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Self-contained soft electrofluidic actuators
Wei Tang1, Yangqiao Lin1, Chao Zhang1*, Yuwen Liang1, Jinrong Wang1, Wei Wang1, Chen Ji2, 
Maoying Zhou3, Huayong Yang1, Jun Zou1,4*

Soft robotics revolutionized human-robot interactions, yet there exist persistent challenges for developing 
high-performance soft actuators that are powerful, rapid, controllable, safe, and portable. Here, we introduce a 
class of self-contained soft electrofluidic actuators (SEFAs), which can directly convert electrical energy into the 
mechanical energy of the actuators through electrically responsive fluids that drive the outside elastomer deform
ation. The use of special dielectric liquid enhances fluid flow capabilities, improving the actuation performance of 
the SEFAs. SEFAs are easily manufactured by using widely available materials and common fabrication tech-
niques, and display excellent comprehensive performances in portability, controllability, rapid response, versatility, 
safety, and actuation. An artificial muscle stretching a joint and a soft bionic ray swimming in a tank demonstrate 
their effective performance. Hence, SEFAs offer a platform for developing soft actuators with potential applica-
tions in wearable assistant devices and soft robots.

INTRODUCTION
In contrast to conventional rigid robots, soft robots (1–8) made 
from flexible materials offer great advantages in adapting to com-
plex surroundings, performing autonomous tasks, and mimicking 
the motions and functions of biological systems, which have the 
potential to be used for more compliant and safer devices that operate 
close to or even in human. A lot of impressive and attractive work 
about soft robots have been reported. For example, Shepherd et al. 
(4) introduced a pneumatically actuated quadrupedal robot that 
could move in narrow spaces. Mao et al. (5) fabricated a flower-
shaped robot with five soft electromagnetic actuator petals, of which 
each petal can be programmed and operate very fast. Tang et al. (6) 
developed a high-speed cheetah-like galloping crawlers with ultra-
fast locomotion speeds of 2.68 body length per second by skillfully 
leveraging elastic instabilities for improving performances of soft 
pneumatic robots.

As the core component of soft robots, there exist persistent chal-
lenges for developing high-performance soft actuators that can 
achieve several indispensable properties, including controllability, 
portability, durability, safety, versatility, rapid response, and excel-
lent actuation. Different from rigid actuators, soft actuators (5, 9–16) 
need to deform themselves to achieve the motions or operations of 
soft robots. On the basis of different actuation and deformation 
mechanisms, a wide variety of soft actuators have been reported. 
Among these, traditional soft fluidic (pneumatic or hydraulic) actu-
ators (6, 15) are most prevalent because of their simple and versatile 
designs. Nevertheless, the requirement of external bulky, rigid 
compressors or pumps for supplying for pressurized fluids limits 
their portability (17–19). Besides, many portable soft actuators 
(9–10, 13–14) driven by external stimulus, such as thermal energy, 
magnetism, humidity, and light, have also been developed. Although 
they have some own particular merits in some areas, some remark-
able shortcomings, such as poor controllability and slow response 
speed, prohibit their widespread applications. For example, shape 

memory alloy actuators can provide large actuation force and 
high-power density (20), but the lack of controllability limits their 
applications because of poor control of thermal energy (21). Com-
pared with other stimuli-responsive soft actuators, the development 
of advanced electrically responsive soft actuators has attracted 
considerable interests because the electricity, as the most commonly 
used energy, has excellent controllability and is easily compatible or 
seamlessly integrated with existing electric-driven products in our 
life and industry, providing the best platform for popularizing these 
soft actuators. Dielectric elastomer (DE) actuators (22–24) can 
achieve actuation of elastomer films through electrostatic extrusion 
effect between equal-area positive and negative electrode pairs, 
which stand out among various electrically responsive actuators for 
their rapid and controllable actuation with large amplitudes. Never-
theless, the dielectric breakdown seems to be a challenge for their 
reliable applications (25–26). Recently, a class of HASEL (hydraulically 
amplified self-healing electrostatic) actuators (11) were developed by 
replacing the solid dielectric inside the DE actuators with liquid dielectric, 
allowing for self-healing after dielectric breakdown. In addition to 
electrostatic extrusion mechanism, electroconjugate fluid (ECF) is a 
kind of electrically responsive functional fluid that can produce 
strong jet under a nonuniform electric field. The ECF jet pumps 
have been used to power soft robotic hands (27), inchworms (28), 
and muscle cells (29). The ECF jetting method provides a good way 
to address the poor portability problem of traditional soft fluidic 
actuators, while retaining the advantages of their simple and versa-
tile designs. Current applications of ECF to soft actuators mainly focus 
on fluidic actuators driven by the separated ECF pumps, limiting 
the response speed of fluidic actuators. The more compact and sim-
pler architecture of soft fluidic actuators that highly integrate ECF 
pumps, tubes, liquid reservoirs, and actuators still needs to be ex-
plored to further improve the response speeds of fluidic actuators.

