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Abstract— The need to create more viable soft sensors is in-
creasing in tandem with the growing interest in soft robots. Sev-
eral sensing methods, like capacitive stretch sensing and intrinsic
capacitive self-sensing, have proven to be useful when controlling
soft electro-hydraulic actuators, but are still problematic. This is
due to challenges around high-voltage electronic interference or
the inability to accurately sense the actuator at higher actuation
frequencies. These issues are compounded when trying to sense and
control the movement of a multiactuator system. To address these
shortcomings, we describe a two-part magnetic sensing mechanism
to measure the changes in displacement of an electro-hydraulic
(HASEL) actuator. Our magnetic sensing mechanism can achieve
high accuracy and precision for the HASEL actuator displacement
range, and accurately tracks motion at actuation frequencies up to
30 Hz, while being robust to changes in ambient temperature and
relative humidity. The high accuracy of the magnetic sensing mech-
anism is also further emphasized in the gripper demonstration. Us-
ing this sensing mechanism, we can detect submillimeter difference
in the diameters of three tomatoes. Finally, we successfully perform
closed-loop control of one folded HASEL actuator using the sensor,
which is then scaled into a deformable tilting platform of six units
(one HASEL actuator and one sensor) that control a desired end
effector position in 3D space. This work demonstrates the first
instance of sensing electro-hydraulic deformation using a magnetic
sensing mechanism. The ability to more accurately and precisely
sense and control HASEL actuators and similar soft actuators is
necessary to improve the abilities of soft, robotic platforms.

Index Terms—Electrohydraulic actuators, feedback control,
magnetic-based sensors, soft robotics, soft sensors.
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I. INTRODUCTION

SOFT robotics is a field of robotic system design character-
ized by physically flexible bodies with rich functionalities

that are similar to those found in living organisms. The integra-
tion of soft actuators, soft sensors, and interfacing electronics
allows these robots to not only mimic the performance of bio-
logical systems, but also provide advantages that conventional,
rigid robots are inherently incapable of, such as adaptability in
unstructured environments [1], [2], [3], [4]. These advantages
have generated substantial interest in using soft robots for reha-
bilitation and wearable devices [5], [6], [7], [8], prosthetics and
orthotics [9], [10], implantable devices and surgical tools [11],
[12], [13], manufacturing applications [14], [15], and search-
and-rescue technology [1], [16]. Over the past few decades,
several methods of actuation have come to fruition, including
electrostatic [17], [18], [19], hydraulic and microhydraulic [6],
[20], [21], pneumatic [22], [23], [24], magnetic and electromag-
netic [25], [26], [27], [28], shape memory alloy based actuation
[29], [30], and electro-hydraulic (HASEL) actuators [31]. Rel-
atively high actuation frequency, large strains, significant peak
specific power, and ease of manufacturing [32], [33], [34] are
some of the distinct advantages of HASEL actuators over other
soft actuators.

Due to their deformable and compliant nature, state estimation
in such actuators using embedded and distributed sensing has
been a necessary, ongoing challenge [35], [36], [37], [38], [39].
Integrating a reliable sensing mechanism with the actuation
method is necessary for the robot to interact with its environ-
ment. Soft actuators require compatible embedded sensors that
are sufficiently fast for feedback control, but do not restrict the
actuators’ high-speed dynamics. To address this design goal,
specifically for HASEL actuators, there are a number of works
focusing on integrating sensors for feedback control, including
a laser position sensor [37], capacitive self-sensing method
[40], [41], and a capacitive soft strain sensor [37]. While these
previously used sensing mechanisms are sufficient for feedback
control of electrohydraulic actuators, they each present several
problems. Expensive, bulky, benchtop sensors such as laser
position sensors are only useful in a stationary environment,
whereas capacitive stretch sensor and the capacitive self-sensing
circuit are currently limited by low sensing rates and resolutions,
and relatively complex designs and manufacturing processes.
Specifically, the capacitive stretch sensor is prone to electric field
noise generated by the actuator and arcing when high voltage is
applied to the actuator.
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Fig. 1. (a) One unit includes the magnetic sensing mechanism (composed of
the magnetometer and soft magnetic block) used to measure the change in height,
Δh, and a folded HASEL actuator that is sandwiched in between. The figure
exaggerates the distance between the actuator and the magnetometer for clarity
purposes; in reality, the actuator sits directly on top of the magnetometer. (b)
Two-finger gripper contains 2-units shown in (a), which are used to determine
the diameter of objects like a tomato. (c) 6-unit deformable robotic platform
has two layers. Each layer is comprised of three of the units shown in (a). The
height of the top layer ht is measured relative to the base of the top layer. The
bottom layer height hb is relative to the stationary base. In both (b) and (c), the
magnetometers for each unit are flush with the base of the actuator, so they are
not visible in these images.

To address some of the shortcomings of existing sensing
methods used for electrohydraulic actuators, such as HASEL
actuators, we propose the use of a magnet-based sensing method
to measure the change in shape of a soft actuator. Specifically,
we focus on measuring the linear displacement of a folded
HASEL actuator. This sensing method is composed of a mag-
netic silicone block that is placed on top of a folded HASEL
actuator [Fig. 1(a)]. As the actuator moves, an off-the-shelf
magnetometer, placed under the actuator, registers the change
in magnetic flux density of the magnetic block.

A. Related Soft, Magnetic Sensing Mechanisms in Literature

The concept of magnetic-based sensing is enticing for robotic
systems that require highly accurate and fast sensor information
[42]. The first tactile sensor utilizing a magnetic component
and a magnetic sensor appeared in Clark et al.’s [43] published
work in 1988. Several studies since then have used a magnetic
sensing mechanism to receive tactile feedback in devices such
as robotic fingertips. Paulino et al. [44] integrated four 3-axis
hall-effect sensors paired with four magnets embedded in the
elastomer-coated fingertips of a robot, allowing the robot to
sense both normal and shear forces. Bin Rosle et al. [45] used
multiple magnets and one 3-axis hall-effect sensor to determine
the deformation and orientation of a robotic gripper. The use
of tactile magnetic sensors can also allow for classification of
different objects [46], [47].

To create an entirely soft tactile sensor, some magnetic sens-
ing mechanisms substitute rigid magnets with a magnetic, soft

substrate [48], [49], [50], [51], [52], [53]. Using a soft substrate
with embedded magnetic particles of high intrinsic coercivity
can improve the durability of the material compared with em-
bedding hard, rigid magnets in a soft material [49]. Using a soft
magnetic substrate allows for any type of shape or thickness,
depending on the distance between the sensor and the magnetic
material. This simplifies the fabrication process when modifying
the magnetic component. Also, by using a soft substrate for
the magnetic component, we can handle delicate objects, like a
tomato, without damaging them.

Besides tactile sensing, the change in magnetic flux density
can also be used to determine joint angle of a single joint
arm [54], proximity of a magnetic skin to a magnetic sensor
[50], and curvature of a soft, bidirectional bending pneumatic
actuator [51]. While magnetic sensing has been explored in
many different areas of soft robotics, none of the applications
are applied to electrostatic soft actuators. Here, we demonstrate
the first example of sensing the change in deformation of a soft,
electrostatic actuator in between the magnetic sensor and the
magnetic component. We use techniques similar to Hellebrekers
et al. [49], but our system uses the magnetic components to relate
a change in actuator stroke to a change in magnetic flux density
instead of sensing external forces on a magnetic surface. Using
a magnetic block for each actuator allows for easy mapping
procedures to get measured displacement from sensed magnetic
flux density. It also allows for a modular design when scaling
up to larger robotic systems, like the multiunit robotic platform
described in this work.

