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Peano-HASEL actuators: Muscle-mimetic, 
electrohydraulic transducers that linearly contract  
on activation
Nicholas Kellaris,1,2 Vidyacharan Gopaluni Venkata,1 Garrett M. Smith,1  
Shane K. Mitchell,1 Christoph Keplinger1,2*

Soft robotic systems are well suited to unstructured, dynamic tasks and environments, owing to their ability to adapt 
and conform without damaging themselves or their surroundings. These abilities are crucial in areas such as human-
robot interaction. Soft robotic systems are currently limited by the soft actuators that power them. To date, most 
soft actuators are based on pneumatics or shape-memory alloys, which have issues with efficiency, response speed, 
and portability. Dielectric elastomer actuators (DEAs) are controlled and powered electrically and excel with muscle-
like actuation, but they typically require a rigid frame and prestretch to perform effectively. In addition, DEAs require 
complex stacks or structures to achieve linear contraction modes. We present a class of soft electrohydraulic trans-
ducers, termed Peano-HASEL (hydraulically amplified self-healing electrostatic) actuators, that combine the 
strengths of fluidic actuators and electrostatic actuators, while addressing many of their issues. These actuators use 
both electrostatic and hydraulic principles to linearly contract on application of voltage in a muscle-like fashion, 
without rigid frames, prestretch, or stacked configurations. We fabricated these actuators using a facile heat-sealing 
method with inexpensive commercially available materials. These prototypical devices demonstrated controllable 
linear contraction up to 10%, a strain rate of 900% per second, actuation at 50 hertz, and the ability to lift more than 
200 times their weight. In addition, these actuators featured characteristics such as high optical transparency and the 
ability to self-sense their deformation state. Hence, this class of actuators demonstrates promise for applications 
such as active prostheses, medical and industrial automation, and autonomous robotic devices.

INTRODUCTION
Traditional mechanical systems, made from rigid components such 
as pistons and electromagnetic motors, excel at precise and repetitive 
tasks. As a result, these rigid systems have seen widespread applica-
tion in areas such as industrial automation. However, they have lim-
ited adaptability, which restricts their effectiveness in unstructured 
and dynamic environments. Soft robotic systems, which are based 
on compliant materials and structures, demonstrate promise in these 
unpredictable situations due to their resilience, adaptability, and 
shock-absorbing characteristics (1–6).

Soft actuators currently explored for use in robotic systems are nu-
merous [Hines et al. (7) provides a good overview of various soft actua-
tor technologies] and include thermally responsive polymers (8), fluidic 
actuators (both pneumatic and hydraulic) (9–15), and dielectric elasto-
mer actuators (DEAs) (16–19). Of these, pneumatic actuators are the 
most prevalent because they can achieve high actuation force and large 
strokes, similar to natural muscle (20). In addition, they are highly ver-
satile, which allows them to achieve varied modes of actuation (21). 
However, pneumatic actuators have low efficiency (11) and experience 
substantial trade-offs between actuation speed and portability, with the 
response speed of untethered devices being low (2, 22); high-power oper-
ation requires rigid and bulky reservoirs or compressors.

Electrically powered actuators, such as DEAs, offer several advantages 
such as high-speed actuation, high strain (>100%) (16), silent operation, 
and self-sensing (23). However, DEAs are driven by high electric fields, 
which can lead to irreversible dielectric breakdown. The likelihood of 

dielectric failure, which follows Weibull statistics, increases as elec-
trode area is scaled up (24), reducing the reliability of DEAs for 
large-scale applications. Furthermore, DEAs typically require rigid 
and bulky frames to provide a prestretch for high-strain and high-
power operation, with current freestanding DEAs limited to small 
strains (25–27). In addition, actuation modes are generally limited 
to elongation on activation, with contraction being achieved through 
stacked configurations (28) that require elaborate fabrication pro-
cesses and large electrode areas, increasing risk of dielectric failure.