Here, we introduce a class of self-contained soft electrofluidic 
actuators (SEFAs), which mainly use electrically responsive fluids 
to drive the external elastomer pouch deformation. SEFAs have a 
simple and compact architecture with a rod positive electrode 
immersed in dielectric liquid and the ground electrodes coating the 
pouch surface, thereby guaranteeing that the actuators can be fully 
enclosed in a closed electrode region to generate ECF jet of dielectric 
liquid. Meanwhile, a method of dissociating hydrogel into dielectric 

1State Key Laboratory of Fluid Power and Mechatronic Systems, Zhejiang University, 
Hangzhou 310027, China. 2Institute of Marine Science and Technology, Shandong 
University, Qingdao 266237, China. 3School of Mechanical Engineering, Hangzhou 
Dianzi University, Hangzhou 310027, China. 4Ningbo Research Institute, Zhejiang 
University, Ningbo 315100, China.
*Corresponding author. Email: chao.zhang@zju.edu.cn (C.Z.); junzou@zju.edu.cn (J.Z.)

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:chao.zhang@zju.edu.cn
mailto:junzou@zju.edu.cn


Tang et al., Sci. Adv. 2021; 7 : eabf8080     20 August 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 8

liquid is proposed to further enhance the ECF effect, improving the 
actuation performances of SEFAs. SEFAs have several distinctive 
qualities: (i) SEFAs that highly integrate pumps, tubes, liquid reservoirs, 
and actuators not only exhibit good portability but also achieve 
excellent response to electrical signals; (ii) SEFAs have good safety 
because the high-voltage positive electrodes are encapsulated in 
dielectric liquid and the positive electrodes also do not need to 
deform during the actuation process; (iii) SEFAs are versatile, which can 
easily achieve different actuation modes, such as linear actuation and 
bending actuation, by just adjusting the stiffness or thickness of the 
external membrane shell; (iv) SEFAs have high environment adapt-
ability, which enables them to operate in both water and air; (v) SEFAs 
are electrically powered, which grants them good compatibility with 
existing electric-driven products; (vii) SEFAs can be easily manu-
factured using basic fabrication techniques and widely available 
materials; thus, it is easy to be popularized. Successful applications 
of SEFAs in an artificial muscle stretching a joint and a soft bionic 
ray swimming in a tank demonstrate their excellent performances, 
illustrating their great potential to be popularized in soft robotics.

RESULTS
We design a linear SEFA that consists of a flexible pouch, dielectric 
liquid, and a rod positive electrode (Fig. 1A, figs. S1 and S2, and 
movie S1). SEFAs have high adaptability, which can operate in both 

water and air: When the rod electrode acts as a high-voltage positive 
electrode, the water can serve as the electric ground according to the 
work of Li et al. (30), while the carbon grease should be coated on 
the actuator surface as grounding electrodes in air. As shown in 
movie S2, the dielectric liquids are ECF liquids that can produce the 
typical ECF jet phenomenon when a DC high voltage is applied. 
Figure 1B illustrates the schematic of actuation mechanism. SEFA is 
made of a rod positive electrode and spindle grounding electrodes. 
When the voltage is applied, a nonuniform electric field is generated 
throughout the dielectric liquid between electrodes with very differ-
ent shapes. In such nonuniform and strong electric field, Wien 
effect occurs. The Wien effect (31–37) is a phenomenon in which 
the equilibrium between ion pairs and free ions is destroyed and the 
dissociation rate becomes greater than the recombination rate when 
the dielectric liquid is under the strong nonuniform electric field. 
This is because uncontrolled chemical impurities exist naturally in 
even a pure dielectric liquid. In the bulk, the rate of ion dissociation 
is basically in equilibrium with that of ion recombination so that it 
is almost neutralized throughout the dielectric liquid. However, 
local variation of the field intensity leads to a nonzero gradient of 
the ion concentrations, which then causes a relatively small amount 
of concentration difference between the cation and anion, corre-
sponding to nonuniform field–induced space charge density. The 
space charge density can be given by the formula q = − KΕ ⋅ ∇E 
(31–33, 35, 37–38), where K = 20r > 0 is a constant (0 and r are 