B. Contribution of This Work and Article Outline

To the best of our knowledge, this work is the first to
demonstrate the use of magnetic sensing for estimating shape
changes of soft electrostatic actuators. While this method can
theoretically be used for any actuator that does not generate an
interfering magnetic field (often due to high current usage), we
specifically focus on folded HASEL actuators, which operate
on high voltage and low current. This straightforward sens-
ing mechanism exhibits excellent performance compared with
previous on-board sensors used for folded HASEL actuators
(see Section IV-C). By sandwiching the actuator between an
off-the-shelf magnetometer and a magnetic component, [see
Fig. 1(a)], we can map changes in the sensed magnetic flux
density to changes in the actuator shape at high HASEL actuation
frequencies (30 Hz) at a precision with a standard deviation
of measurement less than 0.15 mm. To show the submillime-
ter accuracy, we measure the diameter of multiple tomatoes
with similar measurements and compare the sensor output to
a caliper reading. We also demonstrate a potential application
of this magnetic sensing approach by precisely controlling the
heights of six HASEL actuators, effectively moving the end
effector of the two-segment, HASEL-based robotic platform,
referred to as the deformable platform, shown in Fig. 1(b) and
(c). Acknowledging that the magnetic sensing mechanism is a
two-part mechanism requiring a magnetometer and a magnetic
block, we will henceforth refer to this mechanism as the sensor.
We will also refer to the combination of the sensor with a folded
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HASEL actuator as a unit. Section II introduces the hardware
needed to create the sensor and the manufacturing methods for
the magnetic block. It also breaks down the components of the
magnetometer circuit and the fabrication process of the folded
HASEL actuator. Section III describes the experimental setup
and results of the tests to quantify the range, accuracy, and
precision of the sensor, along with the mapping of magnetic flux
density (mG) to change in height (mm). Section IV explains the
mapping validation method using the folded HASEL actuator,
highlights the open-loop demonstration of the two-finger gripper
showing high accuracy, and compares the performance of the
sensor to a capacitive stretch sensor. Section V explains the
dynamics of the closed-loop system for a single unit. Section VI
describes the deformable platform setup, circuity, and the ex-
perimental procedure, and Section VII provides the deformable
platform demonstration results, which support the effectiveness
of using this sensor to control multiple folded HASEL actuators.
Lastly, Section VIII summarizes the results and novelty of this
work and concludes this article.

II. MAGNETIC SENSING HARDWARE AND MANUFACTURING

A. Magnetic Block Manufacturing Process

We based the fabrication process of the magnetic silicone
blocks on Hellebrekers et al.’s [49] manufacturing procedure.
The magnetic components of the sensing mechanism are flex-
ible, silicone blocks (Ecoflex 00–30, Smooth On) suffused
with bonded neo-powder (NQP-B+ 20441, Neo Magnequench).
First, we hand mixed the Ecoflex Parts A and B rubbers using
a 1:1 weight ratio. After mixing the silicone for approximately
30 s, we manually mixed in 1.67 weight (w.t.) % of neo-powder.
Once most of the powder was roughly distributed in the sili-
cone, we placed the mixture into a planetary mixer (ARV-310,
Thinky). The mixture was first degassed in a vacuum (∼0.2 kPa)
for 60 s, then mixed at a speed of 2000 rpm for 30 s, before the
speed decreased to 200 rpm at 10.5 kPa for 60 s.

After the mixing and degassing process was complete, the
powder was fully shear-mixed into the silicone, which is shown
in Fig. 2(b) using an electron microscope (Xradia 520 Versa,
Zeiss). We poured the mixture into a 50 mm × 50 mm × 5 mm
acrylic mold; a 5 mm thickness was chosen to level the change
in height of the foldable HASEL, creating a more even stroke.

We then filled the mixture in the mold and placed it in the
center of the empty volume between two ND42 4 in × 4 in
× 1 in magnets (CMS Magnetics) separated by 4 cm. The
mixture was cured for about 2.5 h before being removed from
the acrylic mold. This process polarizes the magnetic particles
in the mixture as the silicone cures, creating an N-S orientation
[see Fig. 2(a)]. If the magnetic mixture is cured without the
magnetic polarization process, the cured block’s magnetic field
will be negligible compared to that of the block cured in between
the ND42 magnets [see Fig. 2(c)]. The magnetic flux density of
six blocks was measured using a fully calibrated magnetometer,
resulting in an average strength of 8632 ± 73 mG. The average
weight of the blocks was 10.6 ± 0.6 g.

Commercial, hard NdFeB magnets can significantly improve
the sensing range, accuracy, and precision because the fabricated

Fig. 2. (a) To define the soft magnetic block’s magnetic field orientation,
a silicone and NdFeB powder mixture was placed in between two 4 in × 4
in × 4 in Neodymium −42 (ND42) magnets while curing. (b) Image using
an electron microscope and cartoon schematic of the isotropic distribution of
magnetic particles in the soft substrate. (c) When the magnetic block cures
in the setup shown in (a), the mixture becomes polarized and retains a baseline
remanence magnetization. When the block is placed under a layer of iron fillings,
the fillings align with the magnetic field produced by the block, shown in the left
image. When the block is not polarized during the curing process, the fillings
are unaffected, as shown in the right image.

soft magnets do not have the same density of magnetic powder.
However, embedding a hard magnet on soft HASEL actuators
takes away the intrinsic compliance of the actuators that are
useful for many robotic applications, such as grasping objects
(hard or soft), due to improved area of contact and conformity
to the objects.

B. Magnetic Sensing Circuit

We use a low cost, off-the-shelf 3-axis magnetometer
(LIS3MDL, ST Electronics) on a breakout board (LIS3MDL
Carrier, Pololu) to sense the change of the magnetic flux density
as the magnetic block moves. We use a microcontroller unit,
or MCU, (Teensy 3.6, PJRC) to receive digital data of the
raw magnetic flux density from the sensor via a four-wire SPI
communication protocol at a selectable resolution, range, and
sampling rate up to 1 kHz. The magnetic block covers the
top of an actuator of interest, and both are placed on top of
a magnetometer [Fig. 1(a)]. This configuration allows us to
measure the change in magnetic flux density as the distance
between the block and the sensor varies due to the displacement
of the actuator. To simplify the sensing problem, the x- and y-
sensing axes of the magnetometer were disabled, and only the
z-axis, which is parallel to the direction of travel of the magnetic
block, was used. The SPI clock speed was set to 2 MHz using

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: UNIVERSITY OF COLORADO. Downloaded on September 16,2022 at 02:05:16 UTC from IEEE Xplore.  Restrictions apply. 



4 IEEE TRANSACTIONS ON ROBOTICS

SPI Mode 0. Since we were only looking at the magnetic flux
density in one-dimension, no further calibration or additional
algorithm was required to initialize and set up the sensor.

