RESEARCH ARTICLE

'.) Check for updates

A Soft, Fast and Versatile Electrohydraulic Gripper with
Capacitive Object Size Detection

Zachary Yoder, Daniela Macari, Gavriel Kleinwaks, Ingemar Schmidt, Eric Acome,

and Christoph Keplinger*

Soft robotic grippers achieve increased versatility and reduced complexity
through intelligence embodied in their flexible and conformal structures.

The most widely used soft grippers are pneumatically driven; they are simple
and effective but require bulky air compressors that limit their application
space and external sensors or computationally expensive vision systems for
pick verification. In this study, a multi-material architecture for self-sensing
electrohydraulic bending actuators is presented that enables a new class of
highly versatile and reconfigurable soft grippers that are electrically driven
and feature capacitive pick verification and object size detection. These elec-
trohydraulic grippers are fast (step input results in finger closure in 50 ms),
draw low power (6.5 mW per finger to hold grasp), and can pick a wide
variety of objects with simple binary electrical control. Integrated high-voltage
driving electronics are presented that greatly increase the application space of
the grippers and make them readily compatible with commercially available

robotic arms.

1. Introduction

Gripping is a fundamental mode of interaction with the envi-
ronment. Robust, versatile, and adaptable robotic grippers that
can operate in dynamic and unpredictable situations have long
been sought after for various uses such as manufacturing, agri-
culture, and medical applications. Traditional rigid grippers are
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generally designed for specific tasks and
excel greatly in controlled and repetitive
environments. They are typically made
more versatile through the addition of
external sensors, advanced controls, or
computer vision.!!' This results in sys-
tems that are not only complex and costly
but also computationally expensive to
operate.l'?l The field of soft robotics draws
inspiration from nature to create systems
that replace rigid links and DC motors
with soft functional materials like muscle
and skin, thereby simplifying controls via
embodied intelligence.!?!

Since Hirose et al. introduced a con-
formal gripper in 1978, a variety of soft
robotic grippers have demonstrated the
effectiveness of this new bio-inspired
approach to robotics through their ability
to grasp a wide variety of objects and carry
out tasks that would be more complex
with traditional robotic systemsl®! (well summarized by Shin-
take et al.l’! and Zaidi et al."}).

Soft pneumatic grippers stand out due to their simple and
versatile design, fast gripping speed, and effective grasping
performance.”® Their curling actuation principle coupled with
a soft continuum structure makes these actuators well suited
for gripping tasks and have led to a variety of highly adaptable
systems,’“®88] as well as successful implementation in commer-
cial manufacturing environments (Soft Robotics Inc., softrobotic-
sinc.com). However, most pneumatic grippers require bulky, inef-
ficient, and tethered air compressors and valve arrays, limiting
their application space.”%] Pneumatic grippers driven by unteth-
ered pumps have been shown, but suffer from slower actuation
speeds.'”) Embedded sensors have been used to provide grasp
feedback!!! but this approach adds complexity to the system.

In this work, we present a multi-material architecture for
electrohydraulic bending actuators that are soft, fast and can
simultaneously be used for actuation and sensing. These
bending actuators enable versatile and reconfigurable grippers
that are electrically driven and use capacitive self-sensing for
pick verification and object size detection. We show that this
class of electrohydraulic grippers are readily compatible with
compact high-voltage driving electronics and can be easily inte-
grated with commercially available robotic arms (Figure 1).

