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Abstract—This paper describes a system identification
method and the development of a closed-loop controller for
a Hydraulically Amplified Self-healing ELectrostatic (HASEL)
actuator. Our efforts focus on developing a reliable and con-
sistent way to identify system models for these soft robotic
actuators using high-speed videography based motion tracking.
Utilizing a mass-spring-damper model we are able to accurately
capture the behavior of a HASEL actuator. We use the resulting
plant model to design a Proportional-Integral controller that
demonstrates improved closed-loop tracking and steady-state
error performance.

I. INTRODUCTION

Soft robotics is a rapidly emerging field with widespread
applications in health care, robotics industry, and human-
machine interactions [1]. Made from flexible or stretchable
materials, soft robots are inherently adaptable and can con-
form to their surroundings without damaging them [1], [2].
Soft actuators are attractive for their low cost, versatility,
and performance [3]. While positional tracking and controls
are well understood concepts for traditional robots [4], the
control of soft robotic systems is nascent field with many
opportunities for research and development [5], [6]. The
hyper-elastic materials of soft robotic systems are nonlinear
and can feature infinite degrees of freedom, which poses new
challenges for system identification and controller develop-
ment.

Soft actuators are an integral component of soft robots.
Research into soft actuators or artificial muscles is abundant.
Two popular approaches have been soft pneumatic actuators
and dielectric elastomer actuators (DEAs). Both of these
technologies have critical challenges. Pneumatic actuators re-
quire a source of high pressure fluid which limits portability,
and DEAs are prone to premature electrical failure which
limits practical applications.

Recently introduced Hydraulically Amplified Self-healing
ELectrostatic (HASEL) actuators seek to solve challenges
inherent with pneumatics and DEAs while simultaneously
combining the benefits of each technology [3]. HASEL actu-
ators are electrically controlled, can harness fluidic actuation
modes, and have self-sensing capabilities. These attributes
present an interesting opportunity for developing closed-loop
control of soft robots. Previous works have shown modeling
and control of fluidic soft actuators [7]-[10] and DEAs [11],
[12].
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Fig. 1. A: A planar HASEL actuator consists of a rectangular elastomeric
shell that is filled with a liquid dielectric. Stretchable conductors cover the
entire liquid dielectric region. B: Both ends of the actuator are laterally
pre-stretched onto acrylic clamps and a mass of 0.25 kg is hung from the
bottom clamp. C: This schematic shows the experimental setup. MATLAB
is used to control actuation. The actuator signal is generated in MATLAB
and output through a DAQ while a function generator is used to create the
low-voltage sensing signal. The sensing and actuation signals are combined
before being sent through a high voltage amplifier which is connected to
the HASEL actuator. Current and voltage feedback data is measured from
the voltage and current monitors of the amplifier and collected through the
data acquisition (DAQ) system.

In this work we take first steps toward the develop-
ment of a robust closed-loop controller for planar HASEL
actuators. The planar HASEL actuator has similar func-
tion and construction as a DEA. Therefore, we are able
to build from existing DEA literature on capacitive self-
sensing and controls. In contrast to the exclusively elastomer
construction of DEAs, planar HASEL actuators are made
from an elastomeric shell filled with a liquid dielectric. The
liquid dielectric layer enables self-healing from electrical
failure. Additionally, while DEAs, by definition, are made
from elastomers, HASEL actuators can be fabricated from
a wide range of materials including flexible, yet inextensi-
ble polymer films [13]. Linear regions in the stretch-load
relationship, where the HASEL behaves like a mass-spring-
damper system, were identified through static load tests. In
this first approach toward the development of robust closed-
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loop controls for a planar HASEL actuator, we limited
the dynamics of the actuator to the largest of these linear
regions shown in Figure 4). To be able to control the
strain of the actuator it is crucial to relate desired strain
to required actuation voltage, and sensing voltage to the
actual strain achieved. This was accomplished by utilizing
high speed video recordings of the actuated HASEL while
simultaneously recording actuation and sensing voltages.
Once these relationships were established, actuation with
a chirp-signal was used to generate a open-loop Bode
plot which allowed us to identify the natural response of
the system and the limitations of the HASEL actuators.
In open-loop actuation a persistent drift between desired
and measured strain is present. A Proportional-Integral (PI)
controller is implemented to counter this drift and improve
tracking performance. The implementation of this controller,
was done in MATLAB (R2017a, The MathWorks Inc.).