Here, we introduce Peano-HASEL actuators as a class of versa-
tile, soft electrohydraulic transducers that feature fast linear contrac
tion on activation, demonstrate high force production and scalability, 
and can be made from inexpensive materials that are compatible 
with industrial fabrication methods. Peano-HASEL actuators syn-
ergize the strengths of linearly contracting Peano fluidic actuators 
created by Niiyama et al. (12) and Sanan et al. (13), and hydraulically 
amplified self-healing electrostatic (HASEL) actuators recently de-
veloped by Acome et al. (29). Building upon the fundamental physical 
concepts of HASEL actuators introduced in (29), Peano-HASEL ac-
tuators use a materials system based on inextensible but flexible thin 
shells, thereby eliminating the need for highly stretchable electrodes 
and dielectrics. Peano-HASELs have several distinctive qualities: (i) 
They linearly contract on application of voltage without relying on 
prestretch, rigid frames, or stacked configurations; (ii) they are elec-
trically powered, which grants them the advantages of DEAs such as 
high-speed operation and the ability to self-sense their deformation 
state through capacitance monitoring (23); (iii) they incorporate a 
liquid dielectric, which provides direct coupling of electrostatic and 
hydraulic forces for high-power and precise operation, without re-
quiring external sources of compressed fluids or pumps; (iv) they can 
be made from a variety of materials, even allowing for highly transparent 
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designs; and (v) they are fabricated using industrially compatible meth-
ods such as heat sealing.

RESULTS
Principles of operation and design
Peano-HASEL actuators operate on electrostatic and hydraulic prin-
ciples, as shown in Fig. 1A. The actuator consists of a series of rectan-

gular pouches made from a flexible and inextensible shell that is 
filled with a liquid dielectric. Electrodes cover a portion of each 
pouch on either side of the actuator. When a voltage is applied, elec-
trostatic forces displace the liquid dielectric, causing the electrodes to 
progressively close, such as in electrostatic “zipping” actuators (30–33). 
These electrostatic forces are determined by the Maxwell pressure, P ∝ 
ϵE2 (34), where ϵ is the dielectric permittivity and E is the magnitude of 
the electrical field. This pressure forces fluid into the uncovered portion 

Fig. 1. Basic components of Peano-HASEL actuators and principles of operation. (A) Schematic side view showing the cross section of a three-unit Peano-HASEL 
actuator; each unit consists of a rectangular pouch made from an inextensible and flexible polymer shell, filled with a liquid dielectric. Electrodes are placed over a portion 
of the pouch on either side; when an increasing voltage (V )  is applied, electrostatic forces displace the liquid dielectric, causing the electrodes to progressively close. This 
forces fluid into the uncovered portion of the pouch, causing a transition from a flat cross section to a more circular one, which leads to a contractile force, F. (B) Schematic 
side view of a three-unit Peano-HASEL actuator with voltage off and voltage on. The theoretical maximum strain for the contracting area of the pouch is 1– 2or about 
36%. L0, length of contracting area with voltage off. L, length of contracting area with voltage on. (C) Three-unit Peano-HASEL actuator shown lifting 20 g on application 
of 8 kV across the electrodes. This construction used transparent hydrogels as electrodes and fiberglass-reinforced tape for mounting connections.
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of the pouch, causing this region to transition from a flat cross sec-
tion toward a more circular one. Because the shell is inextensible, 
this transition results in linear contraction of the actuator. The theo-
retical maximum strain is ~36% (1 – 2/) in the contracting area, as 
can be seen through simple geometric changes in cross section 
shown in Fig. 1B. For our design, only half of each pouch is contract-
ing area, whereas the other half is reserved for electrodes, so the the-
oretical maximum overall strain is limited to ~18%. Figure 1C shows 
a three-unit Peano-HASEL actuator with no rigid components con-
tracting on application of 8 kV.