C. Fabrication Process of a Folded HASEL Actuator

The method of creating the folded HASEL actuators in this
work is similar to that described in Mitchell et al. [33]. The
folded HASEL stack is composed of twelve actuator pouches
folded on top of each other to create a positive z-stroke when
the pouches deform under an applied voltage. Two layers of
20-µm thick polyester lidding film (L0WS, Multiplastics) were
heat-sealed together using a modified CNC machine (Shapeoko
3XL, Carbide 3D) to create a line of the individual actuator
pouches. We then screen-printed a thin flexible layer of conduc-
tive ink (CI-2051, Engineered Materials System) on both sides
of sealed film before filling the pouches with a silicone liquid
dielectric (PSF-5cSt, Clearco). Once filled and fully sealed using
a soldering iron (WE1010NA, Weller), we folded the string
of actuator pouches using an accordion fold and secured the
stack using thin strips of transfer tape (924, 3M). The lower
viscosity dielectric liquid was used to improve the rise and fall
times of the actuator compared with the previous folded HASEL
actuator [55].

III. SENSING RANGE, ACCURACY, AND PRECISION

A. Experimental Setup for Characterization of the Sensor

We were keen on understanding how the accuracy and preci-
sion changes as a function of distance between the magnetometer
and the magnetic block beyond the folded HASEL actuator’s
displacement range. This information describes how these two
parameters change for other actuators with varying maximum
heights, given this specific magnetic block. Therefore, we de-
signed a fully mechanical stand to change the distance d (mm)
between the sensor and the block at submillimeter increments.

The setup, represented in Fig. 3(a), was composed of
3D printed polymer materials, acrylic sheets, aluminum, and
stainless-steel components to prevent distortion to the registered
magnetic flux density. The magnetic block was placed on a
laser-cut acrylic sheet attached to an aluminum block, which
moved vertically along a stainless-steel 2 mm pitch T8 lead
screw. Two pillow block bearings supported the lead screw
to minimize any horizontal movement as the magnetic block
moved along the screw. To move the magnetic block at 0.1 mm
with every full rotation, we implemented a 3D printed three-gear
system with a 20:1 turn ratio attached to a manual hand crank.

A magnetometer was mounted directly below the center of the
magnetic block and the data was read by an MCU. We used a
commercial laser position sensor (LK-H157, Keyence) to track
the movement of the magnetic block and measure the change in
distance between the magnetic block and magnetometer. The
output voltage of the laser position sensor was sent through
a 12-b ADC. We sampled the magnetometer data Bz (mG)
and the laser position sensor dlaser (mm) at 1 kHz via serial
communication.

Fig. 3. (a) Data from the laser position sensordlaser and the mapped displace-
ments dmap, calculated using (1), from the changes in magnetic field strength
closely align with the linear y = x fit (R2 = 0.9959), which is represented by the
dotted line. The right y-axis shows the changes in resolution as the distance d
between the sensor and magnetic block increases. The faded, rectangular section
highlights the displacement range (11–23 mm) of a folded HASEL. (b) Accuracy
is computed from the deviation of the measured value dmap to the ground-truth
valuedlaser . The accuracy in the displacement range of the HASEL is±0.1 mm.
(c) Precision, or the difference between dmap and a moving average mean with
a nonoverlapping window of 5000 data points, d̄map, decreases as a function
of displacement due to the inverse cubic relationship between displacement
and magnetic flux density. The precision within the displacement range of the
HASEL is ±0.15 mm.

B. Mapping of Magnetometer Raw Output Data to Actuator’s
Displacement

We conducted five trials of moving the magnetic block from 0
to 25 mm away from the magnetometer at 0.05 mm increments,
which covers the range of the folded HASEL actuator. We
then conducted five more tests moving the block at 0.1 mm
increments from 2 to 60 mm. We held the displacement for a
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few seconds between each incremental increase. The magnetic
flux density along the z-axis was mapped to the change in
vertical distance using a least squares polynomial curve fitting
function (MATLAB R2020a). Based on magnetostatic theory,
we reasoned that the magnetic flux density would have a cubic
relationship with the change in distance [56]. The resulting
third-degree polynomial was

dmap = p3 ×B3
z + p2 ×B2

z + p1 ×Bz + p0

p3 = − 9.332× 10−10 p2 = 1.041× 10−5

p1 = − 0.044 p0 = 85.618 (1)

where dmap is the displacement of the block relative to the
magnetometer in mm and Bz is the change in magnetic flux
density along the z-axis in mG. Fitting this polynomial to obtain
displacement data from the magnetometer data resulted in an
excellent R-squared value of 0.9959. Fig. 3(a) shows the compar-
ison between the laser displacement data dlaser with the mapped
displacement data dmap based on the magnetometer output from
all ten trials. We computed the accuracy [see Fig. 3(b)] and
precision [see Fig. 3(c)] of the sensing mechanism from 0–60
mm. The accuracy compares the ground-truth data, dlaser, with
our measured data, dmap; Fig. 3(b) shows a slight decrease in
accuracy as the displacement d increases. To calculate precision,
we compared dmap to the means of the measured displacement
holds d̄map during each test. These quasistatic means d̄map were
computed as the moving average mean with a nonoverlapping
window of 5,000 data points. The precision degrades as the
displacement d increases, since the magnetic flux density has an
inverse cubic relationship with distance. However, the decrease
in accuracy and precision can be addressed by increasing the
magnetic flux density from the magnetic block by changing the
concentration of magnetic particles or increasing the strength of
the magnetic field used during the curing process mentioned in
Section II-A.

The baseline height of a folded HASEL actuator is approxi-
mately 11 mm, which determines the baseline gap between the
magnetic block and the magnetometer. As the actuator height
increases to its maximum height due to increasing applied
high voltage, the distance between the magnetic block and the
magnetometer subsequently increases to a maximum distance
of approximately 23 mm. Within the vertical range of the folded
HASEL actuator, we can reliably expect a high accuracy with
error between measurement and ground truth data less than±0.1
mm and precision with deviation bounds within ±0.15 mm [see
Fig. 3(b) and(c)], which is suitable to track the movement of a
folded HASEL actuator.

IV. MAPPING VALIDATION

A. Validating the Sensing System Using an Actuator

HASEL actuators operate at high voltage but low current in the
milliampere range [33], so we expected the reading of the sensor
to be unaffected by the interfering magnetic field generated by
the current driving the folded HASEL actuator. To verify this
claim, we sandwiched a folded HASEL actuator with a magnetic
block and the magnetometer, creating a unit [see Fig. 4(a)], and

used (1) to map Bz to d. A<100-μm silicone sheet was wrapped
around the magnetic block and the actuator to prevent the block
from shifting off the top of the actuator as it moved at high
frequencies. The input voltage to the actuator was sent through
a waveform generator (33509B, KEYSIGHT) to a high-voltage
amplifier (50/12, TREK), which was attached to the electrodes
of the actuator.

Existing soft sensors are often affected by the change of
environmental parameters, such as temperature and humidity
[57]. We demonstrate that changes in the environment’s temper-
ature and humidity do not affect the readings from this sensor.
We performed a series of nine tests in different environmental
conditions; the ambient temperature and relative humidity were
measured using a low-power humidity and temperature sensor
evaluation board (HDC1080EVM, Texas Instruments). Using
permutations of table fans, heat guns, and humidifiers, we var-
ied the temperature between 18°C and 56°C and the relative
humidity between 3.1% and 53.2%.