The electrohydraulic grippers build on HASEL (hydrau-
lically amplified self-healing electrostatic) artificial mus-
cles;”?l we introduce a tunable fabrication procedure where
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Figure 1. A soft, fast, and self-sensing electrohydraulic gripper. a) The gripper can be actuated by integrated high-voltage driving electronics, allowing
for easy integration with a commercially available robotic arm. Its soft continuum structure allows for grasping of delicate objects without inflicting
damage. b) The gripper is reconfigurable and can be oriented in many different ways, such as a four-finger or six-finger gripper. c) Fast, electrohydraulic
actuation enables a single finger to reach 95% of its steady-state position in just 50 ms. d) The gripper features embedded self-sensing; each finger can
simultaneously be used as an actuator and a sensor. This allows for real-time pick verification and object size estimation.

folded HASEL actuators are precisely aligned via acrylic combs
and constrained on one side by a silicone-based strain-limiting
layer. This design and fabrication approach results in multi-
material actuators that feature adjustable bending radii gov-
erned by actuator spacing and allows for versatile optimization
for various robotics applications.

Soft grippers based on HASEL actuators have previously
been presented!'?#<13] but none have achieved versatile, robust
and tunable gripping with fully soft continuum actuators in a
practical and reconfigurable package. Likewise, no electrohy-
draulic gripper has utilized capacitive self-sensing for grasp
feedback and object size detection.

In this work, we characterize the individual bending actuator,
or “finger,” and show controllable pinch force up to 0.7 N, repeat-
able change in capacitance with respect to displacement, and
fast, tunable grip speeds (as little as 50 ms to grip). The actua-
tion of each finger can be easily controlled by varying the applied
voltage (Movie S1, Supporting Information). We show various
gripper configurations that can grasp a wide variety of objects,
including delicate fruits, only using binary electrical control
and we characterize grip performance with pull-off tests (pull-off
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forces up to 2.7 N). Additionally, we present an algorithm that
uses the capacitive self-sensing properties of HASEL actuators to
accomplish two industrially relevant tasks: the gripper can elec-
trically detect if an object was successfully grasped, and it can
estimate the size of the grasped object (Figure 1d).

Finally, we leverage recent advances in the field of miniature
high-voltage electronics™ to design low-profile driving elec-
tronics that integrate with the gripper’s central mount, thus
eliminating the need for bulky high-voltage amplifiers and
making the gripper readily compatible with commercially avail-
able robotic arms.

2. Results

2.1. Actuation Principle

Each multi-material bending actuator contains multiple HASEL
pouches consisting of a thermoplastic shell (15 pm mylar film,
PetroPlast) filled with liquid dielectric (5 cSt silicone oil, Roth).
Electrodes that cover half of the pouch are printed on both sides
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Figure 2. Multi-material architecture for a self-sensing electrohydraulic bending actuator. a) An individual HASEL (hydraulically amplified self-healing
electrostatic) actuator is made up of a flexible but inextensible shell that is filled with liquid dielectric and has flexible electrodes on both sides cov-
ering half of the pouch. A stack of these actuators, constrained on one side with a strain-limiting layer, comprises a multi-material bending actuator.
b) Applying high voltage to the electrodes creates an electric field that causes them to zip together and drives shape change of the pouch. One side of
the stack expands while the other does not, resulting in bending actuation. c) With increasing voltage, the hydraulic pressure in the pouch increases
until maximum bending actuation is reached. d—f) Actuation strain is proportional to the zipped area of the electrodes and consequently to capacitance.
Monitoring the capacitance therefore enables self-sensing feedback about the deformation state of the actuator.

using conductive carbon ink (CI-2051, EMS Adhesives). Under
applied high voltage, Maxwell stress causes the electrodes to zip
together, thereby displacing the fluid in the pouch, increasing
the hydraulic pressure in the non-electrode region and driving
shape change (Figure 2a—c).[2]

To turn a single, expanding pouch into a larger continuum-
bending actuator we stack multiple HASEL pouches together,
such that application of high voltage results in uniform actua-
tion of all of the pouches. We cure a soft but inextensible
polymer layer onto the electrode side of the stack. Under
applied high voltage, the side of the pouches that are not cov-
ered by electrodes expands while the strain-limited-side of
the finger remains the same length, resulting in the overall
bending of the continuum structure (Figure 2a—c).

