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Abstract: Recently, a significant amount of research has been devoted to soft robots. Artificial
muscles belong to the most important components of soft robots. Dielectric elastomer actuators
(DEAs) represent the technology that comes closest to the capabilities of a natural muscle, making
them the best candidates for artificial muscles in robotics and prosthetics applications. To develop
these applications, an analysis of DEAs in a test bench must be possible. It is important that the
environmental conditions are known, and all components are specified, which is not the case in
most publications. This paper focuses on the development of a real-time test bench for DEAs which
provides environmental conditions and all components that are specified. Its goal is to open up the
research field of dielectric elastomer actuators or soft robots. The stacked DEA used is powered
by a high-voltage amplifier, which can be controlled via a real-time block diagram environment
together with a data acquisition (DAQ) device. The response of the actuator is measured with a laser
triangulation sensor. Furthermore, information about the applied voltage, the operating current, the
temperature, and the humidity are collected. It was demonstrated that the selected laser sensor is a
suitable device for this application. Moreover, it was shown that the selected high-voltage amplifier
is adequate to power a DEA. However, the DAQ is not fast enough to measure the actuator current.
It was demonstrated that housing keeps environmental conditions constant, is transportable, and
offers the flexibility to investigate different DEAs.

Keywords: dielectric elastomer actuators; dielectric elastomer transducers; soft robots; artificial
muscles; test bench; real-time

1. Introduction

In recent years, a significant amount of research has been devoted to soft robots. These
works are driven by the promise that soft robots can be used to create robotic systems which
are cheaper, safer, and more flexible than traditional robots [1]. Soft robots can be defined
as robots that are bio-inspired in both software and hardware and consist completely or
partially of soft matter. They provide robot-typical functions through deformation [1–3].
Artificial muscles belong to the most important components of soft robots [4]. They
are defined as a subclass of soft actuators [5] which can reversibly contract, expand or
rotate in one component, due to an external stimulus [4,6]. According to [7], dielectric
elastomer actuators (DEAs) represent the technology that comes closest to the capabilities
of a natural muscle, making them the best candidates for artificial muscles in robotics and
prosthetics applications.

The recent commercial availability of DEAs, especially stacked DEAs, opens up new
possibilities for their use as artificial muscles in robotics [8]. To turn these possibilities
into applications or to develop application-specific actuators, it is important to analyse the
DEAs deformation due to a stimulus in a known environment and under different loading
conditions. This requires appropriate test benches, which also provide environmental
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information such as temperature and humidity and whose components are precisely
specified. Information about the environmental conditions can help to better interpret the
results, as acrylic DEAs are not as stable in temperature and humidity as silicone-based
DEAs [9–11]. For example, Michel et al. recommend the use of acrylic-based DEAs only
in controlled environments, since the modulus of elasticity changes from 550 × 106 N

m2 to
0.05 × 106 N

m2 in a range from −50 ◦C to 75 ◦C [11]. Zuo et al. reported a 1599% increase
in viscoelastic effects for an acrylic DEA when humidity was increased by 60% [10]. In
addition, the interpretability and reproducibility of the results can also be improved by
providing precise information on the components. A test bench mainly consists of driving
electronics, measurement equipment, and communication hardware. Wilson et al. [12]
connected their DEA to a DC-DC converter (EMCO F-121) to supply it with power, while a
high-voltage amplifier (Trek 10/40 A) was selected by [13]. In [12,14,15] the authors used
laser sensors, e.g., the Keyence LK-G152, mostly based on the principle of laser triangulation.
Cao et al. and Rosset et al. [13,16] employed instead the self-sensing properties of DEAs.
For reading the sensor values as well as controlling the driving electronics, hardware
from dSpace (DS1104) [14] as well as from National Instruments (cRIO-9014, NI-9144, and
NI-9264) [12] was embedded into a host PC. MATLAB/Simulink [13] or LabView [12] were
utilized to process the data. It is worth mentioning that the publications described did
not have their focus on the development of a test bench for a DEA system. Hence, not
all test bench components were specified [13,14,17] and no environmental information
was collected.

Therefore, the objective of this work is to develop a flexible test bench in which the
system is encapsulated and information about the environmental conditions during the
experiments can be deduced. Furthermore, the exact specifications of the test bench will
be provided. It is intended to make the research field of dielectric elastomer actuators and
soft robots more accessible. The rest of the paper is structured as follows. Section 2 briefly
explains the basics of dielectric elastomer actuators before the methodology of this paper is
presented in Section 3. Subsequently, Section 4 specifies the hardware and software used in
this test bench before the measurement results are presented and compared with the theory.
The paper finishes with a discussion and conclusion in Sections 5 and 6.

2. Dielectric Elastomer Actuators

The DEAs are available in a wide variety of shapes [18]. The simplest configuration is an
incompressible dielectric elastomer sandwiched between two compliant electrodes [19,20].
In Figure 1a,b, the resulting compliant capacitor is shown in a non-actuated and in an
actuated state.