The input voltages were defined by 4 kV offset sine waves
with a 4 kV amplitude and frequencies that ranged from 0.01 to
30 Hz. The laser displacement data and the magnetic flux density
data were sampled at 1 kHz using an MCU, which sent data to a
computer via serial communication. The TREK was turned OFF

between each test to prevent the charge retention in the HASEL
from compounding, effectively limiting the maximum stroke of
the actuator. The laser position sensor probed the center of the
magnetic block to record the true actuator height.

Five cycles from each of the nine tests were analyzed for each
frequency, equating to forty-five cycles for each of the fourteen
frequencies that we tested. The magnetic sensing method accu-
rately monitors the movement of the actuator, even at larger actu-
ation frequencies (30 Hz), when the HASEL barely moves. Fig. 4
shows the comparison of the laser position data and the mapped
magnetic sensor data for a few frequencies [see Fig. 4(b)], as
well as the normalized root mean squared error (NRMSE) at
each frequency [see Fig. 4(c)]. The NRSME starts to increase
at approximately 20 Hz, which can be explained by the uneven,
minimal stroke of the actuator at larger frequencies. This can
result in the magnetic block vibrating side to side instead of
just moving vertically. Despite this increase, the NRMSE values
never exceed 6%. The minimal standard deviation of uncertainty
indicates that the sensor output is not affected by environmental
changes in temperature and humidity.

B. Comparing the Magnetic Sensing Method to a Capacitive
Stretch Sensor

Capacitive stretch sensors are commonly used in soft robotic
applications to look at deformations of an actuator or a surface
[58]. The stretch sensor has also been successfully used to con-
trol a folded HASEL actuator stack [37]. However, optimal per-
formance requires consistent test conditions, dielectric blocks
for mitigating noise, and the implementation of filters, which
severely limit the sensors’ response time. Here, we directly
compared the magnetic sensing method with the capacitive
stretch sensor in tracking the movement of the folded HASEL
actuator. The comparison between the magnetic sensors and the
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Fig. 4. (a) For each of the frequency tests, a sinusoidal wave was sent to a folded HASEL actuator, which was placed on top of a magnetometer and under a
magnetic block – forming a unit. As the actuator moved from a relaxed state to an activated state and back, the laser position sensor measured the change in height
by probing the top of the magnetic block. (b) Examples of the mapped magnetometer data superimposed on the laser displacement data. The voltage input to the
actuator for each test was a sinewave with an offset on 4 kV and an amplitude of 8 kV; the example plots shown are sine inputs of 0.01, 1, and 20 Hz. For the case of
0.01 Hz, the magnitude of the actuator’s displacement decreases overtime mainly due to the charge retention of the actuator [29], [31], [32], [36], but this behavior
does not affect the performance of the magnetic sensing method. (c) Average normalized root mean squared error (NRMSE) over forty-five cycles per frequency
was recorded, with the error bars representing one standard deviation of uncertainty. The NRMSE never exceeds 6%, even at larger actuation frequencies when the
actuator stroke is just a vibration.

capacitive stretch sensors is appropriate due to reasons: they
are both embedded sensors that are fully compliant, designed
to tolerate high voltage, work well with HASEL actuators, and
there are no existing commercial, embedded soft sensors that
can be readily used in high-voltage environment.

We wrapped a capacitive stretch sensor around a folded
HASEL actuator and a magnetic block [see Fig. 5(a)] to compare
the magnetic sensing method with the capacitive stretch sensor.
The manufacturing of the capacitive stretch sensor was identical
to the sensors used by Johnson et al. [37]. The capacitive sensor
has two electrodes made of a conductive, carbon-based silicone;
the electrodes sandwich a thin, silicone dielectric layer, which
is then wrapped around the actuator. As the actuator changes
in height, the capacitive sensor stretches and changes in capac-
itance. A dielectric shield, which was the same dimension as
the magnetic block, was placed under the actuator to separate
the capacitive stretch sensor from the actuator, similar to the
noise mitigation setup in Johnson et al. [37]. The same 555-timer
circuit and second-order low pass filter in Johnson et al. were
used to measure the on-time of the output square wave of the
555-timer circuit, which was directly related to the change in
capacitance of the capacitive stretch sensors [35]. An MCU
measured the on-time of the output square wave in milliseconds
in tandem with the change in magnetic flux density in milligauss
and the laser displacement data in millimeters. This data was
time stamped in microseconds and sent to a computer via serial
connection. The input to the actuator was a series of 10 s step

functions starting at 2 kV and increasing by 1 to 8 kV. This input,
produced by a wave generator, was sent to the actuator through
the high-voltage amplifier.

Our sensor significantly outperforms the capacitive stretch
sensor in accuracy when measuring the change in height of
the actuator. Fig. 5 shows the visibly larger noisy data from
the capacitive stretch sensor compared with the magnetometer
signal, despite the low-pass filter used for the stretch sensor
data. The mean of the residual error |e| (mm) for the magnetic
sensor (0.044 mm) is almost eight times smaller than that of the
capacitive stretch sensor (0.34 mm), indicating a better fit be-
tween the mapped magnetometer data and the laser position data
over the folded HASEL actuator displacement range. Unlike the
capacitive stretch sensor, the magnetic sensor registers minute
changes in displacement when the actuator voltage increases by
1 kV from a 0 kV baseline to 2 kV.

C. Gripper Demonstration With Submillimeter Accuracy

To verify the submillimeter sensing in the displacement range
of the HASEL actuator movement using the sensing mechanism,
we created a two-finger gripper using two HASEL actuators
mounted on a 3D printed, PLA frame (Prusa i3 MK3S+, Prusa)
[shown in Fig. 1(b)]. The goal of this demonstration was to
sense small differences in the diameter of three tomatoes of
similar size (see supplemental video). First, the left and right
actuators were individually calibrated using a similar procedure
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Fig. 5. (a) Capacitive stretch sensor was wrapped around the magnetic block, a dielectric block, and the folded HASEL actuator before being placed on the
magnetometer circuit. When activated, the capacitive stretch sensor, magnetic sensing mechanism, and laser position sensor all measured the change in actuator
stroke. The capacitive stretch sensor measured this linear change in actuator stroke because it was wrapped around the entire unit and deformed when the unit
moved, effectively changing the measured capacitance. (b) Starting at an input of 2 kV, we increased the voltage to the HASEL by 1 kV every 10 s until the input
voltage reached 8 kV. The corresponding displacement data measured by each respective sensor highlights the improvement between using the magnetic sensing
mechanism compared with the capacitive stretch sensor, where the mean residual error |e| of the magnetic sensing data is eight times smaller than that of the
capacitive stretch sensor.

as described in Section III-B. However, instead of mapping the
change of height to the change in magnetic flux strength, we
mapped the horizontal change in displacement of the actuator,
measured by the laser displacement sensor, to the change in
magnetic flux strength. To activate the actuators, we supplied
an input voltage ramp from 0–8 kV at a rate of 1 kV/s. Two
3rd order polynomial functions were generated to independently
determine the displacement for the right actuator, dright, and the
displacement for the left actuator, dleft. We did not use the same
polynomial fit for both actuators due to the slight differences
in magnetic block placement, actuator fabrication, and effect of
gravity, which added a slight downward tilt to both actuators.

