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ABSTRACT: Strong and robust stimulations to human skins with low driving
voltages under high moisture working conditions are desirable for wearable
haptic feedback applications. Here, a soft actuator based on the “air bubble”
electret structure is developed to work in high-moisture environments and
produce haptic sensations to human skin with low driving voltages.
Experimentally, the water soaking and drying process has been conducted
repeatedly for the ﬁrst time and the 20th time to test the antimoisture ability of
the actuator as it recovers its output force up 90 and 65% of the initial value,
respectively. The threshold voltages for sensible haptic sensations for the
ﬁngertip and palm of volunteers have been characterized as 7 and 10 V,
respectively. Furthermore, a demonstration example has been designed and
conducted in a virtual boxing game to generate the designated haptic sensations
according to the gaming conditions with an accuracy of 98% for more than 100
tests. As such, the design principle, performance characteristic, and
demonstration example in this work could inspire various applications with improved reliability for wearable haptic devices.
KEYWORDS: wearable electronics, haptic feedback, moisture resistance, low voltage, soft actuator

■

INTRODUCTION
The improvements of the fabrication technique, signal
processing technology, and machine learning algorithm have
helped advancing wearable sensing devices to achieve high
resolution and good stability in recent years.1−8 However,
wearable soft actuators at low driving voltages with long-term
stability, which are mainly used for vibratory haptic feedback
applications, still have challenging engineering issues to be
solved. For example, ﬂexible actuators based on dielectric
elastomers9−12 and piezoelectric materials13−17 have been
reported for vibratory haptic feedback applications, but they
all require very high driving voltages for operations.18−22
Though thermal actuators can operate at low voltages, their
response frequency is too low that these actuators are not proper
for vibratory haptic feedback.23 One promising alternative
approach is based on electret materials as they can hold highdensity electrostatic charges and high surface potential to reduce
the required external driving voltage for electrostatic actuations.24−27 Because of their high electromechanical conversion
eﬃciency, electret-based devices have shown great potential to
generate a large output force and displacement.28−30 However,
performance degradation and damage in environments of high
moisture, such as rain and sweat for electret-based devices, are
common problems.31−33
Here, a moisture-resistant and low voltage-driven, wearable
actuator based on the “air bubble” electret structure is proposed
© 2022 American Chemical Society

to generate strong haptic sensations in high-humidity environments as illustrated in Figure 1A. The “air bubble” electret
structure is utilized to store surface charges inside the device
with metal protection layers to prevent the penetration of
moisture. The ﬂuorinated ethylene propylene (FEP, DuPont
Teﬂon, USA) electret material is charged at a high potential to
generate high actuation force at low driving voltages. As such,
several advancements have been accomplished, including: (1)
improved antimoisture characteristics to operate in a highrelative humidity environment of RH95% by using the FEP/
porous rubber/Al structure; (2) highly robust operation to
recover 90% and 65% of the initial output characteristics after
repeating the water soaking and drying process for the ﬁrst time
and the 20th time, respectively; (3) good haptic sensations by
volunteers at their ﬁngertip and palm locations under a low
driving voltage of 7 and 10 V, respectively; and (4) an
application demonstration to provide haptic stimulations for the
palm of a player in a virtual boxing game, with a sensation
accuracy higher than 98% for over 100 tests.
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Figure 1. Electret-based soft actuator for haptic stimulations. (A) Conceptual illustration showing the potential applications of soft actuators attached
on a human hand in a high-humidity environment. (B) Optical photo of the fabricated soft actuator. Inset: the actuator is pressed by a human palm. (C)
Schematic structural diagram of the soft actuator: both upper and lower structures are made of “FEP/porous rubber/Al/PI” ﬁlms and the middle
structure is a wave-shaped, “Al/PI/Al” spring structure. (D) Simulation results of the relative output force of the soft actuator under a peak-to-peak
driving voltage of 50 V with diﬀerent surface potentials (black line); and the required peak-to-peak driving voltage to generate the same output force of
the soft actuator as that of the reference case, D0, with various electret surface potentials (red line).