As voltage increases, and actuation consequently progresses,
the zipped area of the electrodes gets larger, resulting in an
increase in capacitance that is related to the displacement of the
actuator (Figure 2d—f).! Various techniques exist to measure
the capacitance of electrostatic actuators in real-timel>"1°]
allowing for this multi-material bending structure to be simul-
taneously used as an actuator and a sensor.

2.2. Fabrication of Multi-Material Electrohydraulic Bending
Actuators

To realize the proposed bending actuators, we heat-seal a series
of pouches, screen-print electrodes, and fill each pouch with a
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liquid dielectric, following the technique described by Mitchell
et al.'2d (Figure 3a,b).

We fold the series of pouches back and forth onto itself
(Figure 3c) and use a comb-like acrylic fixture to hold the
resulting stack of pouches in an uncured silicone bath. Sepa-
rately, we fabricate ancillary components (Figure 3d) and add
the fingertip and plastic separators to the bath (Figure 3e). After
allowing the silicone to cure, we remove the “finger” and add a
3D-printed mount and the elastic band for restoring force, com-
pleting the fabrication process (described in detail in the Sup-
porting Information).

2.3. Actuation Performance of Single Fingers

We characterized the grip force, capacitive self-sensing
behavior, speed and energy consumption of a representative
finger, shown in Figure 4.

A dual-mode muscle lever (310-LR, Aurora Scientific) with
a custom 3D-printed lever arm (Onyx filament, Markforged
Onyx One) stepped through evenly-spaced points along the
actuation path of the fingertip. At each point, the gripper was
actuated four times and the fingertip was pressed against the
muscle lever arm. The force was measured by the muscle lever
and the capacitance was measured using AC signal analysis
(further described in Materials and Methods). Both were aver-
aged over the 4 cycles (Figure 4b,c). Each curve in Figure 4b,c
represents a different actuation voltage (47 kV). A video of
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Figure 3. Fabrication steps for a single multi-material bending actuator, called a “finger.” a) 2 layers of mylar film are heat-sealed together into a strip
of 22 individual pouches with open fill-ports. b) Electrodes are screen printed onto both sides of the strip of pouches, the pouches are filled with sili-
cone oil, and the fill ports are sealed with a soldering iron. This results in a strip of 22 HASEL actuators connected in series. c) The strip of pouches
is folded into a continuum stack. d) In parallel, a silicone fingertip, an elastic band and plastic separators are fabricated. e) Custom acrylic combs are
used to hold the stack in place and plastic separators are added between folds. The entire structure is placed into a bath of uncured silicone elastomer
along with the fingertip and left to cure at room temperature. f) The acrylic alignment combs are removed, a 3D-printed mount is added and the elastic

bands are attached.

the test can be seen in Movie S2 (Supporting Information).
The gripper applied forces up to 0.7 N throughout a range of
~58 mm (Figure 4b) and the force decreased with lower voltage
and higher stroke. The capacitance of the finger increased with
higher stroke, but plateaued close to its maximum stroke.

To analyze the performance of the gripper over
time, we repeated the test shown in Figure 4a at a fixed dis-
placement (roughly halfway through the actuation range of the
finger). We cycled a new finger at 6 kV and measured the tip
force and capacitance (Figure S3, Supporting Information). The
results show that the force and capacitance initially increase but
plateau after =500 cycles, indicating the existence of an initial
stabilization period (the data shown in Figure 4b,c was taken
after =640 cycles thus reflecting the long-term performance of
the gripper). The finger broke down electrically at 2650 grip-
ping cycles. Individual HASEL actuators can achieve millions
of cycles;!% the gripper shown here is a rather complex device
built from dozens of individual actuators that are manually
fabricated and assembled, leading to many potential points of
failure due to the introduction of defects. The specific gripper
tested here broke down through a heat-sealing line indicating
that more precise fabrication techniques could mitigate this
type of failure.
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We analyzed the speed and power consumption of the
finger when actuated with a square wave voltage signal
(Figure 4d). The finger demonstrated fast actuation speeds
— as little as 50 ms to reach 95% of its steady-state posi-
tion (Figure 4e). It overshot its steady-state position during
actuation and relaxation; Figure 4e shows the tunability of
the finger by presenting two approaches to reducing this
overshoot.