Machines 2023, 11, x FOR PEER REVIEW 2 of 16 
 

 

conditions. This requires appropriate test benches, which also provide environmental in-
formation such as temperature and humidity and whose components are precisely speci-
fied. Information about the environmental conditions can help to better interpret the re-
sults, as acrylic DEAs are not as stable in temperature and humidity as silicone-based 
DEAs [9–11]. For example, Michel et al. recommend the use of acrylic-based DEAs only 
in controlled environments, since the modulus of elasticity changes from 550 × 10଺  ୒୫మ 
to 0.05 × 10଺  ୒୫మ in a range from −50 °C to 75 °C [11]. Zuo et al. reported a 1599% increase 
in viscoelastic effects for an acrylic DEA when humidity was increased by 60% [10]. In 
addition, the interpretability and reproducibility of the results can also be improved by 
providing precise information on the components. A test bench mainly consists of driving 
electronics, measurement equipment, and communication hardware. Wilson et al. [12] 
connected their DEA to a DC-DC converter (EMCO F-121) to supply it with power, while 
a high-voltage amplifier (Trek 10/40 A) was selected by [13]. In [12,14,15] the authors used 
laser sensors, e.g., the Keyence LK-G152, mostly based on the principle of laser triangula-
tion. Cao et al. and Rosset et al. [13,16] employed instead the self-sensing properties of 
DEAs. For reading the sensor values as well as controlling the driving electronics, hard-
ware from dSpace (DS1104) [14] as well as from National Instruments (cRIO-9014, NI-
9144, and NI-9264) [12] was embedded into a host PC. MATLAB/Simulink [13] or LabView 
[12] were utilized to process the data. It is worth mentioning that the publications de-
scribed did not have their focus on the development of a test bench for a DEA system. 
Hence, not all test bench components were specified [13,14,17] and no environmental in-
formation was collected. 

Therefore, the objective of this work is to develop a flexible test bench in which the 
system is encapsulated and information about the environmental conditions during the 
experiments can be deduced. Furthermore, the exact specifications of the test bench will 
be provided. It is intended to make the research field of dielectric elastomer actuators and 
soft robots more accessible. The rest of the paper is structured as follows. Section 2 briefly 
explains the basics of dielectric elastomer actuators before the methodology of this paper 
is presented in Section 3. Subsequently, Section 4 specifies the hardware and software 
used in this test bench before the measurement results are presented and compared with 
the theory. The paper finishes with a discussion and conclusion in Sections 5 and 6. 

2. Dielectric Elastomer Actuators 
The DEAs are available in a wide variety of shapes [18]. The simplest configuration 

is an incompressible dielectric elastomer sandwiched between two compliant electrodes 
[19,20]. In Figure 1a,b, the resulting compliant capacitor is shown in a non-actuated and 
in an actuated state. 

 
Figure 1. Dielectric elastomer actuator (a) not activated (b) activated (c) stacked. 

DEAs follow electrostatic principles. When an electric field is applied across the elec-
trodes by a voltage, the charges move from one electrode to the other via an external con-
ductor. As a result, the positive charges accumulate at one electrode and the negative 
charges at the other electrode, which leads to an electrostatic force of attraction between 
the two electrodes. This force is also known as the Coulomb force and compresses the 
dielectric elastomer (DE) membrane. The compression creates a stress inside the DE 

Figure 1. Dielectric elastomer actuator (a) not activated (b) activated (c) stacked.

DEAs follow electrostatic principles. When an electric field is applied across the
electrodes by a voltage, the charges move from one electrode to the other via an external
conductor. As a result, the positive charges accumulate at one electrode and the negative
charges at the other electrode, which leads to an electrostatic force of attraction between the
two electrodes. This force is also known as the Coulomb force and compresses the dielectric
elastomer (DE) membrane. The compression creates a stress inside the DE membrane
which, due to its incompressibility, reacts with a length and width extension [19]. The
expansion in length and width is supported by the repulsion of the same charges on both
electrodes [21]. Both the thickness reduction and the expansion in length and width convert



Machines 2023, 11, 380 3 of 15

electrical energy into mechanical energy and can be used as an actuation mechanism [19,21].
One of the first methods to calculate the stress within the DE membrane and to predict
the mechanical response of the DEA was developed by Pelrine et al. [22]. Consequently,
the electrostatic pressure inside the DE membrane, which is also called Maxwell stress or
Maxwell pressure, can be calculated with the following equation

σel = ε0 × εr × E2 = ε0 × εr ×
(

φ

z

)2
(1)

with ε0 and εr as absolute and relative permittivity of the DE membrane, E as the electric
field, φ the applied voltage, and z the thickness of the DE membrane in its non-actuated
state [19,22]. Equation (1) is based on the assumption that the membrane is an ideal
dielectric elastomer and that the charges are equally distributed on electrodes of infinite
size. Furthermore, it is assumed that the membrane has a uniform thickness and that the
dielectric behaviour of the elastomer is similar to a fluid and therefore does not change
due to deformation [19]. It should also be mentioned that Equation (1) is only valid for
strains up to 10%. For larger strains, the change in membrane thickness must be taken into
account [22,23]. The membrane of a DEA is compressed by the electrostatic pressure until
this pressure and the stress inside the elastomer are in equilibrium [23]. Thus, Equation (1)
can be used together with a suitable material model to calculate the response of a DEA to
a voltage and vice versa. Various material models can be used for calculating the stress
within the membrane. On the one hand, the material can be considered a linear spring, with
a specific spring constant [13]. On the other hand, Hooke’s law can be used to describe the
material, with a modulus of elasticity [23]. However, if larger strains or dynamic situations
are involved, a hyperelastic or rheological (viscoelastic) material model must be used [5,23].
If the response does not meet the application’s requirements in terms of stroke or actuating
force, there are several ways to change the configuration of the DEAs that will increase
their performance [21]. For instance, in a stacked DEA, the individual layers are connected
mechanically in series and electrically in parallel as displayed in Figure 1c [24]. Thus, the
stroke scales with the number of layers, and the actuation force scales with the size of the
overlapping electrode area [21]. For other possibilities to change the configuration, refer
to [21].