A thin, silicone wrap (Ecoflex, 00–30, Smooth On) was
wrapped around the magnetic block and actuator to keep the
unit together. By mapping the changes in magnetic flux strength
to changes in displacement for the right actuator, dright, and left
actuator, dleft, we could determine the diameter of an object in
between both actuators, dmeas

dmeas = 45 mm− (dleft + dright) (2)

where 45 mm is the distance between the two actuators at
rest measured with the laser displacement sensor. Since the
placement of the tomato was not guaranteed to be in the center of
both actuators, we determined dright and dleft based on a change
in slope of the left and right displacements. The displacement
slopes decrease due to the reaction force generated by the object

TABLE I
COMPARISON OF TOMATO DIAMETER MEASUREMENTS

that’s in contact with the actuator. We also used a caliper (Mi-
tutoyo, Absolute Digimatic Caliper) with a 0.03 mm accuracy
rating as a ground truth sensor for comparison. Each of the three
tomatoes was measured at the same spots using both the gripper
and the caliper; these values and the correlating residual error e
are shown in Table I.

While we still achieved submillimeter accuracy in this demon-
stration, the error values are larger than the expected deviation
of ±0.1 mm shown in Fig. 3(b). As mentioned before, there is a
slight downward tilt of both units, which we believe adds some
amount of error. Despite a reduction of accuracy, the gripper
was still able to distinguish which tomato was the smallest and
which tomato was the largest when there was a less than 1 mm
difference across the three tomato diameters.

This demonstration shows the ability to safely interact with
soft objects, a tomato in this case, in addition to highlighting
the accuracy of this sensing mechanism. When activating the
units, we supplied an input triangular signal that increased from
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Fig. 6. (a) Magnitude frequency response of the approximated HASEL model
(h (mm)/Dvar (%)) compared with the approximated open-loop system, or
the feed-forward loop gain, which includes the PID controller shown in (c).
(b) Magnitude frequency response of the closed-loop system. The magnitude
compares the output measured height to the input reference signal. Here, the
corner frequency (1.29 Hz) is labeled. (c) Block diagram of the closed-loop
system using a PID controller and the magnetic sensor to control the HASEL
actuator. (d) Basic schematic of the driving circuit.

0 to 8 kV then decreased from 8 to 0 kV. The units continued
to expand after initial contact with each tomato because of the
input signal (see supplemental video). However, the activated
units did not damage the tomato; instead, both units slightly
tilted and conformed to the shape of the tomato until the voltage
reached the maximum value of 8 kV.

V. FREQUENCY RESPONSE OF SINGLE-UNIT CLOSED-LOOP

SYSTEM

A. System Identification of the Open-Loop System

We validated the sensor in a closed-loop system with a
single unit. We performed sinewave-based, dynamic tests with
logarithmic chirp input signal to experimentally determine an
open-loop model of the actuator. Here, we used the laser position
sensor to measure the actuator’s true change in height. Instead of
using the TREK to provide the variable voltage to the HASEL,
we used a driving circuit [see Fig. 6(d)].

The driving circuit design is similar to existing HV switches
that are used to control DEAs [59] and HASEL actuators [33].
We customized an optocoupler used on the driving circuit us-
ing an infrared LED (L1IZ-0940000000000, Lumileds) and an
optodiode (OZ100SG, Voltage Multipliers, Inc.). We used a
pair of optocouplers for each actuator: a charging optocoupler
with a variable PWM duty cycle Dvar (%) and a discharging
optocoupler with a fixed 45% PWM duty cycle Dconst (%).
The frequency of both PWM inputs was 500 Hz. By changing
Dvar , we can tune the current through the HASEL, thereby
controlling the input voltage. We fixed Dconst to simplify the

feedback control to a SISO system. Dconst was tuned to obtain a
reasonable relaxation time, which describes the time it takes for
the actuator to reduce in stroke when the input voltage decreases.
The driving and discharging optocouplers act like a variable
resistor Rvar and a fixed resistor Rconst [see Fig. 6(d)].

A high-voltage amplifier (610E, TREK) supplies a constant
voltage of 8 kV to the driving circuit. The driving circuit allows
for independent control of multiple units in tandem by regulating
what fraction of the 8 kV HV line each actuator sees. Using the
driving circuit to vary the voltage input during the characteriza-
tion tests allowed us to use the model and controller designed
for a single unit in the larger, multiunit deformable platform
described in Section VI.

To vary the voltage to the actuator, Dvar(t) is determined by
a logarithmic chirp signal generated in MATLAB

Dvar (t) = A sin (2πf (t) t) +Dconst (3)

whereA is the amplitude of the input signal (%), t is time (s), and
Dconst is the operating point (45% duty cycle). The frequency
f(t) of the input sinewave is determined by

f (t) = f0 ×
(
f1
f0

) t
T

(4)

where f0 and f1 are the starting and ending frequencies (Hz),
respectively, and T is the total time of the chirp signal (s). We
fixed the f0 at 0.01 Hz, the f1 at 20 Hz, and T at 360 s. We have
observed that the maximum stroke of a folded HASEL actuator
reduces as frequency increases, until approximately 20 Hz, when
the actuator’s stroke is minimized to a vibration (see Fig. 4) [35].
Therefore, we mainly focused on the dynamics of the actuator
at frequencies below 20 Hz. The amplitude of Dvar was 30%,
making the range of Dvar equal 15%–75%. This amplitude was
experimentally tuned to allow the HASEL to move along its full
range of motion at lower frequencies.

We recorded the mapped sensor data, the measured laser
position sensor data, and the PWM input at a sampling frequency
of 500 Hz to estimate a transfer function that maps the input
PWM duty cycle Dvar (%) to the output HASEL height h
(mm). Although we were only interested in the response of
the actuator for frequencies below 20 Hz, we used a sampling
frequency larger than ten times the end frequency to ensure that
we were obtaining enough data for characterization. Based on
this frequency response data, we approximated our open-loop
single unit as a second-order transfer function

P (s) =
683

s2 + 145.5s+ 7452
.

B. Controller Design and Closed-Loop System Dynamics

While this system is stable, as verified by a Routh–Hurwitz
stability test, we wanted to improve the steady-state error and
the tracking performance at lower frequencies. We designed a
PID controller that increases the gain at lower frequencies to
keep the tracking error below 5% up to the 2.86 Hz corner
frequency, when the HASEL actuators start to decrease in stroke
[see Fig. 6(b)]. This requires the magnitude of the open loop
system with the PID controller to be larger than 20 dB up to 2.86
Hz, which we achieve [see Fig. 6(a)]. The integral component of
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the controller also insures no steady state error. The discrete-time
equations for PID control at time-step k with reference height
r, input to the MCU u, measured height hmeas, and height error
e are

e [k] = r [k]− hmeas [k] (5)

u [k] = u [k − 1] +Ae [k] +Be [k − 1] + Ce [k − 2] . (6)

The coefficients on the controller are calculated with

A = Kp +
Ki

2f
+Kdf

B = −Kp +
Ki

2f
− 2Kdf

C =
Kd

f

Kp = 4, 061 Ki = 45, 800 Kd = 0.002

where f is the closed-loop frequency (Hz) andKp,Ki, andKd are
the tuned PID constants. The input u from (5) is the 16-b value
which corresponds to Dvar (%); that is sent to the optocoupler
via the MCU. The PID constants are generally large because
of the conversion from single-digit actuator heights in mm to
five-digit PWM values. However, Kd was kept relatively small
to prevent overshoot from the controller.