First, HASEL actuators can be filled with a variety of liquid
dielectrics, including high-viscosity fluids that can lead to
increased damping of the actuator.'”l In one finger, we filled
the individual pouches with 500 cSt silicone oil (Roth), rather
than the 5 cSt silicone oil (Roth). This approach increased
the damping ratio & of the finger from 0.29 (5 cSt) to 0.47
(500 cSt), leading to a substantial decrease in the overshoot of
the fingertip position but resulting in a much longer relaxation
time. To calculate the damping ratio, as well as other relevant
dynamic parameters, we idealized each finger as a mass-spring-
damper system and show the resulting values in Table S1 (Sup-
porting Information).

Our second approach was to actuate the nominal finger
(5 cSt silicone oil) with a square wave that was modified
for open-loop damping in an attempt to maintain a fast
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Figure 4. Characterization of actuation performance of a single finger. a—c) The fingertip force and capacitance of the finger was measured at various
displacements within the finger’s actuation range. With greater displacement the fingertip force decreased while the capacitance increased; the capaci-
tance eventually reached a plateau at high displacements. d) The response of a single finger to a square-wave actuation signal demonstrated fast and
tunable actuation. e) The finger reached 95% of its steady-state position in as little as 50 ms. The overshoot was reduced by using higher viscosity
liquid dielectric as well as by actuating the finger with a custom voltage signal. f) Due to its electrostatic catch-state, the finger required only 6.5 mW
to hold its position in the actuated (grasping) state. The fastest actuation speeds required high spikes of power, but the finger still actuated rapidly

under lower power constraints (inset).

response while reducing overshoot. The signal consisted of
a voltage pulse superimposed on the actuation and relaxa-
tion parts of the square-wave cycle, and is further described
in Figure S4 (Supporting Information). This substantially
reduced the overshoot during both actuation and relaxation,
but added complexity to the overall actuation scheme and
required robust amplifying electronics. Both damping strat-
egies resulted in smaller maximum fingertip displacement,
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and a comparison video is shown in Movie S3 (Supporting
Information).

We measured the power consumption of the nominal finger
(5 cSt silicone oil) by recording the voltage drop over a shunt
resistor. First, the finger drew an initial power spike for actua-
tion, then an average of only 6.5 mW to hold its actuated posi-
tion (Figure 4f). The low power draw to hold its state was due to
the inherent electrostatic catch-state native to HASEL actuators,
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further described by Acome et al., Kellaris et al., and Yoder
et al22132d] The actuation scheme based on active voltage
damping resulted in a secondary power spike (Figure S5, Sup-
porting Information). A peak power of 37 W was required for
the fastest actuation speed. To simulate actuation with lower-
power mobile electronics, we also analyzed the power consump-
tion and speed of the finger under power-limited conditions by
limiting the current output of the high-voltage amplifier (TREK
610E, 5012) to a range of values (0.04 to 12 mA) (Figure 4f; inset,
Figure S6, Supporting Information). Slower actuation speeds
drew substantially less peak power (<5 W peak power for an
actuation time of 79 ms, for example).

2.4. Performance of Multi-Finger Soft Grippers

In this work, we show versatile two-, four-, and six-finger grip-
pers, each of which allowed for damage-free gripping of a mul-
titude of objects with only on/off voltage control (Figure 5a—c).

Within each mount, the fingers were connected electrically
to a common driving channel, therefore one high-voltage input
controlled all connected fingers. The gripper deformed around
objects and gripped using the conformal strain-limiting layer
on the inside of the finger, and carried out nimble and gentle
pinching grasps with its fingertip.