A current challenge in the context of DEAs is the high electric fields that are required
for their operation. This results in typical supply voltages of 0–10 kV. However, since DEAs
work electrostatically and not electrodynamically, only currents in the range of less than a
few milliamperes are required for the supply voltages [20]. A DEA can also be operated
with a current in the microampere range [8]. The current only needs to be greater than the
dielectric leakage current through the membrane [8,25]. However, the higher the driving
current the faster the DEA reacts [8]. In addition, the reaction time of the DEA depends
on its time constant, since from an electrical point of view they can be represented by
a combination of resistors and a capacitor. The electrical equivalent circuit is shown in
Figure 2.
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In Figure 2a, Rw stands for the electrical resistance of the supply wire. Rc is the
resistance of the connection between the supply line and the electrode and Re represents
the electrode resistance. Since the resistance of the supply line Rw is usually very small,
it can be neglected for simplification purposes, as can be seen in Figure 2b. Furthermore,
Rc and Re can be combined to Rs and both Rs to 2Rs. Rp corresponds to the resistance of
the elastomer. Since Rp is very high, it can also be neglected in a final simplification step,
as illustrated in Figure 2c [26]. Note that C is the capacity of a single layer. To extend
the electrical equivalent circuit for a stacked DEA, refer to [26]. Keeping the temporal
characteristics of an RC network in mind, DEAs can normally be operated in a frequency
range between 10 Hz and 100 Hz [9,20].

3. Methods

To develop the test bench, both commercial and open-source tools were used. The
open-source suite for electronic design automation (EDA) KiCad 6.0 was utilised to develop
the printed circuit board (PCB). The design of the housing was created with the help of
the commercial computer-aided design (CAD) suite Inventor 2022. MATLAB/Simulink
R2020b and the STM32 CubeIDE 1.4.0 were used to write the software for the experiments.
Together with QUARC 2021 SP1, MATLAB/Simulink enables the operation of the test
bench in real-time. QUARC generates real-time code directly from Simulink and executes
it in real-time on a windows target, bridging the gap between simulation time and the real
world [27].

The set-up of the test bench was tested with a commercially available silicone-based
stacked DEA (CT25.2-10-10 × 10 mm, CTSystems, Dübendorf, Switzerland. The actuator
has a height of 10 mm and is equipped with rigid end plates at the top and bottom. These
can be used to connect the actuator to its environment. Furthermore, they prevent an un-
even deformation of the actuator’s surface. During the experiments, the stacked DEA was
powered by a high-voltage amplifier (Trek 2220, Advanced Energy, Metzingen, Germany)
with a gain of 200 v/v and a Slew Rate (10% to 90%) typically greater than 100 V/µs. This
allows signals up to 7.5 kHz to be amplified [28]. With this amplifier, the DEA, which
behaves such as a capacitor, cannot only be charged but also discharged. If a high-voltage
DC-DC converter was used, a discharge resistor would have to be dimensioned. However,
this would permanently consume the charging current if the complexity of the system
were not increased by an extra circuit [29]. To control the output of the amplifier a data
acquisition device (Q2-USB, Quanser, Markham, ON, Canada) was utilized, which was
connected to the host PC via USB. This device is equipped with two 12-bit DAC, which
have a voltage range of ±10 V [30]. With MATLAB/Simulink and the HIL Write Analog
block, the high voltage can be adjusted in 0.586 V steps.

The response of the DEA to the high voltage was measured by a digital laser triangula-
tion sensor (ILD 1220-10, Micro-Epsilon, Ortenburg, Germany) with linearity < 10 µm and
repeatability of 1 µm [31]. Due to the measurement via diffuse reflection, it is well suited for
measurement on non-reflective surfaces. In addition, by using such a sensor, the movement
of the actuator is not restricted by an optical method [32]. The samples were taken with a
frequency of 1 kHz and each sample consists of 3 bytes. If no valid measurement value can
be obtained, the last valid measurement value is transmitted until a new valid measurement
value is available [31]. The bytes were sent over the RS-422 interface of the sensor, which
results in a transmission rate of 0.75 kB/s. A serial communication with 256 kBd was used
to transfer the data to the host PC. For this purpose, an RS-422/485 to USB serial adapter
(USB 2.0 Adapter to 1 × Serial RS-422/485, Delock, Berlin, Germany) was employed. In
MATLAB/Simulink the bytes were received using a Stream Call and three Stream Read
blocks. The Stream Call block was configured according to the sensor settings (baud rate:
256 kBd; word: 8, parity: none; stop: 1, flow: none; byte ordering: little endian). No changes
were made to the default size of the stream call receive buffer size (8000 bytes). The output
data type of the Stream Read blocks was set to unit8. During execution, the step size of
the blocks was taken from the MATLAB/Simulink model which was set to 1 ms. With
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the setup pipeline, the deformation of the DEA can be measured with a latency of 20 ms.
Before measurement, the warm-up time of 20 min defined by the manufacturer is adhered
to in order to achieve a uniform temperature distribution in the sensor [31]. If an error
occurs during the processing of the sensor data, the last valid measured value is passed
onto the sensor itself.

