-static testing of
the strips and may possibly be associated with the fixation of the actuator. Based on the
results, it can be concluded that the piezoresistive Sh50A composite can be used to monitor
the bending of soft actuators. The bending angle can be measured in situ and used in the
future for closed-loop controlling of the bending actuator module.

4. Conclusions

Fused deposition modeling (FDM) is a cost-efficient extrusion method of AM and can
be used for fabricating multi-material structures. Using an FDM printer equipped with a
screw extruder, pellets can be used instead of filaments. Pellet-based FDM is compatible
with elastomers of low shore hardness, and a soft pneumatic bending actuator with a shore
hardness of Sh18A and an integrated piezoresistive sensing element were successfully
fabricated with FDM. For the sensing element, SEBS thermoplastic elastomers with three
different shore hardness (Sh25A, Sh50A, Sh70A) were mixed with 50 wt.% CB and based
on the good elastic, sensitive and printing properties of the Sh50A piezoresistive composite,
it was embedded in the soft pneumatic actuator.

The SEBS-based TPE strips with integrated sensing elements exhibited a positive
piezoresistive response, even at low strains, and very small drift was observed. Even
though the strain sensor embedded in the bending actuator was used under compression
mode, dynamic and quasi-static tensile testing were performed to be able to compare the
strip properties with literature.

As expected, the sensor embedded in the bending actuator showed a reverse piezore-
sistive behavior, with the relative resistance decreasing when the bending deformation
increased. Quasi-static cycling experiments of the soft actuator revealed small drift be-
tween each cycle. Overall, the use of pellet-based FDM for the fabrication of soft robotic
actuator modules with integrated sensing elements was successfully demonstrated. The
method is an alternative low-cost fabrication process for design studies and it can lead to
the manufacture of large soft robot structures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/act10050102/s1, Figure S1: The strip with the integrated sensing element (a) before and (b)
after the dynamic tensile testing. The length did not return to the original value after the test and this
phenomenon is described as buckling.
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