■

RESULTS AND DISCUSSION
Design Strategy of the Electret-Based Soft Actuator.
The optical image of the proposed soft actuator (2 × 2.5 cm2)
with the sandwich structure is shown in Figure 1B, and the inset
picture shows that the actuator is loaded by a human palm.
Figure 1C illustrates the speciﬁc layers of the soft actuator. A 25
μm-thick ﬂuorinated ethylene propylene (FEP, DuPont Teﬂon,
USA) ﬁlm is attached to the porous butyl rubber ﬁlm to easily
form the “air bubble” electret structure. The detailed fabrication
processes are shown in Figure S1. Brieﬂy, the soft actuator
consists of the two upper and lower “FEP/porous rubber/Al”
ﬁlms and a wave-shaped Al/PI/Al spring structure sandwiched
in between. The corona charging process is used to add
electrostatic charges on the surface of FEP ﬁlms as well as the
surface of the “air bubbles” in the porous rubber. The Al layer
functions as the electrode and combines with rubber to be the
moisture-resistant layer to protect the structure from the
penetration of moisture in high-humidity environments.
Those ﬁlms are stacked and secured at their boundaries with
adhesive tape (Chenguang Company, China). Afterward, two
pieces of 55 μm-thick polymide (PI, Youbisheng Company,
China) ﬁlms are attached to the top and bottom Al electrodes as
the mechanical supporting and electrical isolation layer. As the
thickness of all the raw materials is thin, the actuator is generally
soft. Under a certain preload, the actuator can make good
contact with skin and provide eﬀective tactile stimulation. A
simpliﬁed force model is shown in Figure S2, where the soft
actuator is compressed by a preload and driven by an applied AC

voltage. The electrostatic force generated between electrodes
and the elastic force induced by the deformation of the actuator
result in vibrational motions. A high built-in electrical DC
potential is induced from the stored electrostatic charges by the
bubble structure generated in the corona charging process. The
externally applied AC driving voltage together with the induced
DC potential results in the output deformation/force of the
actuator. As such, the required external drive voltage is reduced
due to the increased DC potential. This is analyzed with details
in Supporting Explanation 1. The results of ﬁnite element
modeling by the COMSOL Multiphysics software are shown in
Figure 1D and Supporting Explanation 1. In particular, the
relative output force of the soft actuator under an applied peakto-peak voltage of 50 V with diﬀerent electret surface potentials
(black line) shows a nearly linear relationship, and a high surface
potential is favorable for high output force. In addition, a
reference case, D0, is deﬁned as the reference output force using
an electret surface potential of 500 V and a driving peak-to-peak
voltage of 50 V. To generate the same output force as that of D0,
the required peak-to-peak voltage at diﬀerent electret surface
potentials (red line) shows drastic reductions for the cases with
high surface potentials. As expected in those simulation results, a
high electret surface potential will lead to a high output force
and/or low required driving voltage, which are desirable
characteristics. The wave-shaped Al/PI/Al structure functions
as both the elastic supporting spring and electrode. The eﬀect of
wave structure design on stiﬀness and the relationship among
preload, stiﬀness, and output force are discussed in Supporting
Explanation 2. For the same size of Al/paper/Al ﬁlm, the more
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Figure 2. Eﬀects of electret structure design. (A) Schematic diagram showing electrostatic charges distribution conditions after being exposed to the
water and getting dry in terms of “air bubble” structure (FEP/porous rubber/Al) electret and normal structure (FEP/Al) without the “air bubble.” (B)
SEM image of a prototype FEP/porous rubber/Al “air bubbles” electret structure. (C) Relative surface potential (as compared with the initial surface
potential) in RH 65% and RH 95% environments vs time. (D) Relative surface potential after 0.5 h in RH65%, RH95%, and water soaking
environments (light colors) followed by the 1 h drying treatment in the RH25% environment (dark colors). (E) Surface potential vs recovering time of
the electret structure with “air bubble” after conducting the water soaking and drying process for the ﬁrst, 10th, 50th, and 100th times. Error bars cover
the 50% of the maximum and minimum values.