In addition to the deformation of the actuator, the actual voltage applied and the
current consumed were also measured during the experiments. For this purpose, the
voltage, as well as the current monitor of the high-voltage amplifier, an ADC of the Q2-USB
and MATLAB/Simulink with the HIL Read Analog block, were used. The voltage monitor
has an accuracy better than 0.5% and the current monitor is 2% of the full scale [28]. With a
scale factor of 0.4 V/mA [28] and the 12-bit ADC with an input range of ±10 V [30], the
current was recorded with a resolution of 0.012 mA. Note that the current was limited to
a maximum of 10 mA by a resistor. For the voltage monitor, which scales the output of
the amplifier with 1/200th of the high-voltage [28], a resolution of 0.977 V results from the
ADC. The maximum voltage that the actuator can withstand is 1200 V [9].

To determine the environmental conditions during the experiments, a combined tem-
perature and humidity sensor was used (SHT30-DIS-B2.5kS, Sensorium, Stäfa, Switzerland).
A combined sensor reduces the implementation effort. The sensor has a temperature accu-
racy of ±0.2 ◦C and a humidity accuracy of ±2%RH. Both measured values are resolved
with 0.01 ◦C and 0.01% relative humidity (RH) respectively [33]. To read out the sensor, it
was connected to a NUCLEO-F334R8 ARM Cortex-M4 microcontroller via I2C. After the
readout, the values were visualized on an LCD display (EA DIP203-4, Electronic Assem-
bly, Gilching, Germany). Additional information on the software framework behind the
experiments is given in Section 4.3.

4. Results

First, the design of the PCB and housing are detailed in this chapter. Afterwards, the
software and the measurements carried out are presented.

4.1. Printed Circuit Board

All the components described in the methodology section are arranged to each other
as displayed in Figure 3a. A PCB was developed in order to allocate all the electronic
components needed. Figure 3b shows the schematic layout of the PCB. The PCB is divided
into a high-voltage area and a low-voltage, which are isolated from each other.
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4.1.1. High-Voltage Area

A BNC connector is placed in the high-voltage area to connect the high-voltage
amplifier (HV-In). The high-voltage is wired to an 1 × 2 3.5 mm pitch ultra-fit right-angle
header to connect the DEA (HV-Out). A resistor series (R3) is placed between HV-In and
HV-Out. It is used to limit the feeding current to 10 mA at 1200 V and it consists of six
20 kΩ resistors with a power dissipation of 2 W and a tolerance of 1%. The value 10 mA
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was chosen because this is the maximum current that the Trek 2220 can supply continuously.
It is supplied with 24 V and 1.7 A [28]. In the end, a GND pin is mounted in the HV section,
which can be used as a reference for a probe (with a suitable division) to measure the high
voltage with a multimeter or oscilloscope.

4.1.2. Low-Voltage Area

The PCB is supplied with 24 V and 1.7 A via a 2.0 mm right-angled DC power jack. A
toggle switch, which is connected to another 1 × 2 3.5 mm pitch ultra-fit right-angle header
(Switch1), can be used to turn the 24 V on and off. With a DC-DC (LM2596S-5.0/NOPB,
Texas Instruments, Dallas, TX, USA) converter, 24 V is converted to 5 V (max. 500 mA).
Two LEDs indicates whether the 24 V and the output of the DC-DC converter are present.

To transmit the signal being amplified to the high-voltage amplifier, the DAC of the
Q2 device can be connected via the right-angled RCA phono connector Cinch-Input. The
signal is then passed to the right-angled BNC-Input connector, where it can be used for
the amplifier.

4.1.3. Laser Sensor

The laser sensor is connected to the PCB with a 1 × 10 2.0 mm pitch HPI right-angled
post header. All signals from the laser sensor are routed through it, including the 24 V,
the RS-422 signal, the analogue current signal, and the signals Laser On/Off and Function
Input. With the help of a 9-pin right-angled male D-Sub connector (RS-422), the RS422
signals can be passed on to the converter.

In addition to the RS-422 interface, the laser sensor can also be read out via an analogue
current signal. If this interface is used, the signal can be passed on to the ADC of the Q2
device via the Cinch-I-250 or Cinch-I-500 connector. For this purpose, a measuring resistor
is placed in front of each output, one with 250 Ω (R1) and one with 500 Ω (R2). Both
resistors have a tolerance of 0.01%. The analogue current signal has a range of 4–20 mA
representing a measuring range from 0–10 mm [31]. Thus, at R1 the signal is converted
into a range of 1–5 V and at R2 into a range of 2–10 V. For R1 it results in a resolution of
12.21 µm and for R2 in a resolution of 6.105 µm.

Switch2 can be used to pull the Laser On/Off signal to GND so that the sensor’s
laser is switched on [31]. The Function Input signal is connected to the NPN transistor
Q1, which is controlled by one GPIO of the microcontroller. When the transistor switches,
the Function Input signal is pulled to GND for a certain time and thus the measurement
value of the laser sensor is set to zero [31]. More information about zeroing can be found in
Section 4.3.4.