We characterized the strength of the two- and four-finger
grippers with a pull-off test designed to measure the max-
imum force required to pull an object out of grasp and thus
mimic practical gripping scenarios. We 3D-printed spheres
ranging in size from 20 to 80 mm (generic PLA, Prusa i3 mk3s)
and attached them with a string to a dual-arm muscle lever
(310C-LR, Aurora Scientific) that applied a linearly increasing
force ramp until the object was pulled out of grasp (Figure 5d;
Movie S4, Supporting Information). We repeated the test four
times for each object.

While the results of this test depend on the geometry and
surface characteristics of the grasped object, we used the pull-
off test to provide an intuitive overview of the practical grasping
capabilities of the specific gripper design introduced here and
to contextualize its performance with other work.

Figure 5e shows the results of this test indicating that the
pull-off force increases with increasing numbers of fingers and
decreasing finger spacing. Wider finger spacing allowed for a
larger workspace, and narrower spacing allowed for higher
pull-off forces, as well as for picking smaller objects. In both
two-finger configurations shown, the fingers contacted each
other upon actuation when there was no object in between — in
theory allowing for arbitrarily small objects to be grasped. The
smallest object that we tested was the slim ID card shown in
Figure 5a (0.8 mm thick), but precisely picking smaller objects
can be improved by changing the fingertip design and the
overall size of the fingers.

When considering just the mass of the fingers, the pull-off
test resulted in an object mass to gripper mass ratio of 1.5-1.7
(two- and four-finger grippers, respectively); this ratio is com-
pared for many soft robotic gripping technologies in Shintake
et al.l¥! Future materials for HASEL actuators are predicted to
feature substantially higher energy density and would thereby
enable higher-force grippers.!'®l
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2.5. Robustness of the Gripper

The gripper is robust to conditions outside of the normal ver-
tical gripping mode and can be used in a variety of orientations
(Figure 6a,b). In Figure 6a, the silicone layer in each finger pro-
vided sufficient stiffness to support the weight of the finger and
the object in grasp, while in Figure 6b the silicone band sup-
ported the weight of the finger against gravity.

During testing, we inadvertently drove the grippers into con-
tact with target objects. Due to the entire soft continuum struc-
ture of the fingers, these collisions resulted in no harm to the
fingers, gripper assembly or supporting structures (Figure 6c—e;
Movie S9, Supporting Information).

2.6. Capacitive Self-Sensing for Pick Verification and Object Size
Detection

As shown in Figure 2d-f and Figure 4c, the capacitance of
each finger varied with the degree of actuation. We designed
a sensing scheme and feedback algorithm, shown in Figure 7,
which used the relationship between capacitance and displace-
ment to detect if a grasp was successful, and to estimate the
size of the grasped object.

To measure the capacitance of each finger, we used the
capacitive sensing technique introduced by Keplinger et al.lléd
in an experimental setup that included a MATLAB program
(R2020a), a data acquisition device (USB-6212, National Instru-
ments) and a high-voltage amplifier (TREK 610E). We superim-
posed a high-frequency, low-voltage AC sensing signal onto the
low-frequency, high-voltage DC actuation signal and measured
the response in the current of each finger independently via
shunt resistors (Figure 7a). We then calculated the phase angle
between the applied voltage and responding currents, from
which the capacitance of each finger could be independently
calculated (described in detail in Experimental Section).

We completed one calibration process per finger to create
a lookup table d(C) that returned fingertip displacement as a
function of capacitance (Figure 7b). This lookup table was also
used to create a critical capacitance value C; for each finger,
where the relationship between capacitance and displacement
was no longer one-to-one, which we refer to as the “grasp detec-
tion threshold.”

We then used the lookup table and grasp detection threshold
as inputs to an algorithm which refreshed at 10 Hz (Figure 7c)
while the gripper was actuated to maximum voltage (6 kV).
The capacitance of each finger was calculated and compared
to the grasp detection threshold. If the capacitance was greater
than the threshold value, this indicated an unsuccessful grasp,
while a capacitance less than the threshold value indicated a
successful grasp. When a successful grasp was indicated, the
displacement was looked up in d(C) and added to the initial
spacing of the fingers on the mount to arrive at an estimate of
the size of the object.