II. HASEL ACTUATORS

The basic components of a HASEL actuator include a
stretchable or flexible shell which is filled with a liquid
dielectric as shown in Figure 1. Opposing electrodes are
placed on the outside of the shell and applying voltage across
the electrodes generates electrostatic forces which act on the
insulating liquid and shell. This electro-hydraulic coupling
provides a voltage-controlled method for generating force
and displacement. A variety of actuation modes and materials
can be used to create HASEL actuators with muscle-like
performance [3], [13].

The electrodes of HASEL actuators function as parallel
plates of a variable capacitor where capacitance, C, relates
to the area of the electrodes and thickness of the dielectric
between the electrodes as follows:

A

C x 7 ey

where A is the area of the parallel electrodes and d is the
total thickness of the liquid and solid dielectric layer between
the electrodes. Capacitance of soft electrostatic actuators can
be measured during activation by superimposing a high-
frequency signal over the actuation signal [14]. The high-
frequency sensing signal is at a relatively low voltage and
does not influence the actuation response. This ability to self-
sense actuation makes it possible to control HASEL actuators
without the use of additional sensors [11], [12].

In this paper we characterize and control actuation of a
planar HASEL actuators which operates in a similar fashion
as planar Dielectric Elastomer Actuators (DEAs). Electrodes
cover the entire portion of the liquid dielectric region and
when activated, the HASEL actuator reduces in thickness and
expands in area. By applying pre-stretch in one direction and
a load in the orthogonal planar direction, the planar HASEL
actuator will linearly expand in the direction of the load.

The shell of the HASEL actuator used in this work is
made from Ecoflex 00-30 (Smooth-On), a highly stretchable
silicone elastomer. The electrodes are ionically conductive
PAM-LIiCl hydrogels made with 8M LiCl solution [I15].
Electrodes are bonded to the surface of the silicone elastomer

shell by treating the surface with a 10 wt% solution of ben-
zophenone [16]. A thin encapsulating layer of Ecoflex 00-30
is cast over the top of the the electrodes to improve durability.
The elastomeric shell is fabricated as two halves then bonded
together using uncured Ecoflex 00-30. The center of the
shell is left un-bonded and is filled with 0.6 mL of liquid
dielectric (Envirotemp FR3, Cargill). Overall thickness of the
fabricated actuator before prestretch is 0.12 cm (Figure 1A).

III. EXPERIMENTAL SETUP

To operate as a linear actuator, the HASEL actuator is
mounted with 3x pre-stretch in the lateral direction. Pre-
stretch is fixed at both ends using clamps made from rect-
angular acrylic sheets and plastic screws. The top clamp is
mounted on a fixed stand and a load is hung from the bottom
clamp.

The input signal supplied to the HASEL actuator is a
composite of two waveforms. The first waveform is a DC
voltage signal which controls the contraction or elongation
of the actuator. The second waveform is a sensing signal
set at a high frequency and low amplitude, which allows
for capacitive self-sensing. The driving voltage signal is
generated by a custom MATLAB script, transmitted with
a data acquisition board (DAQ) (NI USB-6212, National
Instruments Corporation, Austin, Texas USA). The high
frequency of the sensing signal (2,000 Hz sine wave) was
produced with a function generator (33500B Waveform Gen-
erator, Keysight Technology Inc., Santa Rosa, CA USA). The
sensing and actuation signals were combined in series and
connected to the input of the high-voltage amplifier (Model
50/12, TREK Inc., Lockport, NY USA) which has a gain of
5,000 V/V . The separation of actuation and sensing output
signals was necessary because of inherent time delays in
the communication between MATLAB and the DAQ, which
limit the rate of updated voltage output through the DAQ to
100 Hz.