Fabrication of devices
Figure  2A shows the three central components used to fabricate 
Peano-HASEL actuators. The shell material is a biaxially oriented 
polypropylene (BOPP) film that is heat sealable on one side. This 
material is commonly used in food packaging for its mechanical 
strength, as well as in commercial capacitors for its high dielectric 
breakdown strength of ~700 V m –1 (35). The liquid dielectric is En-
virotemp FR3—a high breakdown strength vegetable-based trans-
former oil. Last, we use ionically conductive hydrogel electrodes 
(36) to provide a voltage across our actuators. These are laser cut 
from a polyacrylamide hydrogel swollen with an aqueous LiCl solu-
tion (37) and bonded to a thin polydimethylsiloxane (PDMS) sub-
strate (38) for mechanical support. Figure 2 (B to F) illustrates the 
heat-sealing process used to construct these actuators. First, we 
used a heat-press (detailed in fig. S1) with a heated metal die for 

sealing actuator pouches. We left gaps in the seal of each pouch 
to fill them with liquid dielectric. After filling, the pouches were 
sealed completely with a heated aluminum bar. Last, we aligned and 
placed the prefabricated hydrogel electrodes (described in fig. S2) 
on the pouches to create a completed actuator with a total weight 
of 5 g. We left excess BOPP on the sides of the pouches to serve 
as a “skirt” to prevent electrical arcing around the device during 
operation.

We focused on a three pouch Peano-HASEL because it allowed 
us to explore the behavior of connected pouches while reducing 
fabrication complexity. Each pouch was 4 cm wide by 2 cm high, 
with electrodes 3.8 cm wide by 1 cm high, covering half of the pouch 
height. This design made the contracting area 4 cm wide by 1 cm 
high; the aspect ratio 4:1 was picked to be large enough to reduce 
edge effects caused by the constrained sides, as found by Veale et al. (15) 
for Peano fluidic actuators. To demonstrate ease of manufacturing 
and compatibility with industrial production methods, we also fab-
ricated devices with aluminum electrodes integrated on the BOPP 
surface using a commercial vacuum-deposition process. Our fabri-
cation process began with metalized BOPP sheets that were etched 
with a KOH solution into a desired electrode pattern. The full pro-
cess is detailed in fig. S3.

Force-strain characteristics
We tested the force-strain relation for two Peano-HASEL actuators—
one using hydrogel electrodes and the other using aluminum electrodes. 

Fig. 2. Fabrication process for Peano-HASEL actuators. (A) Basic components of a Peano-HASEL actuator. (B) Two BOPP sheets were placed between two layers of 
Kapton film and sealed using a heated brass-rod die. The die was designed to give pouches (2 cm by 4 cm) with 2-mm access ports for filling with liquid dielectric. A PDMS 
sheet was placed below the Kapton as a load-dispersing layer. Figure S1 describes the heat-press in more detail. (C) Pouches were filled with FR3 liquid dielectric using a 
syringe. (D) A heated aluminum rod was used to seal the filling ports. (E) PDMS-backed hydrogel electrodes were placed on each side of the pouches. Figure S2 describes 
the process for fabricating these electrodes. (F) A finished actuator is shown.
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A modified square-wave voltage signal with long rise and fall times 
(~1 s) was used to ensure consistent actuation (fig. S4). Actuators 
were tested at 6, 8, and 10 kV; this corresponded to maximum electric 
fields of 140, 190, and 240 V m −1, respectively. The measured force-
strain curves are depicted in Fig. 3A and show no difference between 
aluminum- and hydrogel-electrode performance, demonstrating ver-
satility in material selection and design. The highest load applied to 
the actuators was 10 N (1 kg), which corresponded to the blocking 
force for actuators activated at 6 kV and was less than the blocking 
force at 8 and 10 kV. The 1-kg load resulted in a maximum cross-
sectional stress of 6 MPa in the actuator. A strain of 10% was achieved 
at 10 kV with a 0.02-N (20 g) load. The shape of the observed force-
strain relation is characteristic of Peano-fluidic actuators (12). Further-
more, the monotonic decrease in force with strain is also observed 
in skeletal muscle (20).