We characterized the effectiveness of the size detection algo-
rithm by measuring fruits and vegetables of different shapes and
sizes, the results of which are shown in Figure 7d,e. We meas-
ured each object over six grasping cycles, with each grip lasting
4 s. The size detection effectively estimated the diameter of the
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Figure 5. Versatility and reconfigurability of the soft gripper. The soft and conformal nature of the gripper enabled grasping of objects with various
sizes, surfaces and form factors, including delicate, deformable, and irregularly shaped objects. a) A two-finger gripper grasping an ID card (slim),
a pen, lab goggles, a tape measure and an ID card (wide). b) A four-finger gripper grasping an egg, a bundle of radishes, a beer glass, a coffee cup,
and an espresso dish. c) A six-finger gripper grasping a plastic bottle, an empty egg carton, a bag of espresso beans, a flower bouquet, and a pretzel.
d,e) The maximum force necessary to pull an object out of grasp was measured. Narrow finger spacing resulted in higher pull-off forces but reduced

the workspace of the gripper.

object in grasp and had a maximum error of 3 mm when aver-
aged over six cycles. The largest variability occurred with the
smallest object (broccoli). During one of the cycles, an irreg-
ular grasp caused one finger to actuate much further than the
other. The broccoli was successfully grasped, but the capaci-
tance of the further-actuated finger crossed the grasp detection
threshold and predicted an unsuccessful grasp. Thus, the object

Adv. Funct. Mater. 2023, 33, 2209080 2209080 (7 of 12)

size was calculated based only on the displacement of the other
finger, resulting in a much lower size estimate.

To demonstrate the practical usefulness of the real-time
grasp and size detection, we attached the gripper to a commer-
cially available robotic arm (Panda, Franka Emika) and carried
out two demonstrations. First, we demonstrated real-time grasp
detection — the gripper was unable to lift a heavy weight and
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Figure 6. Robustness of the gripper. a,b) The gripper is mechanically robust and can be used in horizontal orientations. c—e) Its fully soft and conformal

body prevents damage in case of inadvertent collisions.

indicated an unsuccessful grasp, but indicated a successful
grasp when it picked up a lighter weight (Movie S5, Sup-
porting Information). Second, we showed real-time size detec-
tion of some of the fruits and vegetables shown in Figure 7d
(Movie S6, Supporting Information). Finally, we showed real-
time size detection of a variety of tomatoes while the robotic
arm followed a preprogrammed sorting routine to place the
tomatoes into different buckets based on their size (Movie S7,
Supporting Information).

2.7. Integrated High-Voltage Driving Electronics

For the experiments shown thus far, we used a bench-top high-
voltage amplifier (TREK 610E) for actuation and sensing. To fur-
ther increase the application space of the gripper, we designed
compact high-voltage driving electronics that can readily inter-
face with a standard robotic arm and with the gripper’s central
mount (Figure 8).

This electronics package, based on work by Mitchell et al.,
eliminated the need for a benchtop high-voltage amplifier for
actuation, but did not include capacitive sensing capabilities.
Additionally, it could not provide a high enough slew rate to
implement the voltage-damping actuation scheme (Figure 4e;
Figures S4 and S5, Supporting Information).