Fig. 1. Architecture, materials, and actuation mechanism of linear SEFA. (A) Architecture of linear SEFA with a load. (B) Actuation mechanism of linear SEFA. The main 
components of SEFA (T1). Space charges are generated when a high voltage is applied and the surrounding water is used as electric ground (T2). The space charges move 
along the electric field lines, causing ECF jet to drive the actuator extension (T3). (C) Comparison of the actuation strain-voltage curves for four linear SEFAs. Linear SEFAs 
withstand a 300-g load. Scale bar, 1 cm. Photo credit: Wei Tang, Zhejiang University.
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the vacuum permittivity and the relative permittivity of the liquid, 
respectively, and  is the Onsager constant). Thus, it is obvious from 
this equation q = − KΕ ⋅ ∇E that space charge density is determined 
by electric field Ε and its gradient ∇E. In our SEFA, electric field 
Ε gradually decreases with the electric field line from the rod positive 
electrode to spindle grounding electrodes. In addition, the density 
of the electric field line is getting smaller and smaller, that is, ∇E < 0. 
Thus, in our actuator, the space charges are positive charges (q = 
− KΕ ⋅ ∇E > 0), and most of space charges will be created near the 
rod positive electrode because of the highest electric field Ε and 
highest ∇E. Under the Coulomb force (F = Εq = − K(Ε ⋅ ∇E)Ε), the 
space charges will migrate from the rod positive electrode along the 
electric field line. During this process, the migration of space charges 
will drag the dielectric liquid flow (31–35, 38–40), that is, ECF jet. 
The ECF jet will generate the actuation force. When the space 
charges move to the weak electric field region, the space charges will 
disappear because the Wien effect becomes very weak and even dis-
appears. As long as an external electric field exists, this process will 
continue to occur all the time, resulting in the continuous ECF jet 
phenomenon shown in movie S1. Because our actuators are closed, 
the liquid of the jet will flow back. Continuous ECF jet and backflow 
occur to keep the actuator in the actuation state (elongation). When 
the external electric field disappears, the ECF jet disappears and the 
actuator goes back to the original position. Moreover, there exists a 
certain electrostatic extrusion effect of elastomer membrane that is 
caused by the voltage difference between the two sides of the elas-
tomer membrane (see fig. S3 and table S1), and the electrostatic 
extrusion effect contributes a little to actuator deformation. In 
movie S3 and fig. S4, we have compared the performances of the 
actuator in its working and nonworking states when the outer 
membrane of SEFA is punctured by a needle. It is apparent that 
the actuator can continuously pump liquid out in the working 
state, while the liquid cannot flow out from the actuator in the 
nonworking state because of the high surface tension of the outer 
elastomer membrane.

We prepared three versions of linear SEFAs that shared the same 
geometry, but with different electrode materials and working fluids, 
demonstrating the versatility in material selection and the depen-
dency of actuation performance on materials. Figure 1C shows the 
actuation performances of SEFAs made of different electrode mate-
rials (tungsten or hydrogel) and different working fluids (glyceryl 
triacetate or liquid crystalline polymer or glyceryl triacetate–hydrogel 
solution). The actuation performance of glyceryl triacetate is better 
than that of liquid crystalline polymer. When the dielectric liquid is 
glyceryl triacetate, the actuation performance of a SEFA with a 
hydrogel electrode is better than that of a SEFA with a tungsten 
electrode because a small amount of hydrogel electrode is ionized 
under high voltage to heighten the Wien effect so as to enhance the 
ECF jet behavior (movie S2). In light of this discovery, we propose a 
method where the hydrogel is predissociated into glyceryl triacetate 
to form glyceryl triacetate–hydrogel solution (fig. S5). As expected, 
when this glyceryl triacetate–hydrogel solution is used as dielectric 
liquid, the actuation performance of the SEFA with the tungsten 
electrode can be improved to be comparable to that of the SEFA 
with the hydrogel electrode (Fig. 1C and movie S1). For simplifica-
tion, the easily processed tungsten electrodes were chosen in the 
subsequent studies. The change of the inserted rod electrode length 
has an obvious influence on the fluid flow and actuator performance; 
see movie S1 and the Supplementary Materials for details.

The actuation performance of linear SEFA increases with the 
applied voltage (Fig. 1C), which can achieve ~24% linear strain at 
16 kV under a load of 300 g. We replaced the dielectric liquid in the 
pouch with an equal volume of water to turn the actuator into a type 
of DE actuator with the same architecture because the water inside 
pouch could be used as the positive electrode according to the work 
of Christianson et al. (41). Figure 2A shows the actuation perform
ance comparison of SEFA and this type of DE actuator, where SEFA 
has a bit larger strains than the DE actuator under the same applied 
voltage. SEFA works robustly without dielectric breakdown as the 
voltage increases zero up to 16 kV, while the dielectric breakdown 
of the DE actuator occurs at 14 kV. We pierced the membrane shell of 
both SEFAs with a needle in their working state (fig. S4 and movie S3). 
After the membrane shell was punctured, the SEFA maintained its 
functionality to pump the liquid out without dielectric breakdown, 
which indicates that SEFA is safe and reliable. The effect of load on 
actuation strain is shown in Fig. 2B, where the actuation perform
ance of SEFA can be improved as the load increases from zero to 
250 g initially and then tends to be stable as the load further increases. 
The initial increase in actuation strain is due to the fact that the 
increase in load causes the compression in thickness to reduce the 
distance between the positive and ground electrodes, thereby in-
creasing electric field intensity in the SEFA and enhancing the ECF 
jet effect. After the load reaches 250 g, the actuation strain tends to 
be stable because the further increase of the load has a slight influence 
on the electric field intensity.