4.1.4. Voltage and Current Monitors

The voltage and current monitors are connected by the two right-angled BNC-Voltage
and BNC-Current connectors. Afterwards, the signals are routed to the two female
2 × 19 pin headers (MIC) and to the right-angled RCA phono connector Cinch-V/I. To-
gether with a jumper, the Cinch-V/I connector transmits either the voltage or the current
monitor to the ADC of the Q2 device. Using the MIC headers, the signals are transmitted
to the microcontroller, together with the 5 V and the low-voltage GND. The microcontroller
has two 12-bit ADCs with an input range of 0–3.3 V [34]. Both the signal from the current
monitor and the signal from the voltage monitor are provided using voltage dividers. The
divider of the current monitor (100 Ω and 470 Ω) brings the signal into a range of 0–3.298 V
and the divider of the voltage monitor (953 Ω and 470 Ω) yields a range of 0–1.982 V. Thus,
at the microcontroller, the current monitor has a resolution of 0.002 mA and the voltage
monitor has a resolution of 0.488 V. After the voltage and current monitors have been digi-
tised, the values are shown on the display, which is connected via two female 1 × 10 pin
headers (Display socket). Via this connector, the LCD display is supplied with 3.3 V, GND,
and it is a 4-bit data bus [35] for communication with the microcontroller.
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4.1.5. Testing and Safety

To be able to check various signals during operation, a six-terminal block with a 5.0 mm
pitch is installed (Test points). In addition to the signals at the RCA phono connectors, the
GND of the low-voltage area can also be accessed there. To extend the functionality of the
test bench, an SPI, a CAN, a USART, 3.3 V, 5 V, and the microcontroller GND are routed
to the outside via a 2 × 10 2.54 mm pitch male right-angled box header (MIC I/O ports).
They could be used to integrate a controller or additional sensors into the system. Using
another 5.0 mm pitch terminal block an emergency stop is connected (Emergency stop). Its
signal is inverted (Onsemi MC74HC1G14DBVT1G) for the digital enable of the Trek 2220
(IC1). The inverted signal is then routed to the right-angled BNC-Enable connector. When
the emergency stop switch is pressed, the high voltage is switched off.

4.2. Housing

The frame of the housing is built from 10 mm by 10 mm MakerBeam aluminium
profiles, which are connected by 3D printed PLA angles, completed by 3 mm thick acrylic
sheets. In the lower part of the housing, which is not completely closed, the PCB is
fixed. Four M3 threaded buffers are used to decouple the housing from the table so that
mechanical vibrations do not influence the measurement of the laser sensor [31]. The DEA,
the laser sensor as well as the temperature and humidity sensor are placed in the upper
enclosed part of the housing. They were all attached to a continuous 3D printed mounting
so that the sensor and actuator could not be moved relatively. On the easily accessible
side of the housing, the emergency stop switch and the PCB switch are installed with a
3D-printed PLA mounting. The emergency stop is insulation-proof up to 600 V and can
switch 8 A at 24 V [36]. Without the components, the housing has a weight of approx.
0.977 kg. The outer dimensions are 215 mm by 290 mm by 214 mm (length, width, height).

4.3. Software Implementation

In order to perform experiments using the test bench, a software framework has been
developed. It includes both the host PC for real-time measurement of the actuator response
and the microcontroller for displaying the measured values on the LCD and setting the
laser sensor to zero for a relative distance measurement.

4.3.1. MATLAB/Simulink

Figure 4 shows the block diagram used to operate the test bench. The model receives
its input through different signal generator blocks (sine, rectangular, and step signal) in the
up-right corner. A saturation function ensures that the input signal does not exceed 6 V
(equivalent to 1200 V high voltage) and damages the actuator. The signal is then passed on
to the high-voltage amplifier via the Q2-DAC. Via the first ADC of the Q2, the Simulink
model can receive either the current or the voltage monitor. Both signals are converted by a
gain with their scale factor before they are exported to a file.

The second ADC of the Q2 is used to collect the current signal. A moving average
filter can be used to reduce noise in the signal. To convert the signal back into a current
value, it is divided by the value of the respective measuring resistor. The resulting current
signal can then be used to calculate the absolute distance or the relative distance using the
equations provided by the manufacturer [31]. The absolute distance describes the distance
from the start of the measurement range to the measurement object, whereas the relative
distance describes the distance from a zeroed point within the measurement range to the
measurement object. Both distances are then exported to a file.

The RS-422 interface can be read via the Serial communication subsystem [37]. An
absolute measured value is encoded by the ILD 1220-10 with 16-bits and a relative measured
value with 18 bits distributed over 3 bytes [31]. In any case, the bytes are always sent in
the order: Low-Byte (L-Byte), Medium-Byte (M-Byte), and High-Byte (H Byte). Since the
Stream Read block cannot receive 24-bit data, three uint8 Stream Read blocks are connected
in parallel. Thus, three bytes are read from the serial interface each time step (0.001 s). Even



Machines 2023, 11, 380 8 of 15

if the bytes are sent in a fixed order, the start time of the model determines whether the
first byte to arrive is an L-, M-, or H-Byte. The processing of the resulting four scenarios for
an absolute measurement is shown schematically in Figure 5.
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If the first byte received is an L-byte, the digital value can be combined from the three
bytes received in this time step and the distance can be calculated using the equations
provided by the manufacturer [31]. However, if an M or H byte is received first, the digital
value must be combined from two-time steps. If there is a change between the scenarios
during the runtime due to a transmission error, the last measured value is returned.

4.3.2. NUCLEO-F334R8

Via the STM32 CubeIDE, the microcontroller is configured as follows: Maximum
clock frequency 72 MHz (external quartz), user button external interrupt priority 5, ADC-1
channel one and channel two voltage and current monitor, I2C1 for temperature/humidity
sensor and various GIPO pins as output. FreeRTOS, an embedded real-time operating
system, is used to divide the individual responsibilities of the microcontroller into three
tasks. The tick rate of the RTOS is set to 1 kHz.