The main components of the electronics package included
a 5 W high-voltage amplifier (5VV10, Pico Electronics) and
an H-bridge orientation of custom optocouplers (OC100SG,
Voltage Multipliers Incorporated), both of which were con-
trolled by a custom microcontroller (Figure 8b). The circuit
schematic and bill of materials are shown in Figure S7 and
Table S2 (Supporting Information) respectively. We used the

[14a]
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H-bridge orientation to reverse the polarity of the high voltage
in order to minimize the accumulation of space charges,
a phenomenon seen in many electrostatic actuators which
decrease their strain over repeated, single-polarity high-voltage
DC cycles.[d]

All necessary high-voltage driving electronics were contained
within this package and fit inside a 75 mm x 75 mm x 29 mm
box — the only external connections needed were 5 V/ 1 A power,
serial communication wires and a high-voltage kill switch. The
high-voltage output was monitored via a voltage divider which
allowed us to implement a PID controller and enabled faster
actuator charging and thus higher actuation speeds. For the
two-finger gripper, we achieved a maximum actuation speed of
300 ms (Figure S8, Supporting Information).

This package is compatible with commercially available
robotic devices, such as a robotic arm (Panda, Franka-Emika),
and can be used to carry out practical tasks. In Figure 8c and
Movie S8 (Supporting Information), we used the fast actuation
speed of the gripper to rapidly tidy up toys. Each toy was in a
different orientation, but no additional controls were required
to quickly grasp each object.

3. Discussion and Conclusion

The multi-material soft grippers presented in this work are
based on an active continuum structure that utilizes electrohy-
draulic actuation to achieve fast, electrically-controlled gripping
with capacitive self-sensing feedback, providing many key ben-
efits over existing soft grippers (Tables S3 and S4, Supporting
Information). The combined actuation and sensing scheme
as well as the grasp feedback algorithm presented here are
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Figure 7. Real-time pick verification and object size estimation based on capacitive self-sensing. a) Method to calculate the capacitance of each finger
using a low-voltage sensing signal superimposed onto the high-voltage actuation signal. b) Each finger was calibrated one time to map the relationship
between capacitance and fingertip displacement. Near the maximum stroke of each finger the capacitance plateaued and a “grasp detection threshold”
was set at this value. c) Following the presented algorithm, the capacitive self-sensing of the gripper was used to detect successful grasp and estimate
object size in real time. d,e) The grasp and size detection worked effectively for objects of various sizes.

relatively simple yet highly effective, opening a variety of new
research paths in robotics.

3.1. Electrohydraulic Actuation with Self-Sensing

In this work, we only characterized the relationship between
capacitance and displacement for gripping at the fingertip
and we did not expand the relationship beyond this gripping
mode. Additionally, the relationship between capacitance and
displacement breaks down around maximum stroke, limiting

Adv. Funct. Mater. 2023, 33, 2209080 2209080 (9 of 12)

the effective self-sensing range. Future work could include
machine learning techniques or more sophisticated capacitive
sensing approaches to provide paths toward more complex
actuation and detection modes.

3.2. Versatile Design
The multi-material architecture presented enables a wide

variety of electrically-driven bending actuators with highly tun-
able actuation responses. The material, size, and spacing of
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Figure 8. Using integrated high-voltage driving electronics, the gripper is readily compatible with commercial robotic arms. a) The entire gripper system
weighs only 340 grams and contains all necessary electronics for high-voltage amplification and control. The driving electronics are connected to a
5V/ 1A electrical input, serial communication via USB, and a high-voltage kill switch. b) A high-voltage amplifier (5 W) interfaces with an H-bridge
of optocouplers and a microcontroller to enable controlled actuation and reversing polarity. c) The system was attached to a commercially available
robotic arm and quickly tidied up toys (Movie S8, Supporting Information).

individual pouches, the makeup of the strain limiting layer, and
the surface morphology of the gripping surface are all param-
eters that could immediately be tuned to achieve various per-
formance metrics or to optimize these bending actuators for
different robotics applications.

For example, applications requiring higher output forces
could be made possible primarily by changing the performance
of the individual pouches, which directly influences the overall
performance of the multi-material bending actuator. Kellaris
et al. reported that increasing the permittivity of the shell,
the width of the electrodes and the applied voltage will result
in higher output forces in Peano-HASEL actuators.'®l How-
ever, higher permittivity films are not yet readily available for
robotics applications, and increasing the width of the electrode
will result in a bulkier bending actuator, thus we focused on
demonstrating the scaling of the force with voltage for one pro-
totypical geometry (Figure 4b).