The TREK provides a voltage and a current monitor signal
which are recorded by the DAQ and read at a rate of 200
kHz by the MATLAB program. When the DAQ input buffer
reaches 2,000 readings, a new output buffer is created (every
10 ms). Similar to a DEA, the electrical model of a HASEL
actuator is a resistor and capacitor in series. Therefore, the
voltage and current monitor signals from the TREK can be
used to monitor capacitance. To reduce noise of the monitor
signals a low-pass filter is applied to both signals (4" order
Butterworth filter with a cutoff frequency of 2,001 Hz). Addi-
tionally the 20 periods of the sensing sine wave contained in
the 10 ms of input buffer are averaged. The phase difference
between the voltage and current monitor signal are calculated
with a custom MATLAB script, phdiffmeasure.m (Hristo
Zhivomirov, MathWorks File Exchange).

Based on these two signals the relative capacitance, C,.,
was calculated as follows:

v
X, =256 - || 2

+sin([e]), 2)

Cr = ’ 3)

1
e
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where X, is the capacitive reactance, f is the frequency of
the sensing signals, ¢ is the phase difference between the
two signals, V,, and V. are the peak-to-peak amplitudes of
the sensing voltage and the current monitor signals from the
amplifier, respectively, [14]. The other values in equations
(2) and (3) are multipliers to scale the measured signals.

We used correlations established during the system iden-
tification process to convert relative capacitance to strain. In
the closed-loop condition, the measured strain is compared
to a desired strain and the resulting error is used to define
a corrected output strain. A correlation between strain and
output voltage was then used to convert the corrected output
strain to an output voltage.

Preliminary tests where hundreds of particles were auto-
matically tracked (DiaTrack verion 3.05 [17] showed 1D-
stretch to be fairly homogeneous across the length of the
actuator but lateral displacement was observed in the un-
constrained areas away from the mid-line. With the goal
of controlling total elongation in one direction only, it was
determined that tracking of particles at the lower clamp,
where displacement is largest and where the least lateral
displacement occurs, would yield sufficient accuracy for our
purposes. Therefore, we manually tracked three points in
that region using the Manual Tracking plug-in of the ImageJ
Fiji package [18] and used the average strain changes based
of these three points for the following system identification
process.

Fig. 2.
and more homogeneous strain paths are shown the closer to the bottom
of the actuator. Sideways movement is seen on the far right of the image,
indicating stretch in the horizontal direction in unconstrained areas of the
actuator. The center line is indicated by the white line on the bottom clamp.
Particles chosen for manual tracking highlighted with green circles.

Results of the auto-tracking function used in Diatrack. Larger

IV. SYSTEM IDENTIFICATION PROCESS
A. Establishing I/O relationships

To establish the relationship between actuation voltage
and desired strain, as well as actual strain and relative
capacitance, the actuator was fed a triangular input signal
with a range from 0 V to 2 V (0 V to 10 kV after
amplification in the TREK) and a frequency of 0.25 Hz.
Running at 400 Hz and full resolution the camera captured
five cycles of actuation over 20 s Voltage and capacitance
were recorded simultaneously. The visco-elastic properties
of the elastomeric outer layer of the HASEL actuator cause
the sensed strain to never return to zero percent strain after
the first triangle wave is sent. The remaining four cycles do
show repeatable strain measurements (figure 3A).

Both the voltage-strain and the strain-capacitance relation-
ships contained a hysteresis band. To relate input voltage,
Vinput, to desired strain, €45, we used the MATLAB Curve
Fitting app to fit a sum of two exponentials to the hysteresis
loop (Figure 3B):

Vvinput = 1~324€3'124'6d” — 0~28056_26'92'€des. (4)

To obtain a fit for the strain-capacitance relationship we
averaged the strain of the rising and falling edge of the strain-
time and capacitance-time curve and used a linear fit in the
Curve Fitting application (Figure 3C).