surfaces of those two systems are in contact with the water, most
of the electrostatic charges on the surface can easily dissipate
away. The FEP ﬁlm and rubber/Al ﬁlm have good waterproof
performance. When they form an “air-bubble” structure, the
internal electrostatic charge formed by charging can be well
protected in high-humidity environments. When the outer
surface gets dry, the surface potential is induced again by the
stored charges. The scanning electron microscope (SEM) image
in Figure 2B shows the structure of the fabricated “air bubble”
structure. This structure is constructed by pressing the rubber/
Al structure under a mold insert to replicate the hole patterns

wave units are patterned, the greater the support stiﬀness. The
design of the support stiﬀness needs to match the amplitude of
the preload, so that the actuator can make the best output
performance.
“Air Bubble” Electret Structure and Prototype. As
shown in Figure 2A, the performance of the “air bubble”
structure (FEP/porous rubber/Al) and a structure without “air
bubble” (FEP/Al) is schematically analyzed after exposure to
water. After the −20 kV corona charging process, the FEP ﬁlm
can hold negative charges and the “air bubble” inside the porous
rubber can store both positive and negative charges. When the
31259
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Figure 3. Output performance characterization. (A) Measured output force for a 2 × 2.5 cm2 prototype soft actuator from the 5 s record period for each
case based on the “air bubble” electret structure (under RH25% environment) vs diﬀerent driving voltages under a driving frequency of 300 Hz and
preload of 1 N. (B) Relative output force for a 2 × 2.5 cm2 prototype soft actuator under RH25% environment vs various driving frequencies from the 5
s record period for each case, under a driving voltage of 100 V and preload of 1 N. The output under 300 Hz is deﬁned as the reference. (C) Relative
output force for 2 × 2.5 cm2 prototype actuators after the moisture test (light color) for 0.5 h followed by the drying test (dark color) for 1 h from the 10
s record period for each test. The actuators are driven at a voltage of 100 V, a frequency of 300 Hz, and a preload of 1 N. (D) Relative output force for a 2
× 2.5 cm2 prototype actuator based on the “air bubble” electret structure under the RH65% environment for continuous 4 h operations (left) and the
recovery after the ﬁrst soaking and drying process (right) with the 10-s record period for each case. The actuator is driven at a voltage of 100 V, a
frequency of 300 Hz, and a preload of 1 N. The initial output of the prototype actuator under RH25% is deﬁned as the reference. (E) Relative output
force for 2 × 2.5 cm2 prototype actuators without and with the corona charging process under the RH25% environment (left). The output force of a
corona-charged prototype actuator after repeatedly conducting the soaking and drying process. The actuators are driven at a voltage of 100 V, a
frequency of 300 Hz, and a preload of 1 N. The 10-s record periods of output force are plotted for each test.

structure has good self-recovery capability. In particular, both
the surface potentials of two systems reduce to zero after being
exposed to high-moisture environments. The system without
the “air bubble” has little (almost no observable) recovery in
surface potential after the drying process, while the “air bubble”
system can recovery to over 90, 85, and 80% of its initial surface
potential, respectively, after going through the RH65%, RH95%,
and water soaking conditions as well as dried afterward in the
RH25% environment. Figure 2E plots the surface potential
values vs time for the FEP/porous rubber/Al ﬁlm with the “air
bubble” structure by repeatedly conducting the water soaking
and drying processes for the ﬁrst, 10th, 50th, and 100th times. It
is found that the surface potential increases within the ﬁrst hour
and stays at about the same value for all cases, while the surface
potential decreases after the repeated soaking and drying
process. For example, the surface potential reduces from −650
to −400 V after the ﬁrst and 50th repeated soaking and drying
process.