Figure 3 (B and C) shows examples of actuators with hydrogel and 
aluminum electrodes, respectively. Movies S1 and S2 demonstrate 
the dynamics of both types of actuators. Although the vacuum-
deposited aluminum electrodes show promise for industrially amena-
ble fabrication, the very thin aluminum layers used in this paper 
(~30 nm) made the electrodes vulnerable to mechanical wear and 
ablation during high-voltage operation (fig. S5).

Arrays of parallel actuators for scaling up forces
A key feature of biological muscle is its massively parallelized 
structure, which allows for high-force generation and operational 
redundancy. Figure 4A demonstrates a method for efficiently stack-
ing Peano-HASEL actuators in parallel to increase actuation force. 
Offsetting actuators vertically allows the expanding cross section 
of one actuator to nest within the pulled-in electrode area of adja-
cent actuators. Alternating electrode polarities ensures that adja-
cent electrodes are always at the same potential. Figure 4B shows a 
1.4-cm-thick stack of six actuators in its inactive and active state to 
visualize the offset configuration. As expected, the stack demon-
strated an actuation force roughly six times that of an individual 
Peano-HASEL actuator, as shown in Fig. 4C. Figure 4D shows this 

stack, which weighs 30 g, lifting 500 g over a strain of 4.6%. Movie S3 
shows several lifting cycles for this 500-g mass, as well as actuation 
with a filled water bottle (~1 kg).

High-speed actuation
For most fluidic actuators, the limiting factor in mechanical response 
is the time required to pump the working fluid throughout the sys-
tem. Because Peano-HASELs locally pump the fluid in each pouch, 
we reduce the distance the fluid must travel, which reduces actuation 
time. In addition, we reduce viscous loss and design complexity by 
avoiding the need for regulators and valves.

To elucidate the fast-actuation characteristics of Peano-HASEL 
actuators, we examined contraction speed under an inertial load 
(i.e., a hanging weight), as shown in Fig. 5A. We applied a square-
wave voltage signal and measured mechanical response as a function 
of time for loads ranging from 10 to 500 g; Fig. 5B plots actuator re-
sponse for a 100-g load. Actuators took between 12 ms (for a 10-g load) 
and 18 ms (for a 500-g load) from initial contraction ts to their equi-
librium strain te as we varied the loads between 10 and 500 g. The 
total load is the hanging weight (e.g., 10 g) plus the mass of the low-
er mounting piece (4 g). Performance parameters, such as peak 
strain rate and specific power, were calculated between ts and te. Cal-
culations are described in the Supplementary Materials; fig. S6A 
shows the relevant parameters for these calculations, and fig. S6 (B 
to E) shows the data produced for a 100-g load.

Peak strain rate as a function of load is shown in Fig. 5C; we see a 
generally hyperbolic relation for these actuators, which resembles 
the force-velocity relation for mammalian muscle under isotonic 
contraction (39). Values varied between 140 and 890% s−1 depend-
ing on the load; our maximum strain rate was nearly two times the 
maximum achievable strain rate in mammalian skeletal muscle 
(500% s−1) (40). By comparison, DEAs have demonstrated peak 
strain rates between 450 and 4500% s−1 for acrylic elastomers and 
up to 34,000% s−1 for silicone elastomers (41); however, these num-
bers are for radially expanding DEAs that require prestretch and do 
not act on external loads.