€cap = 4.923¢°Cyey — 0.276. (5)

B. Static tests

Although the final goal is the development of non-linear
controls for the planar HASEL actuator, the first step is
reliable linear control. Knowing that we can expect non-
linearities from the material properties of the elastomeric
shell, a static load test was conducted. Comparing the applied
load to the corresponding amount of elongation. The Arruda
and Boyce model was chosen for this test because of its
ability to accurately capture the force-to-stretch relationships
in elastomeric materials [19]. The linear region of the stress
was identified using piecewise linear fits. The determined
linear region is highlighted in yellow and shown in Figure
4.

C. Defining the linear system

Based on the results from the previous two sections, we
decided on a system that is loaded with a mass of 0.25 kg
and supplied with a 5 kV baseline voltage. The mass-
loading ensures that the baseline strain is centered in the
longest linear region identified in the static test (Figure 4).
The baseline voltage allows for negative and positive strain
around the set point. If the baseline voltage were to be 0
kV, the system would only undergo elongation if actuated.
By operating at the baseline voltage the actuator can now be
contracted, by lowering the applied voltage, or elongated by
applying higher voltages.
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Fig. 3. Results for correlation between DAQ output voltage, strain and capacitance. The DAQ output voltage is amplified by a factor of 5000 by the

TREK to provide the required high voltage for the HASEL. A: Traces of DAQ output voltage over time (top) and average strain based on marker tracking
(bottom). B: Exponential fit for voltage to strain relationship. Note that the reference 0 % strain is shifted with respect to subplot A to reflect the chosen
baseline voltage of 5 kV as reference for the strain. C: Correlation of capacitance to strain. On the left, applied DAQ output voltage for desired strain
(upper panel), strain from tracking, capacitance and reconstructed strain vs. time (lower panel). On the right, linear fit of capacitance to averaged strain

measurements.

D. Dynamic tests

We performed dynamic tests to further characterize our
system. We lifted the 0.25 kg mass, allowing the actuator
to return to its unloaded state, and then suddenly loaded
the actuator with the mass. This free response of the actu-
ator was recorded with the high-speed camera. The tracked
marker traces were converted into elongation change, dt, and
exported to MATLAB.

Equation 6 is used to find the damped natural frequency,
wy, and the exponential decay rate, 9, of the system

Az = Ae % cos (wat — ¥0), (6)

where Az is the length change, A the amplitude, ¢ the time,
and ¢ the phase. The natural frequency, wy, is related to the
damped natural frequency and exponential decay as follows:

wo = /w3 + 2. (7)

Figure 5 shows the displacement trace of two separate
trials conducted with the following baseline parameters:

an applied voltage of 5 kV and a 0.25 kg mass. The fit
of equation 6 is not shown, but the natural frequency of
that fit was wgy = 5.1 rad/s. The hull curves between
the positive and negative peaks were asymmetrical with
exponential decay rates of -3.6 and -4.2 respectively. The
natural frequency computes to be wy = 5.1 rad/s in both
cases. This result will serve as validation for the Bode plot
described in the following section.

V. CONTROLLER DESIGN

This section discusses the empirical estimation of the
open-loop Bode plot of the HASEL actuator and design of a
PI controller to improve tracking performance. To generate
the open-loop Bode plot, a chirp signal was applied that
oscillated about the 5 kV baseline voltage with £3 kV. The
chirp had a duration of 10 s, with frequncing increasing
linearly from 0.1 Hz to 10 Hz. The resulting input-output
signals yielded the following transfer function:
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Equation 8 is the model transfer function that is used for
our controller design. This transfer function is an acceptable
fit because of its similar natural resonance peak and response
to input stimuli. However, it does lack more complicated
non-linearities present in the lower and higher stretch regions
shown in Figure 4 and non-linear behaviors such as elastic
recoil. Therefore, the goal of this controller is to improve
steady state tracking error already present in the system.