with a radius of 1 mm and a height of 0.3 mm by the embossing
process.34 A 25 μm-thick FEP ﬁlm is adhered to the rubble side
of the porous rubber/Al ﬁlm to construct “air bubbles.” The
corona charging process is conducted on both the FEP/porous
rubber/Al ﬁlm (2 × 2 cm2) and the FEP/Al ﬁlm (2 × 2 cm2)
with a high voltage of −20 kV for 0.5 h under a humidity of
RH25%. The surface potential of the ﬁlms will decay and
stabilize in several days. Afterward, the surface potential of both
systems is measured in the RH65% and RH95% environments
for 2 h in Figure 2C. It is obvious that the surface potential of the
electret ﬁlm with the “air bubble” structure is higher than those
of the electret ﬁlm without the “air bubble” structure under
RH65% and RH95% conditions.
In the other test, the electret ﬁlms are placed in various
moisture environments (RH65%, RH95%, and soaked) for 0.5 h
and dried afterward in the RH25% environment for 1 h, and the
relative surface potential values are measured as shown in Figure
2D. It can be observed that the electret ﬁlm with the “air bubble”
31260
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Figure 4. Haptic testing results. (A) Optical image of the experimental setup to measure the optimal preloads for soft actuators placed in ﬁngertip,
palm, and wrist regions. (B) Optimal preload values for ﬁngertip, palm, and wrist at frequencies of 150, 200, 250, 300, 350, and 400 Hz under a driving
voltage of 100 V. (C) Threshold voltage for actuators placed in the ﬁngertip, palm, and wrist regions vs applied frequencies of 150, 200, 250, 300, 350,
and 400 Hz, under the RH25% environment. (D) Threshold voltages for the palm region at a frequency of 300 Hz for three testing conditions: (1) soft
actuator based on the “air bubble” electret structure after being placed in moisture environments (RH65%, RH95%, and soaked) for 0.5 h; (2) soft
actuator based on the “air bubble” electret structure after the moisture test and dried in the RH 25% environment for 1 h; (3) soft actuator based on the
electret structure without the “air bubble” after being placed in the moisture environments (RH65%, RH95%, and soaked) for 0.5 h. Error bars cover
the 50% of the maximum and minimum values.

Systematic Output Characterization. The setup for the
output force measurement is shown in Figure S3 by placing the
actuator between the balance scales and a force gauge to apply
diﬀerent preloads. The humidity is controlled by a moisture
generator. By increasing the driving voltage, the output force of a
soft actuator (2 × 2.5 cm2) under RH25% driven at 300 Hz with
a square-wave signal and a preload of 1 N increases as expected
in Figure 3A as the actuator has an output force of ∼2.2 mN at 25
V, ∼7.5 mN at 100 V, and ∼ 25 mN at 300 V, respectively.
Moreover, under a driving voltage of 100 V and a preload of 1 N,
the actuator has a similar magnitude of outputs at diﬀerent
driving frequencies from 150 to 400 Hz shown in Figure 3B. The
output performance of the actuator under various preloads
driven by 100 V and 300 Hz is shown in Figure S4, and it is
observed that the actuator obtains the highest output force
under a preload of 1 N. In Figure S5, the peak-to-peak output
forces of prototype actuators with diﬀerent dimensions are
measured with a driving voltage of 100 V and a frequency of 300
Hz. It is found that increasing actuator dimension can result in
higher output force.
Furthermore, soft actuators with a dimension of 2 × 2.5 cm2
are driven at a voltage of 100 V, a frequency of 300 Hz, and a
preload force of 1 N in diﬀerent moisture environments
(RH65%, RH95%, and soaking in water) for 0.5 h and then dried
in a RH25% environment for 1 h. The relative output forces are
recorded after the moisture tests and the drying process. As
shown in Figure 3C, the output of the prototype actuator based
on the electret structure without the “air bubble” has declined as
the moisture level increases and recovery capability after the
drying process is poor. The prototype actuator with the “air
bubble” electret structure has reduced but higher outputs in