Fig. 3. Force-strain characteristics of Peano-HASEL actuators using hydrogel and aluminum electrodes. (A) Comparison of the force-strain curves for two Peano-HASEL 
actuators, one using hydrogel and the other using aluminum electrodes, revealing no difference in performance. A maximum of 10% strain was observed under a 20-g load 
at 10-kV applied voltage. (B) A hydrogel-electrode actuator was mounted on an acrylic stand for actuation tests and demonstrated contraction under 20-g load at 8 kV. 
(C) An aluminum-electrode actuator was mounted on an acrylic stand for actuation tests and demonstrated contraction under 20-g load at 8 kV.
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Specific power was calculated during these contraction cycles and is 
shown in Fig. 5D. From this plot, we see that peak specific power was 
greatest during contraction with a 100-g load. The maximum value of 
160 W kg−1 is comparable to mammalian skeletal muscle, which falls 
between 50 (typical) and 284 W kg−1 (maximum) (41). The average 
specific power during contraction was above 50 W kg−1 for all but the 
lowest load.

To further explore the fast actuation characteristics of fabricated 
Peano-HASEL actuators, we created a custom stand for mounting 

the actuators (fig. S7A), with elastic bands to provide a nearly con-
stant restoring force at a range of frequencies (Fig. 5E). Tests were 
conducted at various frequencies using a reversing-polarity square 
wave (fig. S7B). Actuation strain (normalized to maximum actua-
tion at low frequency) is plotted as a function of frequency in Fig. 5F. 
Tests were performed with FR3 medium-viscosity liquid dielectric, 
as well as a low-viscosity mineral oil (Drakeol 7), to test viscosity 
dependence of the system. FR3 has a viscosity of 50 cSt at 40°C, 
whereas Drakeol 7 has a viscosity of ~12 cSt at 40°C. With FR3, the 

Fig. 4. Scaling up forces with arrays of Peano-HASEL actuators. (A) Peano-HASEL actuators arranged in parallel to scale up force generation in a compact array. Actuators 
are stacked such that adjacent actuators are vertically offset by half of the pouch height. Electrode polarity alternates (as shown on the right) such that electrodes facing 
each other from adjacent actuators are always at the same potential. (B) Six actuators shown contracting 6.6% under a 200-g load at 8 kV. The white ovals show the offset 
pouches in the two rightmost actuators. (C) Comparison of the force-strain characteristics for one actuator to an array of six. Single-actuator data were projected upward by 
multiplying the load by six (dashed line) to estimate expected performance for an array of six actuators. The array of six actuators slightly outperforms expected results, 
demonstrating the ability to effectively scale up actuation force. (D) Six actuators shown contracting 4.6% under a 500-g load at 8 kV.
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three-unit actuator had a cutoff frequency of more than 40 Hz and 
actuated with >90% maximum actuation up to 25 Hz. Movie S4 
shows the performance of an FR3-filled actuator at several frequencies 
from 1 to 50 Hz. With Drakeol 7, we see undiminished actuation up 

to 30 Hz. The flat frequency profile below 
cutoff is attractive for simple control when 
used in robotic systems. Various resonance 
peaks can be seen in the data and are 
likely a result of the elastic bands used 
during testing. These results indicate that 
frequency characteristics depend on the 
viscosity of the liquid dielectric. Actua-
tion speed should similarly depend on 
pouch geometry and size and can be im-
proved by future optimization efforts.

Demonstration of fast and  
precise actuation
To illustrate fast and precisely controlled 
actuation of Peano-HASEL actuators in 
a robotic application, we constructed a 
7:1 acrylic lever arm connected to two 
actuators in a parallel configuration 
(Fig. 6A) and applied a variety of voltage 
signals. Applying a 13-kV voltage step 
allowed fast contraction to throw a table 
tennis ball 24 cm into the air (Fig. 6B). 
To demonstrate controllable static dis-
placement, voltage was increased from 1 
to 12 kV in 1-kV increments, with 0.75-s 
hold time at each voltage, with three 
illustrative voltages shown in Fig. 6C. 
Movie S5 shows the full demonstration 
of actuation, which includes progressive 
voltage steps, sinusoidal actuation, and 
the 13-kV voltage step. Figure S8 shows 
the voltage profile used for the demonstra
tion. The fast and controllable actuation 
of Peano-HASEL actuators is largely due 
to the near-incompressibility of liquids, 
which generally leads to higher band-
width and better static position control 
than equivalent pneumatic systems (42).