To measure the bandwidth of the closed-loop system, we
generated a logarithmic chirp input like the input described in
Section V-A. However, to understand the frequency response
of the closed-loop system, we examined the frequency response
between the laser position sensor data (output) and the reference
heights (input). The reference heights href(t) were determined
using

href (t) = A sin (2πf (t) t) + hoff (7)

where f(t) was computed using (3) with f0 = 0.01 Hz, f1= 20
Hz, and T = 360 s. The offset height hoff was 3 mm and the
amplitude A was 3 mm, resulting in an href range of 0–6 mm.
Since the HASEL actuation stroke is minimal at frequencies
above 20 Hz, we set the closed-loop frequency to >10× that
frequency at 250 Hz. The controller was using Julia v1.6.2,
which read the magnetometer and the laser position sensor data
from the MCU and outputted PWM inputs to the MCU.

The Bode plot of the closed-loop system is shown in Fig. 6(b),
where the input is reference height href (mm) and the output is
tracked height of the HASEL h (mm). We can achieve at least
70% of the total actuator stroke (−3 dB) at a corner frequency
of about 1.29 Hz. This low corner frequency is not surprising
when we consider the intrinsic dynamics of the HASEL actuator,
which result in a 2.86 Hz corner frequency for the open-loop
system (comparing input PWM signal to output height) in Sec-
tion V-A. However, this indicates that the closed-loop perfor-
mance will result in higher errors at higher actuation frequencies
if the reference height is approaching of the maximum stroke.

VI. DEFORMABLE PLATFORM DEMONSTRATION FOR

MULTISENSOR, MULTIACTUATOR CLOSED-LOOP CONTROL

A. Demonstrating Magnetic Sensing on a Multiunit System

To demonstrate the scalability of a single unit, we created a
multiunit soft robotic platform, referred to as the deformable
platform. This application showcases the sensor’s ability to be
used near the electric field generated by the HASEL actua-
tors and highlights the minimal sensor coupling among nearby
sensors without impacting the sensor’s accuracy or precision.
The individual unit control allows for position tracking of the
platform’s end effector.

B. Design of the Deformable Platform

Our deformable platform is comprised of two segments (top
and bottom), with each segment driven by units placed in tri-
radial symmetry (see Fig. 1), like designs of other soft robotic
platforms [55], [56], where there is a 120° separation between the
placement of each actuator on each segment. The elongation of
any of the three actuators causes a pose change of the segment’s
top surface [see Fig. 4(a)].

The magnetic sensing setup is the same as for the individual
unit in Section III; each of the three units has its own magnetic
block and sensor. The top of each segment is a 1.5 mm acrylic
sheet, and the bottom is the sensor printed circuit board (PCB)
described in Section VI-C. HASEL actuators. To match the 120°
separation between each unit on both segments, the units are
labeled as such on each segment: b0, b120, b240 on the bottom
segment and t0, t120, t240 on the top segment; b0 lies below t0,
b120 below t120, and b240 below t240 [see Fig. 7(a)].

At the boundary between the first and second segments, the
magnetic blocks of the bottom segment are near the magnetic
sensors of the top segment; however, there is no relative motion
between them. Therefore, the magnetic blocks in the bottom
segment only impact the base magnetic field measured by the
sensors on the top segment. The sensors of the top segment still
have full sensitivity to the changes in heights of their respective
magnetic blocks.

We used the 4-camera motion capture system (Primex 13,
OptiTrack) to track the reflective markers used to calibrate the six
sensors and measure the end effector’s true position during the
closed-loop control experiments. During the calibration process
described in Section VI-D, six reflective markers were placed in
line with the center of each actuator, perpendicular to the edge
of the acrylic divider. During the closed-loop experiments, a
reflective motion-capture marker was placed on the center point
of the top acrylic plate [see Fig. 7(b)]. The marker mount was 60
mm tall, and the spherical marker diameter is 8 mm. We defined
the center of the marker as the end effector of the deformable
platform and used this to measure the overall error between the
end effector position and the reference trajectory.

C. Platform Circuitry

The base of each segment is a PCB that connects the sensors in
parallel. These base PCBs connect the three sensors in parallel
for each segment and allow for the attachment of additional
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Fig. 7. (a) We experimentally determine three basis vectors {b̂1, b̂2, b̂3} by
determining the change in end effector position (x0,y0,z0) in reference to
the end effector’s starting position p0 = (0, 0, 0) when an actuator pair (the 0°,
120°, or 240° position pairs) is at its max stroke. This diagram shows how the
basis function b̂1 determined: the vector created by the end effector position
when the b0 – t0 pair is fully actuated compared with p0. For the kinematics
model, the changes in stroke are assumed to be a linear (dotted line), but the
changes in actuator stroke are slightly curved (thick, curved line). Additionally,
the position change between the end effector position when b0 is fully actuated
and when t0 is fully actuated is assumed to be constant. (b) Corresponding
projections of a reference end effector position (αb̂1, βb̂2, and γb̂3) are used
to determine the six heights (h1, h2, h3, h4, h5, h6) of the actuators based
on the reference end effector position p in R3. In this example, b120 is fully
actuated and t120 and b0 are partially actuated. Therefore, p can be expressed
as a combination of αb̂1 and γb̂3. (c) Inverse kinematic algorithm outputs the
reference heights r for all six actuators. The difference between the reference
height and the measured height is the error e in mm that feeds into each controller.
The six identical PID controllers independently control the heights of the folded
HASEL stacksh in mm based on their respective mapped, measured height from
the magnetometer output hmeas in mm. The resulting end effector position
pmeas in mm is measured by the motion capture system.

base PCBs. Each base PCB interfaces with the three HASEL
actuators on each segment and their respective driving circuits.
To prevent arcing between the HV across the actuators and the
LV components of the sensing mechanism, the section where the
actuators attach to the PCB is isolated from the rest of the PCB.

The bottom base PCB is connected to the same MCU that is
sending signals to the six driving circuits. The MCU receives all

six sensor signals at 250 Hz as 16-b integers before converting
the data to magnetic flux density BZ in mG. To minimize the
large noise spikes in the sensor data, we applied a three-point
moving median filter. An ac/dc power supply (SF600, COSAIR)
supplies 3.3 V to both base PCBs and to the six driving circuits.
The power supply, driving circuits, and MCU were all placed in
the circuity housing, shown in Fig. 7(b).

D. Sensor Mapping to Actuator Height

We used the motion capture system to collect the true heights
for calibration; this was required to map the change in magnetic
flux density to change in actuator height for the deformable
platform. The motion capture system tracked the movement
of six reflective motion capture markers at 240 Hz during the
platform calibration tests. We fed the x-, y-, and z- coordinates
of each reflective marker through a set of parametric equations to
account for the distance between the actual center of the actuator
and the center of the motion capture marker. The baseline height
of the bottom segment was approximately 26 mm (from the
magnetometer to the magnetic block) and the baseline height of
the top segment was approximately 28 mm.

We performed six calibration tests, where each test measured
the change in marker position and change in magnetic flux
density as the actuator received a series of step inputs: first,
input steps from 2 to 8 kV with 1 kV increments and held
at 5 s each and second, 0.5 kV steps held at 5 s starting at 8
kV and stepping down to 2 kV. We then fit the magnetometer
data to the z-position of the respective marker using the same
fitting function from Section III-B. There is some variability
in the polynomial coefficients for each unit due to the higher
baseline values of the top segment, differences in the structure
and fabrication of each actuator and sensor, and error in the
placement of the top segment, affecting the weight distribution
that the bottom segment experiences.