The material used for the strain-limiting layer also offers
wide design freedom, as many soft materials could be used
so long as they satisfy the necessary requirements such as low
bending stiffness, sufficient tensile strength, and soft and con-
formal surface."

The manual fabrication process and multi-component
design represent drawbacks, especially when compared to

Adv. Funct. Mater. 2023, 33, 2209080 2209080 (10 of 12)

soft pneumatic grippers that can be molded or 3D-printed.%

While some steps of our manufacturing process could be
simplified by using industrial electrode-printing or folding
machines, the elastic band that provides restoring force is
a component that involves tedious manufacturing and is
prone to failure. In the future a new, robust strategy to pro-
vide restoring force should be developed to enable industrial
use.

3.3. Integrated High-Voltage Driving Electronics

The integrated high-voltage electronics package contains all
necessary components for gripper actuation and is made from
commercially available components. This eliminates the need
for bench-top high-voltage amplifiers for actuation and offers a
concrete path for untethered operation in commonly proposed
soft robotics use cases such as agriculture, disaster response, or
space exploration.

The electronics package presented actuated a two-finger
gripper in 300 ms which is relatively slow compared to 50 ms
when actuated with the bench-top amplifier. Higher-power
compact amplifiers are commercially available and could allow
for the highest actuation speeds, even in multi-finger gripper
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configurations that have higher capacitive loads (Ultravolt
series, Advanced Energy, for example).[*]

The integrated electronics package presented is not imme-
diately compatible with our self-sensing method; the real-time
capacitive sensing was carried out using a benchtop high-
voltage amplifier (TREK 610E). Ly et al. presented miniaturized
capacitive self-sensing circuitry that could be integrated into the
system!®l and Tairych et al. presented a technique for multi-
actuator sensing on a single physical channel, illustrating paths
for future research in this area.l?!

Tradeoffs between safe current limits and fast actuation
speeds must be considered when designing electrohydraulic
actuators and corresponding high-voltage driving electronics.
The exposed electrodes of the actuators could result in electrical
discharge through a human operatorl?? and electrical break-
down or corona discharge could serve as an ignition source.
Various techniques exist to mitigate these risks, including
encapsulating the actuators or limiting their maximum capaci-
tive discharge (discussed further in Rothemund et al.?d)).

Overall, the multi-material architecture for self-sensing
electrohydraulic bending actuators introduced here provides
unique, new capabilities beyond traditional grippers and further
advances the state of the art of soft grippers thereby offering
new solutions in fields such as agriculture, manufacturing and
disaster response while opening up new avenues of research
in materials innovation, robotic systems design, sensing, and
machine learning.

4. Experimental Section

Technique for Capacitive Self-Sensing: To calculate the capacitance
of each finger, we idealized each finger as an RC circuit, with constant
resistance R (resistance of the electrodes), and variable capacitance
C (due to the charges stored by the electrodes). We superimposed
a 1000 Hz, 50 V AC voltage signal onto the high-voltage DC signal and
used this combined signal to actuate the finger (the AC signal was
small enough that it did not noticeably affect actuation). We calculated
the current by measuring the voltage drop over a shunt resistor on the
ground side of each finger.

The overall impedance of the actuator Z is described in Equation 1

z=2 )

where V is the magnitude of the applied AC voltage and [ is the
magnitude of the measured current. Due to the capacitance of the
system, the measured current was out of phase with the applied
voltage by the phase angle ¢. MATLAB was used to calculate ¢ and to
subsequently calculate the capacitive reactance X, using Equation 2.

X, = Zsin(p) @)
The capacitance C can be found using Equation 3 from the capacitive

reactance X, and the frequency of the AC sensing signal f;.
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