The control of autonomous mechani-
cal systems requires sensory feedback. 
Because Peano-HASEL actuators are vari-
able capacitors, their capacitance state can 
provide information on their deforma-
tion state. Keplinger et al. (23) has shown 
previously that by continuously monitor-
ing the capacitance of DEAs, one can 
glean information on the mechanical de-
formation of the system. We adopted this 
method for Peano-HASEL actuators, us-
ing the setup described by Acome et al. 
(29) to self-sense deformation; the basic 
idea relies on superimposing a low-
voltage ac signal onto the high-voltage 
dc actuation signal and then analyz-

ing the electrical impedance of the system. The position of the actuator 
was optically tracked while applying an actuation voltage signal similar 
to fig. S8; these data were compared to the changing capacitance sig-
nal, with the results shown in Fig. 7. Capacitance data were multiplied 

Fig. 5. High-speed performance of Peano-HASEL actuators. (A) Schematic of the test setup for determining contrac-
tion characteristics. The minimum cross section of the actuator used for testing was (40 mm by 0.042 mm) corresponding 
to a maximum static stress of 2.9 MPa with a 500-g load. (B) An 8-kV square wave was applied to the actuator. The resulting 
contraction response was measured, where ts and te correspond to the time of initial contraction and equilibrium contrac-
tion, respectively. Underdamped oscillations were observed after initial contraction. The small oscillations observed after 
0.3 s correspond to out-of-plane swinging of the load and are not part of the characteristic response. (C) Peak strain rate 
during contraction as a function of load. (D) Peak and average specific power as a function of load. (E) Schematic of the 
test setup for frequency response. Elastic bands were attached to the bottom of the actuator and tensioned to provide a 
constant 1-N restoring force. (F) Frequency response curves for Peano-HASEL actuators filled with liquid dielectrics of 
different viscosities. The actuator filled with FR3 liquid dielectric showed a nearly flat response up to 20 Hz. The lower 
viscosity Drakeol 7 allowed maximum actuation at higher frequencies.
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by a constant scaling factor to allow comparison with the optical data. 
Reasonable agreement was observed between the two data sets. The 
observed discrepancy implies a nonlinear relationship between ca-
pacitance and strain. Experimental determination of this nonlinearity 
would enable calibration of capacitive data and allow for precise dy-
namic information on the deformation state of the actuator, mimick-
ing the proprioceptive nature of biological systems.

An imperceptible actuator
Using BOPP films and PDMS/hydrogel electrodes allows construc-
tion of an actuator that is highly transparent when submerged in an 

index-matched liquid. Figure 8A shows 
a Peano-HASEL actuator in air. Submer-
sion in Drakeol 19 mineral oil (Fig. 8B) 
led to a substantial reduction in light dis-
persion and high transparency. Figure 8C 
shows this actuator contracting with a 
10-g load. Movie S6 shows the process of 
submerging the actuator followed by ac-
tuation while fully submerged. Peano-
HASELs have the potential to be virtually 
invisible and operable in water by (i) 
fully encapsulating and insulating the 
electrodes and (ii) using a liquid di-
electric with an index of refraction that 
matches water.

Actuator lifetime
Lifetime tests were performed for two 
actuators—one at 6 Hz and the other at 
50 Hz—with the same setup used for test-
ing frequency response. Actuator failure 
occurred after ~20,000 cycles in both cases. 
No observable decrease in actuation was 
measured before electrical breakdown, 
which occurred through the heat seal of 
the actuators near the electrodes. These 
results are presented in fig. S9 for the 6-Hz 
test. Although these results are promis-
ing, actuator lifetime may be improved 
through optimization of materials and 
pouch geometries.