E. Platform Kinematics and Control

The aim of the deformable platform is to demonstrate inte-
grated sensing between multiple sensors and actuators, so we
implemented closed-loop feedback control individually on each
of the six units, as outlined in Fig. 7(c). The loop is closed around
the height of each HASEL actuator at a closed-loop frequency
of 250 Hz. The desired position of the platform end effector, p
= (x, y, z) ∈ R3, is fed into our custom inverse kinematic solver
using MATLAB (R2021a, MathWorks), described in detail in
Section VI-E2), which computes the necessary heights for all
six actuators [r1, r2 , r3, r4, r5, r6]. These heights are sent to
the individual controllers in Julia (v1.6.2), effectively moving
the end effector to the desired position.

1). Multiunit Closed-Loop Control: We implemented the
PID controller derived on the single unit in Section V for each
of the six units in the deformable platform [see Fig. 7(c)]. The
hardware is identical and each of the six driving circuits receive
the same 8 kV input from the TREK. We assumed that the
plant transfer function (shown in Section V-A) is the same for
all six actuators, despite the actuators’ slight discrepancies in
maximum strokes, stroke rates, and the difference in weight
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distribution between the top and the bottom segments of the
platform. All HASEL units are controlled by programs with the
same structure and PID constants (5) but different polynomial
coefficients corresponding to the appropriate magnetic blocks.
The fact that we are utilizing identical hardware and software
setup for the multiunit system highlights the independence of
the sensor and controller for each unit.

2). Platform Kinematics to Determine Actuator Heights: We
approximated the inverse kinematics of the deformable platform
to relate the end effector’s position p ∈ R3 to the scalar heights
of the six actuators on the platform. These heights can then
be set as the reference height r[k] in (4) for the closed-loop
controller of each HASEL/sensor unit. Since our primary focus
is to demonstrate the effectiveness of independent and uncou-
pled multi-HASEL control, we developed an inverse kinematic
approach which is much simpler to implement than typical
methods [60], [61], but at the cost of end effector tracking
accuracy.

Following Jones et al., the kinematics can be represented as
two mappings; the task space can be mapped to a configuration
space, and the configuration space mapped to the actuator space
[60]. We are defining the actuator space as the space where the
six actuators can move based on a given reference height input
and the task space as the volume where the platform is physically
able to track a given reference trajectory. Our configuration
space is based on three basis vectors {b̂1, b̂2, b̂3} and describes
the stacked pairs of HASEL actuators: the first basis vector
corresponds to the movement of the b0 HASEL – t0 HASEL
unit pair, the second to the b120 – t120 pair, and the third to the
b240 – t240 pair. The three basis vectors span S, which is a subset
of R3 that describes the task space. A visual representation of
b̂1 is illustrated in Fig. 7(a).

The basis vectors were experimentally determined by record-
ing the position of the end effector position using the motion
capture system as the three HASEL pairs were independently
actuated [see Fig. 7(a)]. For example, when b0 and t0 are actuated
to their respective maximum heights, and we can measure the
change in the end effector position as (x0, y0, z0), then the basis
vector b̂1 for the b0 – t0 pair is

b̂1 = (x0, y0, z0) . (8)

Thus, actuating HASEL actuators b0 and/or t0 to any height,
while keeping the other actuators unactuated, will move the end
effector to a position of αb̂1, where α is a scalar value that
represents the projection of p on b̂1 [see Fig. 7(b)]. We use the
same experimental process of measuring the position change of
the end effector when the b120 – t120 pair and the b240 – t240
pair are fully actuated to determine b̂2 and b̂3, respectively. Note
that we have linearized the end effector path; although the true
path has curvature, supported by constant-curvature kinematic
models [61], it is negligible enough within our platform to be
linearized [see Fig. 7(a)], which greatly simplifies our mappings
with some reduction in accuracy.

This allows us to represent the referenced end effector position
p as a linear combination of the bases {b̂1, b̂2, b̂3}:

p = (x, y, z) = αb̂1 + βb̂2 + γb̂3 (9)

TABLE II
HASEL HEIGHTS AS PERCENTAGE OF MAXIMUM FOR α, β, γ

where α, β, and γ are the scalar parameters corresponding to the
reference heights of each respective tri-radial HASEL pair. Any
position p within S ∈ R3 can be expressed as a sum of these
scaled basis vectors. The inverse mapping from the task space
S to the configuration space is calculated as follows:⎡

⎣α
β
γ

⎤
⎦ =

[
b̂1 b̂2 b̂3

]−1

· p. (10)

The mapping from the configuration space to the actuator
space is achieved via piecewise linear functions of the parame-
ters α, β, and γ. Parameter values between 0 and 0.5 are linearly
scaled between the min-max heights of the HASEL actuators
on the bottom segment of the platform, and values between 0.5
and 1 are scaled between the min-max heights of the HASEL
actuators on the top segment in addition to the fully actuated
HASEL actuators on the bottom segment. This breakdown is
laid out in Table II. Using the combined mappings from the
task space to the configuration space (9) and the configuration
space to the actuator space (Table II), we can generate a unique
solution for the 6 reference HASEL heights [r1, …, r6] for any
given end effector position p [see Fig. 7(b)].

To increase ease of implementation and reduce computational
complexity, this inverse kinematic approximation technique uses
several simplifications of the real behavior of the platform. As
mentioned previously, we linearized the end-effector path during
the experimental characterization to form the three basis vectors
{b̂1, b̂2, b̂3}. In addition, the superposition of the basis vectors
as shown in (8) is not mathematically proven to result in a
superposition of the end effector position on the robot.

These assumptions result in small inaccuracies in the inverse
kinematic approach. To improve the inverse kinematic accuracy,
we additionally scaled α, β, and γ depending on the distance of
the end effector position from the origin. This was achieved
experimentally by fitting the predicted end effector position to
data obtained from the motion capture system. However, this
tuning has no impact on the closed-loop performance of each
local control loop; it only improves the accuracy of end effector
prediction to account for the simplifications that were used.

VII. CLOSED-LOOP CONTROL RESULTS

We demonstrate the ability to perform precise tracking control
of a reference trajectory in R

3 by commanding the deformable
platform to follow a reference conical helix, where the maximum
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Fig. 8. (a) Measured heights based on motion capture data hmeas and the reference heights r for all six actuators, the top actuators positioned at 0°, 120°, and
240° (t0, t120, t240, respectively) and the bottom actuators positioned at 0°, 120°, and 240° (b0, b120, b240, respectively). A visual representation of the actuator
positioning is shown in Fig. 7(a). There is minimal normalized residual error (NRE) between the measured height, which is the result of controlling each actuator
based on the mapped height from the magnetic sensing data and the commanded reference displacement, and the reference height; the NRE is shown below each
height subplot. The average normalized residual error (|NRE|) for each of the actuators b0, b120, b240, t0, t120, t240 are |NRE| = [0.023, 0.021, 0.021, 0.018,
0.015, 0.022], respectively. The mean |NRE| across all six actuators is 0.020, or 2% of the range of the reference heights. (b) Measured pmeas and reference
end effector positions p start at p0 = (0,0,0) and move up along a predetermined spiral as each actuator follows the prescribed profile shown in (a). Tracking a
reference conical helix demonstrates the control that the platform can accomplish using the magnetic sensing mechanism and a basic control method. (c) Mean of
the NRE for the spiral (|NRE|xyz) is 0.043, or 4.3% of the range of the position vector magnitudes. (d) Euler angles that describe the rotational movement of the
platform. These values were measured by the motion capture system, which was tracking the end effector marker relative to the system’s origin.