4.3.3. Temperature and Humidity Measurement

After receiving the data via the I2C interface, a cyclic redundancy check (CRC) is
carried out. If the calculated CRC sum matches the received CRC sum, the temperature,
and relative humidity are calculated using the equations provided by the manufacturer [33].

4.3.4. Zeroing of the Laser Sensor

The zeroing is controlled by the microcontrollers user button. When the button is
pressed, the GPIO pins PC2 and PA5 are set high for two seconds. This causes the user
LED (LD2) to light up as optical feedback and the “function input” signal is pulled to GND
via Q1. This sets the output value of the laser sensor to half of the analogue output value or
to zero for the digital value [31]. If the button is pressed again, PC2 and PA5 are set high
for 8 s. This causes the laser sensor to reset back from zero.

4.4. Measurements

In Figure 6, the experimental setup is shown. The stacked DEA is mounted below the
laser sensor and is unloaded.
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Figure 6. Test bench (a) fully assembled (b) detailed view of stacked DEA, laser sensor, and mounting.

After 1 s a rectangular voltage signal is applied to the actuator. It has a duration of 2 s
and jumps from 0 V to 1000 V and back again. Figure 7a shows the reaction of the actuator.
To read out the sensor the RS-422 interface and the current signal were used. A break of
10 min was taken between each of the three measurements to allow the actuator to relax.
The absolute distance is plotted on the Y-axis. Before the measurement, the two measuring
resistors were checked with a multimeter. The factor 1

250.1 Ω respectively 1
518.4 Ω was used

for the conversion to the respective current values.
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Figure 7. Distance measurement (a) absolute with different interfaces (b) relative with theoretical
comparison.

In Figure 7a, a difference between the three signals can be observed in relation to
the distance value. The RS-422 signal has an initial static value (measured at 0.5 s) of
4.679 mm, the 500R signal of 4.676 mm, and the 250R signal of 4.663 mm. Over the complete
measurement, fluctuations can be observed in the signals: RS-422 4.7 µm, 500R 11.8 µm,
and 250R 24.4 µm. To determine the accuracy of the set-up, the distance to two different
gauge blocks (Holex, steel, tolerance ± 0.3 µm) was measured 25 times each via the RS-422
interface, as this interface shows the smallest fluctuation. Afterwards, the distance was
averaged over the 25 measurements. Since the first gauge block has a height of 20 mm and
the second a height of 23 mm, the actual difference between the two measurements was
known. From the measurement, a difference of 3.0194 mm was obtained. Thus, all distance
values shown are to be considered with an accuracy of 19.4 µm. Furthermore, a latency of
5 ms for the two analogue signals was observed.

Figure 7b displays the norm of the actuator’s contraction at different voltages in
comparison to a theoretical model. During the measurements the actuator was unloaded
and placed under the laser sensor as in Figure 6b. For each voltage, three rectangular
functions were applied to the actuator. The first function was applied after 10 s and had a
length of 30 s. After a break of 30 s, the second function was applied. Another 30 s pause
was followed by the third function with a duration of 200 s. This procedure is intended
to eliminate the long-term viscoelastic effects so that the loading history does not have a
major influence on the measurement. A break of 2 h was taken between measurements and
the laser sensor was set to zero before each measurement. For the geometric linear model,
Hooke’s law and Equation (1) were used, leading to the equation below [23]

∆z = n × z × ε0 × εr

E
×

(
φ

z

)2
(2)

with n = 399, z = z0= 0.25 µm, ε0 = 8.8541878128 × 10−12 As
Vm , εr = 2.8 and E = 1.4 MPa [9].

The model is based on the assumptions that the actuator is unloaded, there is a uniaxial
loading condition, the actuator can move freely, it is an ideal elastomer and the elastomer is
incompressible. Qualitatively, the model and the measured values show the same trend.
However, the model and the measured values diverge with increasing voltage. At 1200 V
the model has a value of 0.386 mm and the measured value is 0.29 mm, which corresponds
to a deviation of approx. 25%.

In Figure 8a, the step response of the Trek 2220 is shown. The high voltage should
jump to 1000 V at time 1 s, which corresponds to a value of 5 V at the input of the high
voltage amplifier. In the signal of the voltage monitor, a latency of 0.001 s and an overshoot
of 9 V can be seen. At 1.019 s, the voltage monitor reaches its final value of 1001 V.
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Figure 8. High voltage amplifier feedback (a) voltage monitor at a voltage step (b) current monitor at
different loads.

Figure 8b shows the current flowing at the high-voltage output with different loads.
At the time 0.5 s, a jump to 500 V is executed. All three signals have a latency of 0.001 s.
When the high-voltage output is short-circuited, a maximum of 4.163 mA flows through
the resistor chain R3. If the DEA is connected, a maximum value of 3.822 mA can still be
read from the current monitor. If a capacitor with a capacity approx. 10 times greater is
connected, a maximum current of 3.883 mA can be measured.

Figure 9 shows the development of the temperature and humidity inside the enclosed
part of the housing over the period of one hour. The measured values were read from the
LCD display every 5 min. While doing so, the test bench was fully supplied with voltage
and the actuator was activated every 5 min. During the measurement, the temperature
increased by 0.2 ◦C and the humidity decreased by 0.18%.

