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Abstract - This work shows the development and char-
acterization of a fully 3D printed pneumatic soft robotic
actuator with embedded strain gauges to estimate the
bending angle of the actuator. The actuator was printed in
one go using a multi material Fused Filament Fabrication
(FFF) printer. By taking the difference of the reading of
two integrated strain gauges, printed using carbon doped
TPU, a strong linear relation (R2 = 0.97) between the
bending angle and sensor output is achieved.
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I. INTRODUCTION

Sensorization of soft robotics actuators allows for safe
control of soft robots and enables (co)-operating in proximity
to humans. Information about the soft robotic’s interaction
forces with the environment allows e.g. for the development
of haptic feedback for tele-operation. Furthermore, sensorized
soft robotic actuators may provide real-time information about
the deformation of the soft robot to update its control strat-
egy [1].

A common type of soft robotic actuators are the so called
”pneu-nets”, actuated by pressurizing a network of elastic
chambers [2]. 3D printing these soft robotic actuators increases
the design freedom, allowing for highly customizable func-
tional structures and automation of the process, eliminating
the need for the manual fabrication using molds [3]–[5].

The emerging development of 3D printing technologies and
materials facilitates the creation of soft and flexible sensors
that can be integrated into functional structures [6], [7].
Elgeneidy et al. [4] have presented a fully FDM printable
soft actuator based on a pneu-net design with an embedded
strain sensor to provide bending and simple contact feedback.
Although both the sensor and the actuator are fully 3D printed
there was still a manual fabrication step to combine the
sensor with the actuator. Furthermore, the use of a single
strain sensor resulted in high hysteresis. This may be expected
since soft polymer 3D printed strain sensors commonly show
strong non-linear behavior [7]. These effects can be highly
reduced by taking the differential signal of two oppositely
positioned strain gauges [8]. Therefore, this work introduces
and characterizes a fully 3D printed sensorized pneumatic soft
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robotic actuator with two integrated strain gauges printed in
one go using a multi-material FFF 3D printer.

II. METHODOLOGY

A. Actuator design

The actuator design was based on a pneu-net design by
Mosadegh et al. [2], [9] and was further optimized for fabri-
cation using an FFF 3D printer (see Figure 1). The total size
of the actuator was 107.6 × 14.4 × 18.8 mm (L ×W ×H).
The actuator consists of 11 chambers with an inner dimension
of 6.4 × 11.2 × 15.4 mm. The wall thickness was 1.6 mm
and 0.8 mm between the chamber to increase bending of the
actuator. The bottom part of the actuator is 1.8 mm thick and
contains the two strain gauges, one at the top and one at the
bottom. Each strain gauge is 0.6 mm thick (4 layers), has a
width of 1.6 mm (4 traxels) and circumferences the outside
of the bottom part of the actuator. The left corner of Figure 1
shows the definition of the bending angle (θ) of the actuator.

Fig. 1. Top left: CAD model of the actuator. The two black lines are the strain
gauges. Bottom left: Definition of the bending angle (θ). Right: Actuator in
its maximal bending state (P ≈ 0.6MPa).

B. Fabrication

The model was sliced (Simplify 3D, Inc., USA) in layers
of 0.150 mm with 3 perimeters. The actuators are printed
in one go using a multi-material 3D printer (Diabase H-
Series Hybrid, Diabase Engineering, USA) fitted with 0.4 mm
nozzles (Bondtech LGX, Bondtech AB, Sweden). No support
was used in the overhangs due to the relative small distance
of maximal 11.2 mm. The base material of the actuator is
non-conductive thermoplastic polyurethane (TPU) (NinjaFlex

20
22

 IE
EE

 S
en

so
rs

 |
 9

78
-1

-6
65

4-
84

64
-0

/2
2/

$3
1.

00
 ©

20
22

 IE
EE

 |
 D

O
I: 

10
.1

10
9/

SE
N

SO
RS

52
17

5.
20

22
.9

96
72

33

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on March 13,2023 at 11:01:13 UTC from IEEE Xplore.  Restrictions apply. 



SemiFlex, Fenner Drives, USA) and the strain gauges are fab-
ricated using a carbon black infused TPU (PI-ETPU 85-700+,
Palmiga Innovation, Sweden). Connections to the strain gauges
are made by melting in a fine stranded wire. The pneumatic
connection is made using a push connection (FESTO Cartridge
QSPK10-4).

C. Characterization

The pressure to the actuator is provided using the Soft
Robotics Control Unit developed by Caasenbrood et al. [10].
This system consists of a custom-made shield placed on a
Raspberry Pi 4 that is connected to a proportional pressure reg-
ulator (Festo, VEAB-L-26-D13-Q4- V1-1R1). The Raspberry
Pi communicates with a PC running a Simulink (Mathworks
Inc., USA) interface to set the pressure. The strain gauges
were individually connected in a quarter bridge configuration
comparable to [11], of which the voltage was measured using
an instrumentation amplifier (AD620, Analog Devices, USA).
Subsequently this data is logged using a digital oscilloscope
(Handyscope HS5, TiePie engineering, The Netherlands). The
same oscilloscopes were also used to log the pressure sensor of
the pressure regulator and to blink an LED. This blinking LED
was used to synchronize a video (captured at 60 Hz) taken of
the actuator with the recording of the scope. Using motion
analysis software (Kinovea) the bending angle (as indicated
in Figure 1) is obtained.