DISCUSSION
Here, we have introduced a class of artificial 
muscle actuators based on electrohydraulic 
operating principles. Peano-HASEL actua-
tors are versatile and provide many muscle-
mimetic properties, including contraction 
on activation, muscle-like specific power, 
and the potential for highly parallelized 
stacking for increased force generation. In 
some areas, such as peak strain rate and 
frequency response, they exceed the per-
formance of mammalian skeletal muscle.

Compared with current fluidic actua-
tors and DEAs, Peano-HASELs exhibit 
several promising qualities. First, Peano-

HASEL actuators linearly contract on activation without stacks, pre-
stretch, or frames, which makes them unique in the field of electrostatic 
actuators. Second, by locally displacing liquid dielectrics, Peano-
HASEL actuators reduce viscous loss within the system, increase their 
response speed, and achieve high positional control. Further, their 
flat frequency response until cutoff and minimal elasticity lead to 
simpler kinematics for actuator control and modeling. In addition, 
the ability of Peano-HASEL actuators to self-sense their deforma-
tion state through capacitance monitoring mimics the propriocep-
tive nature of muscle. In contrast to hydrostatically coupled DEAs, 
where electric fields are applied across elastomers (43), Peano-HASELs 

Fig. 6. Demonstration of high-speed and precise actuation. (A) A lever-arm setup was connected to two Peano-HASEL 
actuators in parallel for demonstrating fast and controllable actuation. (B) By applying a 13-kV voltage step, these actua-
tors contracted fast enough to throw a ping-pong ball 24 cm into the air. Labeled times are measured from the start of 
contraction. (C) Incrementing voltage allowed controllable actuation of the arm, as shown in the progression of images 
with increasing voltage left to right. The yellow lines mark the position of the top of the ball for comparison. The ruler to 
the left of each picture shows 1-cm increments for scale.
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apply electric fields through a deformable structure containing a liq-
uid dielectric, which does not have to rely on highly stretchable elec-
trodes and dielectrics. The resulting flexibility in material selection 
enables Peano-HASELs to be low cost, versatile, and compatible with 
roll-to-roll industrial fabrication processes such as heat sealing and 
vacuum-deposition of electrodes. Currently, hydrogel-electrode ac-
tuators can be made for ~$0.10 in materials, which should reduce 
considerably for large-scale fabrication. Last, actuator characteristics 
are largely independent of the constituent materials—assuming they 
meet certain criteria such as flexibility and high breakdown strength—
therefore, design can be tailored for attractive properties like high 
transparency.

Moving forward, there are many opportunities to explore new 
materials, geometries, and methods of fabrication to improve per-
formance and resolve current limitations of Peano-HASEL actua-
tors. One outstanding issue is their inability to consistently self-heal 
because of the thin BOPP layer, which can puncture after dielectric 
breakdown events, allowing fluid to leak out. With next-generation 
materials, these actuators should achieve the same self-healing 
properties shown by Acome et al. (29) for HASEL actuators. An 
existing hurdle for electrostatic actuators is the requirement of high 
electric fields, which typically means providing voltages of several 
kilovolts. Operational voltages can be reduced by improving the de-
sign of actuators through the use of dielectrics with high permittivi-
ty, reducing the thickness of dielectric layers and exploring alternate 
geometries. However, there are already several commercial options 
for supplying and controlling high voltage that are readily available: 
XP Power and Pico Electronics produce several ultraminiature 
high-voltage dc-dc converters that can produce up to 10 kV using a 
5-V input; IXYS manufactures metal oxide semiconductor field-
effect transistors, and Voltage Multipliers Inc. produces optocouplers 
for fast switching of high-voltage signals. In addition, several groups 
have created their own high-voltage control systems (44–46). As it 
stands, the combination of properties for Peano-HASEL actuators 

shown in this study highlights their promise for next-generation 
soft robotic systems.