Machines 2023, 11, x FOR PEER REVIEW 12 of 16 
 

 

  
(a) (b) 

Figure 9. Environmental conditions (a) temperature (b) relative humidity. 

5. Discussion 
The most noticeable aspect of Figure 7a is the difference between the three signals 

RS-422, 250R, and 500R. To verify the measured values, the laser sensor was also read out 
with software (sensorTOOL 1.6.0) provided by the manufacturer Micro-Epsilon. A static 
initial value of 4.679 mm was measured. This value matches the RS-422 signal in Simulink, 
which confirms the functionality of the developed software. Moreover, the RS-422 signal 
has the lowest fluctuation with 4.7 µm. This is due to the fact, that it is the signal with the 
highest resolution, namely a 16-bit corresponding to a step size of 0.15 µm [31]. However, 
the fluctuation is outside the expected range of two times the resolution (0.3 µm) but in-
side the error band. The resolution is also the reason for the deviation of the 500R and the 
250R from the RS-422 signal and the fluctuation of the analogue signals. With its deviation 
of 2 µm, the 500R signal is within the expected range of ±6.164 µm (recalculated for 518.4 
Ω). The 500R fluctuation of 11.8 µm is also within a range of two times the resolution 
(12.328 µm). In contrast, the 250R signal with its deviation of 16 µm is 3.79 µm outside its 
resolution of ±12.21 µm but still inside the error band. The 250R fluctuation, on the other 
hand, is 24.4 µm inside the expected range of two times the resolution (24.42 µm). Exceed-
ing the range of fluctuation of the RS-422 and the deviation of the 250R signal is related to 
the surface characteristics of the actuator [31]. The higher latency of the digital interface 
of 20 ms is caused by the RS-422/485 to USB serial adapter. This hypothesis is supported 
by the fact that the analogue interfaces have a lower latency, which rules out the laser 
sensor as the cause. Furthermore, lowering the sampling rate of the laser sensor (to 250 
Hz) did not reduce the latency, which rules out the speed of the RS-422 interface and the 
processing of the data in Simulink as the source of the delay. 

The deviation between the model and the measured value shown in Figure 7b is due 
to the assumptions and structure. The model does not consider the passive region in each 
layer, which isolates the layer from the outside and restricts its movement. Furthermore, 
the model does not take into account the lateral fixation of the outer layers by the end 
plates of the actuator, which further affects the contraction [38]. Additionally, Equation 
(2) is a static model. That means that the time-dependent effects, such as creep, which can 
be seen in Figure 7a, are not considered. The model only predicts the static state. However, 
it is not easy to verify this value with measurement data, as it would theoretically require 
infinitely long measurements to be sure that all viscoelastic processes have been com-
pleted [39]. The deviations indicate the importance of including viscoelasticity and me-
chanical constraints such as a passive region or lateral fixation in the modelling. 

The measurements shown in Figure 7 can be compared with previous works as fol-
lows: Li et al. [17] measured a similar creep of their actuator in response to an applied 
voltage as in Figure 7a. They also demonstrated how long-term viscoelastic effects can 
alter the response of a DEA. It should be mentioned that their experiments involved an 

Figure 9. Environmental conditions (a) temperature (b) relative humidity.

5. Discussion

The most noticeable aspect of Figure 7a is the difference between the three signals RS-
422, 250R, and 500R. To verify the measured values, the laser sensor was also read out with
software (sensorTOOL 1.6.0) provided by the manufacturer Micro-Epsilon. A static initial
value of 4.679 mm was measured. This value matches the RS-422 signal in Simulink, which
confirms the functionality of the developed software. Moreover, the RS-422 signal has the
lowest fluctuation with 4.7 µm. This is due to the fact, that it is the signal with the highest
resolution, namely a 16-bit corresponding to a step size of 0.15 µm [31]. However, the
fluctuation is outside the expected range of two times the resolution (0.3 µm) but inside the
error band. The resolution is also the reason for the deviation of the 500R and the 250R from
the RS-422 signal and the fluctuation of the analogue signals. With its deviation of 2 µm,
the 500R signal is within the expected range of ±6.164 µm (recalculated for 518.4 Ω). The
500R fluctuation of 11.8 µm is also within a range of two times the resolution (12.328 µm).
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In contrast, the 250R signal with its deviation of 16 µm is 3.79 µm outside its resolution
of ±12.21 µm but still inside the error band. The 250R fluctuation, on the other hand, is
24.4 µm inside the expected range of two times the resolution (24.42 µm). Exceeding the
range of fluctuation of the RS-422 and the deviation of the 250R signal is related to the
surface characteristics of the actuator [31]. The higher latency of the digital interface of
20 ms is caused by the RS-422/485 to USB serial adapter. This hypothesis is supported by
the fact that the analogue interfaces have a lower latency, which rules out the laser sensor
as the cause. Furthermore, lowering the sampling rate of the laser sensor (to 250 Hz) did
not reduce the latency, which rules out the speed of the RS-422 interface and the processing
of the data in Simulink as the source of the delay.