range in the x-direction is ∼13 mm, ∼11 mm in the y-direction,
and∼5 mm in the z-direction. The reference positionp traces the
conical helix that starts at p= (0,0,0) and increases in diameter
and height [see Fig. 8(b)]. Despite the assumptions made to
simplify the platform kinematics, the deformable platform was
able to successfully track both the helix, shown in Fig. 8(b).
The error between the reference heights determined from the
reference end effector position, rn = 1, 2, . . . , 6, and the mea-
sured heights based on the motion capture data of the tracked
markers, hn = 1, 2, . . . , 6, is minimal [Fig. 8(a)]. The residual
error for each unit (|en = 1,2,..,6|) was normalized to the range
of the measured height for each individual actuator

|NRE| =
∣∣∣∣ en=1,2,...,6

hn=1,2,...,6,range

∣∣∣∣
=

∣∣∣∣ rn=1,2,...,6 − hn=1,2,...,6

hn=1,2,...,6,max − hn=1,2,...,6,min

∣∣∣∣ . (11)

The average normalized residual error (|NRE|) for actuators
b0, b120, b240, t0, t120, t240 are |NRE|= [0.023 0.021 0.021 0.018
0.015 0.022], respectively, where the overall average |NRE| is
0.020 and the average range of the measured heights is 5.4 mm.

While the NRE between the mapped and reference heights
for all six actuators are low, there is some increased variability
between the measured end effector position pmeas and the
reference end effector position p. The normalized residual error
(|NRE|xyz) for the end effector position is

|NRE|xyz =

√
(px−pmeas,x)

2
+(py−pmeas,y)

2
+(pz−pmeas,z)

2

||v||max−||v||min

(12)
where

||v|| =
√
pmeas,x

2 + pmeas,y
2 + pmeas,z

2. (13)

The mean of the |NRE|xyz is 4.3% and the range of the
magnitude of the position vectors is 9.3 mm. This increase in
error is due to the previously mentioned simplifications of the
platform kinematics used when calculating the heights of each
actuator based on the desired end effector position. Also, the
error for each unit has a compounding effect of the overall error
of the end effector position, which results in the increase in NRE
seen in Fig. 8.
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VIII. DISCUSSION AND CONCLUSION

This article demonstrates the effectiveness of using a
magnetic-based sensing mechanism to measure shape defor-
mations of soft electrostatic and electro-hydraulic actuators.
This sensing method is simple and elegant to manufacture,
scale, and implement, and it proves to be a highly effective
method when used with soft electrostatic and electro-hydraulic
actuators, specifically HASEL actuators.

While this study focuses on folded HASEL actuators, this
sensing mechanism can be used for a multitude of actuators that
do not depend on large currents to function. Actuators with a
range of motion below 30 mm will benefit from the high accu-
racy and precision. Since there is an inverse cubic relationship
between magnetic flux density and distance, the accuracy and
precision decrease as the displacement increases. While this
could pose problems for actuators that reach larger strokes than
the folded HASEL actuator, there are ways to mitigate this issue,
including modifying the thickness of the magnetic block and
increasing the concentration of bonded neo-powder.

This sensing mechanism has high accuracy and precision
mainly because it is not influenced by HV noise from HASEL
actuators, resulting in a clean mapping between change in mag-
netic flux density and change in actuator height, even at the high
end of the HASEL frequency range (∼30 Hz). We were able
to use the same cubic mapping function defined in (1) for all
the single unit tests and achieve NRMSE values of <6% [see
Fig. 4(c)]. Although the base material of the magnetic block is
silicone, changes in the ambient temperature and humidity do
not affect the sensor outputs. This can be attributed to physically
decoupling the magnetic block from the magnetometer.

When compared with the capacitive stretch sensor previously
used to measure the change in HASEL actuator stroke, the
magnetic sensing mechanism is significantly more accurate and
faster. The mean residual error |e| for the magnetic sensor is
approximately eight times less than that of the capacitive stretch
sensor. We expected this performance from both sensors since
the capacitive sensor is affected by the electric field generated
by the HASEL actuator, but the magnetic sensor is not. Fig. 5
shows that the magnetic sensor registers even slight changes in
height, unlike the capacitive stretch sensor. This can be attributed
to the physical form of each sensor. The capacitive stretch
sensor needs to be prestretched to register initial changes in
height from a resting height, but the magnetic sensor does not
require a prestretch since the sensor and the magnetic compo-
nent are physically decoupled. Therefore, the magnetic sensor
can accurately capture the entire range of displacement of the
HASEL actuator, while the capacitive stretch sensor cannot. The
high accuracy of the magnetic sensing mechanism is further
emphasized in the gripper demonstration. Using this sensing
mechanism, we were able to detect submillimeter difference in
the diameters of three tomatoes with the worst-case error of only
0.4 mm.

Using an accurate, precise, and fast sensing mechanism to
control a soft robot improves the overall performance of the
robot. The six-unit deformable platform highlights the ability
to independently control multiple units using the magnetic
sensing mechanism. For the deformable platform, we assumed

the changes in magnetic flux density measured by each sensor
were independent of the environment. In reality, the tilt of the
platform and the neighboring blocks have a slight influence on
the change in magnetic flux density that each magnetometer
measures. Accounting for this would improve the accuracy of
the mapping and performance of the controller. Furthermore,
we acknowledge that, in this work, the calibration process was
required for each magnetic block of the platform. Since the
calibration step was straightforward and the scope of this work
focused on the novel integration of magnetic sensing technique
for HASEL actuators, the quality control was not addressed.
However, we aim to automate the design and fabrication process
for magnetic blocks in the future development of HASEL-based
robotic systems.

Despite assuming the magnetic fields are decoupled to allow
for independent control, we can maintain a low tracking error for
each individual HASEL height [see Fig. 8(a)], where the average
normalized error for all six units is 0.020. The assumptions
made to simplify the inverse kinematics algorithm increased
the overall end effector tracking error. Additionally, the small
error in height for each of the six units amplifies the overall
end effector tracking error. However, we were not controlling
the position of the end effector [see Fig. 7(c)], so this error is
not indicative of the performance of the sensing mechanism in
a multiunit soft robotic system. This error is only a reflection of
the kinematic assumptions we made to calculate the six heights
from the end effector position.

In the future, we would like to use this promising sensing
mechanism for larger, more advanced, soft robotic platforms.
Here, we focused on mapping the change in magnetic flux
density in one-dimension to the individual height change of one
actuator. To expand on this concept, we could explore using
the three-dimensional capabilities of the magnetometer to better
understand the soft profile of the actuator with the magnetic
block. The decrease in accuracy and precision of the sensing
mechanism as height increases can be problematic for actuators
with a larger stroke than the folded HASEL actuator used in this
study. To negate this issue at larger strokes, we could integrate the
magnetic component in the fabrication of the actuator to increase
the magnetic flux density closer to the magnetometer. Overall,
there is a plethora of applications that can use this sensing
mechanism in soft robotic systems due to its high resolution
and accuracy, high sampling frequency, ease of manufacturing,
and scalability.
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