MATERIALS AND METHODS
Actuator materials
The inextensible shell was made from one-side metalized, one-side 
heat sealable, 21-m BOPP obtained from Impex Global (MSB 
20 film). Measurements confirmed the dielectric breakdown strength 
of our BOPP film to be ≥650 V m −1 (as shown in fig. S10) after our 
KOH etch, which was in agreement with the literature value (35). Our 
liquid dielectric was Envirotemp FR3 transformer oil, which was 
purchased from Cargill. As stated, two types of electrodes were 
tested: Aluminum electrodes were made during manufacture of the 
BOPP film through a vacuum-deposition process; hydrogel elec-
trodes were prepared according to Keplinger et al. (36) and Bai et al. 
(37) and bonded to a PDMS backing. To promote strong bonding 
between the hydrogel and PDMS backing, we applied a benzophe-
none treatment to the PDMS (38), as described in the Supplementary 
Materials.

We used two methods to mount actuators for testing. The first 
consisted of fiberglass-reinforced packaging tape (pictured in Fig. 1C) 
for an actuator design with no rigid components. The second used 

Fig. 7. Self-sensing of actuator position. Plot of dimensionless capacitance and 
optically tracked position data for a single actuator under the influence of a varying 
voltage signal. Capacitance data were multiplied by a constant scale factor to pro-
vide agreement with position data; no other calibration was performed.

Fig. 8. Invisible Peano-HASEL actuators. (A) A Peano-HASEL actuator was sus-
pended in an acrylic box with a colorful background (Claude Monet’s Water Lilies). 
(B) The acrylic box was filled with a liquid dielectric (Drakeol 19). The submerged 
portion of the actuator is nearly invisible. (C) Submerged actuator with a suspended 
10-g weight and no applied voltage. On application of 8 kV, the actuator contracted 
and lifted the weight.
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acrylic frames to provide a consistent mounting position and load-
bearing points.

Testing methods
For actuation tests, frequency tests, and contraction speed tests, 
contraction was measured with Tracker video analysis software 
(version 4.96). All tests used reversing-polarity voltage signals to 
minimize what appeared to be charge accumulation on the BOPP 
actuators. These signals were generated using custom LabVIEW 
VIs (version 15.0.1f2) and fed into a Trek Model 50/12 high-voltage 
amplifier through an NI 6212 data acquisition system (DAQ). Low-
speed tests used a Canon EOS 6D DSLR camera to provide data for 
optical tracking, whereas high-speed tests (frequency and contraction 
speed) used a Vision Research Phantom v710 high-speed camera. 
More detail on actuator materials, fabrication, and testing methods 
may be found in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/3/14/eaar3276/DC1
Materials and Methods
Fig. S1. Heat-press used for sealing BOPP pouches.
Fig. S2. Fabrication process for Peano-HASEL actuators with hydrogel electrodes.
Fig. S3. Fabrication process for Peano-HASEL actuators with aluminum electrodes.
Fig. S4. Voltage signal with reversing polarity used during force-strain tests.
Fig. S5. Example of damage to aluminum electrodes after voltage cycling.
Fig. S6. High-speed contraction of Peano-HASEL actuators.
Fig. S7. Experimental setup used for frequency response tests of Peano-HASEL actuators.
Fig. S8. Full actuation signal for lever arm tests.
Fig. S9. Lifetime test for Peano-HASEL actuators.
Fig. S10. Dielectric breakdown tests for KOH-etched BOPP film.
Movie S1. Demonstration of actuation characteristics.
Movie S2. Actuation using integrated aluminum electrodes.
Movie S3. Scaling up forces with Peano-HASEL actuators.
Movie S4. Frequency response of Peano-HASEL actuators.
Movie S5. Demonstration of precise and rapid actuation.
Movie S6. Transparent Peano-HASEL actuators.
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