The deviation between the model and the measured value shown in Figure 7b is due
to the assumptions and structure. The model does not consider the passive region in each
layer, which isolates the layer from the outside and restricts its movement. Furthermore,
the model does not take into account the lateral fixation of the outer layers by the end plates
of the actuator, which further affects the contraction [38]. Additionally, Equation (2) is a
static model. That means that the time-dependent effects, such as creep, which can be seen
in Figure 7a, are not considered. The model only predicts the static state. However, it is not
easy to verify this value with measurement data, as it would theoretically require infinitely
long measurements to be sure that all viscoelastic processes have been completed [39]. The
deviations indicate the importance of including viscoelasticity and mechanical constraints
such as a passive region or lateral fixation in the modelling.

The measurements shown in Figure 7 can be compared with previous works as follows:
Li et al. [17] measured a similar creep of their actuator in response to an applied voltage
as in Figure 7a. They also demonstrated how long-term viscoelastic effects can alter the
response of a DEA. It should be mentioned that their experiments involved an acrylic-based
actuator, which usually has stronger viscoelastic effects [19]. Lotz et al. [40] investigated a
similar performance of the model in Figure 7b. These consistencies and the fact that laser
triangulation sensors were also used in [12,14,15] prove, that the selected sensor is well
suited to measure the deformation of the stacked DEA used here.

The Trek 2220 is equipped with a dynamics adjustment potentiometer that can be used
to improve the step response with capacitive loads [28]. This eliminates the overshoot of
9 V but shortens the response time of the amplifier. By factory setting, a slew rate from 10%
to 90% greater than 100 V/µs is specified. Through graphic evaluation, a time of 0.8 µs
was determined for a rise from 100 V to 900 V. Thus, the performance corresponds to the
manufacturer’s specifications. For the high-voltage output, an offset of max 1 V and for the
voltage monitor an offset of max 10 mV, as well as an accuracy of better than 0.5% of full
scale (corresponds to better than 10 V), is stated [28]. Thus, the final value of 1001 V is also
within the specifications and the error band.

Theoretically, a current of 4.167 mA should flow via R3. The current monitor is listed
with a maximum offset of 0.025 mA and an accuracy of better than 2% of the full scale
(corresponds to better than 0.4 mA) [28]. Thus, the deviation of 0.04 mA is within the
expected range. If the DEA is connected, the measured value drops by 0.342 mA. However,
almost the same current should flow. Behboodi and Lee [8] reported an electrode resistance
of a stacked DEA from CTSystems with an active area of 15 mm by 15 mm of 50 kΩ. If this
value is taken as a basis, the DEA used in this work has a total electrode resistance of approx.
132 Ω. However, this increase in resistance would only justify a reduction in the current
of approx. 0.004 mA. If the DEA is replaced by a capacitor and the capacity is increased
from 34 nF to 334 nF, a drop in current of only 0.28 mA can be observed. Increasing the
capacity also increases the time constant of the load, which indicates the shortness of the
DEA current peak as the reason for the deviation.

This suggests that the DAQ card is not fast enough to record the peak value. Never-
theless, the use of a high-voltage amplifier with built-in voltage and current monitor is
supported by [41]. Compared to [13], the Trek 2220 is a lot more affordable and weighs
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only 8% (2 kg instead of 24.9 kg). Furthermore, the low overshoot shows that the Trek 2220
is well suited for driving the stacked DEA.

It was found that the temperature inside the enclosed housing is more stable over a
period of one hour and the measurements are inside the error band. However, as soon as an
acrylic-based DEA is investigated, a temperature and humidity control system should be
added to the test bench. With its weight of approx. 0.977 kg and the dimensions of 0.215 m
by 0.290 m by 0.214 m, the test bench is easy to transport. In addition, the 3D-printed
sensor and actuator mount showed a high flexibility to quickly adapt the test bench to
other objects, e.g., gauge blocks or custom-made actuators. This offers the possibility to test
different and new configurations of stacked DEAs, which nowadays can be manufactured
in a very flexible way by using 3D printing [42].

6. Conclusions

In this paper, a design of a portable real-time test bench for a DEA was considered.
Experiments have shown that the RS-422 interface of the ILD 1220-10 is best suited to
measure the DEAs response. It was found that the simplicity of the linear Hookean model
caused a 25% deviation between the prediction and the measured values and that the
measurement of the static response is challenging. It has been shown how important
it is to consider viscoelasticity and mechanical constraints, such as a passive area and
lateral fixation, e.g., in the modelling. Since a model with a deviation of more than 20%
is not well suited, e.g., to design a controller based on the model. The Trek 2220 operates
within its specifications and has proven adequate to power the DEA. To capture the current
peaks during the charging process of the DEA, an additional circuit must be integrated
before the ADC. One solution is to process the peak with a shaping amplifier since the
information resides in the height and not the shape of the peak. Afterwards, the signal
can be provided to the ADC with a peak detector or a sample and hold circuit. It was
found that the temperature inside the enclosed housing is noticeably stable for a period
of one hour. However, temperature and humidity control would further increase the
reproducibility of the results, especially when DEAs based on acrylics and not silicones
are investigated. Alternatively, the temperature and humidity data obtained can be used
to integrate them into a controller as disturbance variables. The results presented in this
manuscript provide a common ground for research on dielectric elastomer actuators and
increase their applicability. Thus, the test bench presented speeds up the research on soft
robots based on DEAs.

Future work will focus on integrating the additional circuit for the current monitor.
Furthermore, an attempt will be made to build a static and dynamic model that takes the
mechanical restrictions into account. In this context, it will be investigated whether it is
necessary to consider the electrical domain when modelling DEAs with a stroke of 5% to
10%. In addition, a position control will be developed to close the loop of the test bench.
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