high-moisture environments as compared to those of the electret
structure without the “air bubble.”
The outputs under a relatively dry environment at RH25%
and the recovery process after the ﬁrst water soaking and drying
process of a prototype actuator for the “air bubble” electret
structure are recorded in Figure 3D. After continuous operations
for 4 h, the output force is close to the initial value showing good
stability. After being soaked in water and dried in the RH25%
environment, the actuator can recover 90% of the output
performance in 1 h with relatively similar outputs afterward for 9
h as shown in the right ﬁgure. It should be noted that it takes a
long time for the water to entirely evaporate. In a humid
environment, the performance of the actuator will decrease
because the moisture will shield internal electric ﬁelds, besides,
internal damping of the device is quite large. Moreover, the
outputs of the prototype “air bubble” electret actuators without
and with the corona charging process are shown in the left side of
Figure 3E, and the recovery performances under a repeated
soaking and drying process are shown in the right side of Figure
3E. It is observed that the corona-charged prototype has
signiﬁcantly larger outputs as expected. Furthermore, after 20
soaking and drying processes, the output of the prototype
remains at 60% of the initial value, which is still much higher
than that of the noncharged prototype. Moreover, the inﬂuence
of the humid environment on the device is much smaller than
that of traditional electret devices.31−33
Human Subjects’ Haptic Tests. Psychophysical tests are
conducted by placing the soft actuator (2 × 2.5 cm2) on a weight
scale, and seven volunteers are asked to test their ﬁngertips,
palms, and wrists for sensational stimulations, which is shown in
Figure 4A. At the beginning of each test, the subjects are asked to
31261
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Figure 5. Wearable haptic system applied in the boxing game. (A) Schematic diagram describing the concept of the wearable haptic system applied in a
custom-made virtual boxing game with the player on the left side wearing a motion sensor to detect the attacking motions and the player on the right
side wearing the soft actuator for haptic stimulations. (B) Optical photo showing two players are playing the boxing game. The motion sensor can help
deliver the “attacking” signal and the soft actuator can generate haptic stimulations according to the integrated information from the motion sensor and
the boxing game. (C) Process ﬂow chart of the custom-made boxing game. (D) Relative humidity in the palm region of a volunteer vs time during the
boxing game. (E) Motion sensor signals (red line) and the 3 V level (blue line) as the threshold. Three possible conditions for the boxing game: (1)
attack with long distance or wrong direction (ineﬀective attack); (2) suitable distance and right direction (normal attack); (3) close distance and right
direction (double attack). (F) Recorded controlling signals of the soft actuator for “Ineﬀective attack,” “Normal attack,” and “Double attack,”
respectively.

should be noted that the sensitive frequency range of tactile
receptors is from 100 to 400 Hz. Sensitivity of tactile receptors
will decrease rapidly if the actuation frequency is lower than 100
Hz and higher than 400 Hz. Pacinian corpuscles, as one of the
mechanoreceptors distributed on the skin, are highly sensitive to
rapid indentation of the skin and have the most apparent
response to high-frequency vibrations around 300 Hz.36−38 As a
result, the actuator has the lowest perceived threshold voltage at
300 Hz.
When the soft actuator encounters environments at diﬀerent
humidity levels, haptic tests are also conducted with volunteers
in those environments. It should be noted that human skin has
similar haptic sensitivity under various levels as shown in Figure
S6. Driven by a constant frequency of 300 Hz and the best
preload, two types of soft actuators placed in the palm region
under three conditions are tested: (1) after being placed in the
moisture environment (RH65%, RH95%, and soaked) for 0.5 h;
(2) after being placed in the aforementioned moisture
environment and dried in the RH25% environment for 1 h;