From the second order transfer function the following
system parameters are found:

wy, = 5.11 rad/s, 9)

¢ = 0.09. (10)

To improve the tracking error, a PI controller is imple-
mented to reduce the rise-time and steady-state error by
adding gain at low frequencies [20]. The proportional term
reduces rise time because it directly impacts the overall
gain of the system and increases the crossover frequency
[20]. However, this does worsen the overshoot by decreasing
the damping ratio of the system. The integral term in the
controller serves the purpose of reducing the steady state
error present in the plant [20]. The proportional and integral
terms are summed up in the following frequency domain
equation:

Kl' - KpS+Ki

Kyt 2 an

s

Equation 11 creates the ability to edit the poles and zeros
of the controller based on what values are chosen for K,
and K;. The gains of the controller were selected based
on the desired shape of the open-loop bode plot, and fine-
tuned manually. Gain selection was guided by the desire
to increase the magnitude at low frequencies while at least
maintaining the crossover frequency of the open-loop plant.
The limitations of this controller are not rooted in the demand
placed on the actuator input, but rather, failure by dielectric
breakdown [21]. A saturation limit of —0.05 < wu(t) <
0.1, where u(t) is the input strain, will be implemented to
eliminate the possibility of the HASEL actuator failing due
to dielectric breakdown [21].

K, = 0.85, (12)

K, =1.5. (13)
The resulting Bode plot for the loop transfer function
is shown in 7. The upward shift in the slope for lower
frequencies corresponds to improved tracking, while the
increased crossover frequency indicates a faster rise time.

VI. RESULTS

Generating and sending a step response to the system in
both open and closed loop configurations allowed for a side
by side comparison of each system. In Figure 6 an initial
step input is applied to put the actuator at the predefined zero
strain state. After that, a traditional step input is applied to
the system. The natural plant responds to a step input with an
finite steady state error and a slow rise time. The cause of the
finite steady state error is viscoelastic creep. As weight hangs
from the HASEL actuator it causes deformation over time
causing drift in the system. The controller design accounts
for this drift using the integral term of the controller. The
affect of the controller is shown in Figure 6. The second
benefit of the controller is a decrease in rise time. Prior to
controller implementation the rise time is approximately 6-
8 s. With closed-loop control this value is reduced to a range
of 2.5-3 s. This decrease in response time is a result of the
proportional term in the controller.

3
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VII. DISCUSSION

Results show that a simple spring-mass model and appro-
priate system identification lead to acceptable performance
under closed-loop control within a well-defined strain region
which is important for using this novel kind of actuator in
robotic applications. To make this actuator more applicable
for robotic applications the oscillatory behavior must be
addressed. This can be mediated by introducing a deriva-
tive term into the PI controller and will be part of future
efforts. We are furthermore switching to an ATmega2560
based controller that allows for faster update times for the
controller.

Planar HASEL actuators show non-linear behavior due to
the properties of its elastomeric shell. A possible way to
address this issue is by implementing a hybrid controller.
The relationship between the mass and stretch is a reliable
way to tell whether or not the actuator is in the linear region
of stretch. Sensing the weight hung from the actuator can
indicate whether a linear or non-linear controller must be
used.

This setup required a large amount of bench top equip-
ment. These pieces of equipment are used to generate the
required actuation voltage, measure the self-sensing capaci-

tance, and carry out closed-loop control. To integrate HASEL
actuators into compact robotic systems these components
must be miniaturized. This is possible with off-the-shelf
components. For example the Peta-Pico Voltron project!, and
miniature digital signal processing devices that can perform
the required phase shift calculations at high speeds.

VIII. CONCLUSION

We have performed system identification and developed
a controller for a planar HASEL actuator. To this end, we
have described a complete system that includes high voltage
generation, state estimation, signal processing and control,
which can serve as a blueprint for further miniaturization
and integration into a self-contained actuator. This is the
first example of closed-loop control with a HASEL actuator
and in the future we hope to expand our controls to include
non-linear regions of the planar HASEL actuators. Addition-
ally, a key strength of HASEL actuators is the ability to
produce a variety of actuation modes with different designs
and geometries. While the closed-loop control demonstrated
here is applicable for only one design of HASEL actuator,
future work will explore control of different HASEL actuator
designs and aim to develop a general transfer function.
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