To analyze the bending angle of the actuator with respect
to the pressure, the actuator was pressurized using a trian-
gular wave (0-0.1 MPa, at 3 rad s−1) for 6 cycles. The first
cycle was removed from the data set since the slope of the
applied pressure deviates from the other five cycles. The
force was measured using a load cell (LCMFD-50N, Omega
Engineering, USA) positioned under the actuator tip. This load
cell was connected to the USB oscilloscope via a load-cell
amplifier (IAA100, Futek, USA). The force was measured
from 0 MPa to 0.3 MPa at angles of 30° and 45°. The data
of the strain gauges was low pass filtered at 8 Hzusing the
Matlab filter function. Subsequently, ∆R/R was determined
using the initial resistance of the strain gauges.

III. RESULTS

Figure 2 shows the correlation between the input pressure
and the angle of the actuator for a triangular wave with an
amplitude of 0.1 MPa and a period of 3 rad s−1 and for the
situation in which there is no load. The force of the actuator
at a static position with respect to the pressure is shown in
Figure 3. The tip force of the actuator shows a reasonable
linear relation with the applied pressure. However, the amount
of force decreases with increasing bending angle.

The resistance of the 3D printed strain sensors are 5.01 kΩ
for the top (CH1) and 7.80 kΩ for the bottom (CH2) sensor.
The responses of these sensors over time to the bending angle
are shown in Figure 4. The relative resistance change versus
the angle over multiple periods is shown in Figure 5. The
top sensor shows a strong drop in resistance especially after
20°, the bottom sensor show a strong increase in resistance till
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Fig. 2. Actuator angle over pressure, triangular wave input of 3 rad s−1.
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Fig. 3. Actuator output force (measured at the tip) over input pressure.

approximately 25° followed by a slow decline in resistance.
The difference between the two sensors, shown in the bottom
graph of Figure 5, shows a more linear relationship and less
hysteresis with respect to the bending angle.

Figure 6 shows that force applied by the tip of the actuator
decreases with increasing bending angle. The differential sig-
nal of the two strain gauges decreases with increasing force
till 2.5 N after which a strong increase is visible in the 0°
position. The sensor output decreases with increasing force in
the 30° situation but increases when the actuator is in a static
45° angle.

IV. DISCUSSION

The 3D printed soft robotic actuator shows some air leaks as
shown in Figure ??. However, these leaks are small enough to
be compensated by the air flow. The leaks are mainly present
around the pneumatic connector and at the two perimeter
wide parts of the pneumatic chamber. Further optimizing the
printing process and pattern might overcome these issues [3].
The first loop of the bending angle versus the actuator pressure
(Figure 2) shows a lower bending angle with respect to the
subsequent load cycles.

Although the actuator tip is kept at constant position while
determining the actuator force (Figure 3) the actuator was still
able to deform due to the applied force. In e.g. the 0° angle
situation this resulted in an S-shaped curvature of the actuator
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Fig. 4. Relative resistance change of CH1, CH2, CH1-CH2, angle of actuator
over time estimated using a linear fit on CH1-CH2 and reference angle.
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Fig. 5. Relative resistance change of the top (CH1) bottom (CH2) and
difference (CH1-CH2) of the strain gauges with respect to the bending angle.

and the associated strain. Furthermore, the total length of the
actuator might increase with increasing pressure.

Using carbon doped TPU materials as piezoresistive sensing
material comes at the cost of many non-linearities due to
viscoelastic properties and physical processes in the matrix
of the composite material [11]. However, as expected the
differential signal between the bottom and top sensor results in
a more linear relative resistance change versus bending angle
relationship [8]. Additional compensation algorithms might be
used to further improve linearity and limit hysteresis [7], [12].

For the sensing part the actuator can be roughly approxi-
mated by a cantilever beam with strain gauges placed below
and above the neutral axis. Therefore, the top part will be
extended and the bottom part compressed during bending.
Carbon doped TPU materials typically show first a strong
decline of the resistivity at low strain (< 0.25) followed by
an increase of the resistivity [11]. The top sensor in Figure 5
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Fig. 6. Actuator output force and the differential resistance change in 30°
and 45° position.

shows this decline indicating low strains due to extension of
the sensor. The bottom shows an increase due to compression
since this sensor is placed below the neutral axis.

The sudden increase of the differential signal of the two
strain gauges after 2.5 N in the 0° position, as shown in
Figure 6, might also be the result of the same effect on the
resistivity of carbon doped TPU at low strain. In the 45°
position the strain gauges might be pre-strained to such an
extent that only an increase in resistance is shown.

The differential signal of the strain gauges shows a strong
linear relation (R2 = 0.97) when there are no external forces
acting on the actuator.

This work shows the feasibility to fabricated soft robotics
actuators with embedded sensing in one go using FDM 3D
printing technologies. The design could be optimized to im-
prove the bending angle and provide the highest sensitivity
at angles of most interest for specific applications. Future
research is needed to study the effect of the expected cross
talk of external forces and if, potentially with the placement
of more strain gauges, the bending angle and interaction forces
could be estimated [13]. More accurate models predicting the
bending of the actuator might help to better understand the
strain in the sensing structures. Coupling such models with the
feedback of the actuator position might provide the mismatch
between the expected and actual position potentially allow-
ing for interaction force prediction. Embedding sensors will
potentially result in improved feedback controlled actuators
increasingly enabling safe control of soft robots and (co)-
operation with humans.

V. CONCLUSIONS

This works shows a working concept of a 3D printed soft
robotic actuator with embedded sensing that is printed in one
go. By taking the differential signal of the two embedded strain
gauges a strong linear relation (R2 = 0.97) can be achieved
in a bending angle ranging from 5° to 45° with no external
load on the actuator.
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