adjust the preload to characterize the strongest vibration
sensations under a driving voltage of 100 V at various
frequencies. Figure 4B shows the optimal preload values
measured by seven volunteers for ﬁngertips, palms, and wrists,
respectively, as 0.8 ± 0.2 N, 1.1 ± 0.2 N, and 1.5 ± 0.4 N.
According to the two-alternative forced-choice paradigm,35 the
threshold voltage at frequencies from 150 to 400 Hz is obtained
in Figure 4C from seven volunteers under the RH 25%
environment. The threshold voltage is deﬁned as the lowest
voltage to generate sensible haptic sensation to volunteers. The
results show a similar tendency: (1) the threshold voltages
decrease slightly from 150 to 300 Hz and increase from 300 to
400 Hz; (2) ﬁngertip is the most sensitive area among the three
tested regions with the lowest threshold voltage of 7 V at 300 Hz;
(3) the palm region has a slightly higher threshold voltage than
that of the ﬁngertip at ∼10 to ∼40 V over the entire frequency
range from 150 to 400 Hz with the lowest threshold voltage of
∼10 V at 300 Hz; (4) the wrist has much lower tactile sensitivity
and higher threshold voltage at about ∼175 V at 300 Hz. It
31262
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(3) soft actuators without the “air bubble” structure after being
placed in the moisture environment (RH65%, RH95%, and
soaked) for 0.5 h, as shown in Figure 4D. It is found that as the
moisture level increases, the threshold voltage values increase as
expected and the actuator based on the “air bubble” electret
structures has generally lower threshold voltage values than
those of the actuator without the “air bubble” structure. After the
drying process, the actuator based on the “air bubble” electret
structure can recover to a relatively low threshold voltage at ∼25
V with a frequency of 300 Hz.
Wearable Haptic System Applied in the Boxing Game.
To improve the fun and immersive experiences in virtual games,
a wearable haptic system based on a prototype soft actuator is
included in a custom-made virtual boxing game, as indicated in
Figure 5A, including a motion tracking sensor for the player on
the left and a soft stimulation actuator for the player on the right.
The optical photo in Figure 5B shows the two volunteers playing
the boxing game with a wearable motion sensor and a soft
actuator placed on the left and right players, respectively. The
player on the left wears a motion sensor which generates pulse
signals due to mechanical motions at the arm joints. The motion
sensor is custom-made based on the FEP/porous rubber/Al
structure and an Al ﬁlm (as shown in the inset of Figure 5B) with
the detailed working mechanism explained in Figure S7. The
speciﬁc operation process is shown in Figure 5C, where the
signals are generated by the motion sensor which is integrated
with the boxing game of position and attacking information and
transmitted to the soft actuator which is placed on the palm of
the player on the right. During the game, sweat from the palm is
generally generated as the relatively humidity changes from
RH53% to RH90% in 1 min measured in Figure 5D such that the
moisture-resistance feature of the soft actuator is crucial.
In general, the motion sensor generates a pulse signal when
the player on the left side attacks the player on the right as shown
in Figure 5E and if the signal is greater than 3 V, a punching
action is activated for the game. There are three possible
situations in the boxing game as the player on the left side tries to
attack the player on the right. (1) If the distance between the two
characters in game is far or the punching direction is wrong, this
punching action will be characterized as invalid or an “Ineﬀective
attack.” (2) If the distance is within the range and the punching
direction is correct, this will be marked as eﬀective or a “Normal
attack.” (3) If the attack distance is short and the punching
direction is correct, the software in the game will characterize
this as a “Double attack.” The distance range and direction in
diﬀerent situations in the game can be set by a computer
program. The soft actuator will be activated accordingly as
shown in Figure 5F with a driving voltage of 0, 50, and 100 V at
300 Hz, respectively, for the “Ineﬀective attack,” “Normal
attack”, and “Double attack.” By randomly setting the attack
situations of the characters in the game, the real-time haptic
feedback process for the boxing game is shown in Supporting
Video 1; the haptic simulation system has been eﬀectively
activated more than 100 times in the boxing game with an
accuracy rate of 98%. It can be found from the demonstration
that the tester’s haptic feedback will lag behind the game input.
When the game input frequency is too fast, the tester’s haptic
recognition accuracy will decrease.

skins at low driving voltages with robust performances in highhumidity environments. High electrostatic charges are generated and captured in the “air bubble” by a corona charging
process to obtain high surface potential which reduces the
required driving voltages. The metallic electrode layer and the
porous rubber structure help present the penetration of
moisture. As such, good features of the soft actuator are as
follows: (1) the antimoisture characteristics to recover and
operate at a high humidity of RH95%; (2) high robust
operations as demonstrated by conducting repeated water
soaking and drying processes after the ﬁrst time and the 20th
time with force outputs up to 90 and 65% of the initial value,
respectively; (3) high output force of ∼2.2 mN and ∼ 7.5 mN at
driving voltages of 25 and 100 V, respectively; (4) low threshold
driving voltages as low as ∼7 and ∼10 V, respectively for sensible
stimulations to the ﬁngertip and palm regions of volunteers. As
an application example, a virtual boxing game is integrated with
the soft actuator to generate speciﬁc mechanical stimulations,
which represent the actions of “Ineﬀective attack,” “Normal
attack,” and “Double attack,” and immersion experience.
Compared with this work, our previous work39 about
sandwich-structured electret actuators is to obtain obvious
tactile feedback at ultra-low driven voltage, regardless of the
impact of the environment on the performance of the actuator.
This work focuses on how the electret actuators can maintain
high performances after suﬀering wet environments, even
inﬂuenced by water soaking.

■
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EXPERIMENTAL SECTION

Fabrication of FEP/Porous Rubber/Al Films (Air Bubble
Structure). The detailed fabrication processes are shown in Figure
S1A,B in the Supporting Information. First, the cone array mold insert
is designed and fabricated by a 3D printer. Then the porous rubber/Al
tape (Detai Inc. with glue on the surface and the thickness of 100 μm) is
pressed under the mold insert to duplicate the hole pattern of ∼1 mm in
radius and ∼0.3 mm in height. At last, the FEP ﬁlm (DuPont Teﬂon,
thickness of 25 μm) is adhered to the top of the Rubble side of the
porous rubber/Al to form air bubbles inside the material.
Fabrication of Moisture-Resistant Soft Actuators. The detailed fabrication processes are shown in Figure S1C−H in the
Supporting Information. When the FEP/porous rubber/Al ﬁlms are
obtained, the PI tape is adhered to the Al electrode as a supporting and
isolating structure. The corona charging process is conducted on the
FEP/porous rubber/Al ﬁlms with a high voltage of −20 kV for 0.5 h at a
humidity of RH25%. Next, the Al tape is stuck on both sides of the PI
ﬁlm to form an Al/PI/Al ﬁlm; the wave-shaped patterns for the spring
structure are formed by the Al/PI/Al ﬁlm with the assistance of a 3D
printed mask. Finally, the wavy Al/PI/Al spring structure is assembled
with two FEP/porous rubber/FEP/Al/PI ﬁlms and between them a
soft actuator with dimensions of 2 × 2.5, 3 × 3.5, and 4 × 4.5 cm2 is
constructed, which uses the double-sided tape (3 M, 61 μm) to ﬁx the
short-axis boundaries of an actuator.
Testing Methodology of Haptic Perception. The testers sit in
front of the experiment table and put his/her arm on the table with soft
support. Also, testers are required to wear noise-canceling headphones
to avoid sound on haptic perception. The human test consists of two
parts:
Test#1. Best Preload for Strongest Haptic Sensation
The soft actuator is placed on a plane which is equipped with a force
sensor. By driving a constant voltage of 100 V and various frequencies
(150, 200, 250, 300, 350, and 400 Hz) on the actuator, testers are
required to touch the top of the actuator with adjustable preload. When
the testers ﬁnd out the strongest haptic sensation, the corresponding
preload force is recorded.
Test#2. Threshold Voltage for Haptic Sensation
Two soft actuators are placed on the table. By randomly supplying
power to one of two actuators, testers are required to judge which one

■

CONCLUSIONS
In summary, on the basis of the “air bubble” electret structure, a
soft actuator based on the FEP electret is proposed and
demonstrated to generate mechanical stimulation to human
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provide a vibration sensation. At the beginning, the amplitude of
applied voltage is obviously larger than the threshold value and then
decreases by 10 V if the testers continuously get the correct answers. On
the contrary, if the testers make a wrong judgment, the amplitude will
increase by 10 V. The voltage amplitude from increase to decrease can
be regarded as a reversal. When the tests go through three reversals, the
change in voltage amplitude is reduced to 2 V. Finally, the threshold
voltage is determined by the average value of last 12 reversals at 2 V
step.
Characterization. The surface potential of the samples is
characterized using a Trek model 347 electrostatic voltmeter. The
driving voltage signal is generated using an Agitek ATA-2082 High
Voltage Ampliﬁer and a RIGOL DG1062 functional generator. The
output force of the actuator is measured using an ATI Nano 43 Force
Sensor. The motion sensor signals are collected by a NI USB-6216 and
processed by the LabView software. The boxing game is designed by
using the Unity software.
Safety Considerations. The device is driven by very low voltage
and currents; users’ safety can be ensured by multiple levels: (1) the
largest power and current driven in human tests are less than 10 mW
and 100 μA, respectively. (2) The grounded electrode (Al) with an
isolating layer (PI) is in contact with skin. (3) In all human tests, when
the eﬀective value is greater than 50 V, the actuator is not allowed to
bind to skin.
Participants took part in experiments described herein with informed
consent. The experiments were approved by the Oﬃce for Protection of
Human Subjects in UC Berkeley with protocol number 2019-02-11804.
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