As shown in Fig. 2C, the response time (peak time) of linear 
SEFA is ~60 ± 2 ms in water and ~52 ± 2 ms in air under a load of 
300 g (which is approximately consistent with the fluid flow velocity 
in the linear SEFA; see the Supplementary Materials in detail), 
respectively. In contrast to the response speed of a traditional fluidic 
actuator, the highly compact SEFA that integrates the ECF jet 
pump, the channel, the liquid reservoir, and the actuator in a small 
volume between the electrodes exhibits faster response speed. 
Meanwhile, the SEFA with a load forms a mass-spring system, 
which can resonate once the excitation frequency is close to the natu-
ral frequency of the whole system. The linear SEFA achieves ~36.6% 
strain under a load of 350 g with a resonant frequency of 7 Hz in air 
(fig. S6 and movie S4). The linear SEFA has the peak strain rate of 
711 ± 66% s−1, the peak power density of 177 ± 12 W kg−1, and the 
work density of 7.80 ± 0.39 J kg−1 during contraction (fig. S8). The 
energy efficiency of the SEFA with glyceryl triacetate–hydrogel 
solution is ~9.3%. We tested the cycle life of the linear SEFA by 
lifting a 100-g load at an applied voltage of 14 kV and 1 Hz for 
30 hours (~108,000 cycles). The test result shows that no fatigue 
failure and even no obvious loss in actuation are observed (fig. S9B), 
illustrating the durability and reliability of the actuator.

In addition, SEFAs have a key feature that allows for operational 
redundancy and high-force output through massive combination 
use. The actuation displacement can be increased by multiple SEFAs 
in series, while the actuation force can be amplified by multiple 
SEFAs in parallel. Two three-unit SEFAs in parallel can lift a heavier 
object to achieve a larger amplitude (Fig. 2D and movie S5). A 
three-unit SEFA in series is used to mimic the human antagonistic 
muscle stretching the joint to illustrate fast and good controllable 
actuation of SEFA (Fig. 2E and movie S6).

The versatility of a SEFA can be easily realized by adjusting the 
stiffness of the membrane shell, resembling a commonly used ap-
proach for conventional fluidic actuators (2). By replacing one of 
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the silicone A-5 membranes with a harder polydimethylsiloxane 
(PDMS) BD-KYN membrane, SEFA can achieve bending actuation 
mode due to the different deformation capabilities of silicone A-5 
and PDMS BD-KYN membranes under the same force (Fig. 3A and 
fig. S2). We measured the bending angle, which is defined as the 
angle difference between the rest state without applying a voltage 
and the actuated state with applying the voltage, to evaluate the 
bending performance of the bending SEFA. The bending angle and 
the speed are determined by the amplitude and frequency of the 
applied voltage, respectively. As shown in Fig. 3B, the bending angle 
increases with the applied voltage, which can achieve ~35.2° at 
16 kV. The bending SEFA also has a high response speed of ~197 ± 5 ms 
(peak time) in water (Fig. 3C), thereby guaranteeing its agility. The 
response time of the bending SEFA in water is a little larger than 
that of the linear SEFA because the water has a greater resistance to 
bending motion than linear motion. The flapping speed of the 
bending SEFA can be adjusted by the frequency of the applied voltage. 
The flapping amplitude (bending angle) maintains ~35.2° when the 

frequency is below 3 Hz. After the frequency exceeds 3 Hz, the flapping 
amplitude gradually decreases as the frequency increases (movie S7). 
When the frequency increases up to 30 Hz that exceeds the values of 
~24 Hz identified by the naked eye, we can no longer identify each 
flapping process and thus only see a continued flapping process. 
Continuous operation for 30 hours at a voltage of 14 kV and 1 Hz 
was also conducted to test the cycle life of the bending SEFA, and 
the test result shows that the actuator can also keep its functionality 
all the time (fig. S9C).

Underwater soft robots (7, 30, 41–42) have great potential in 
ocean exploration; thus, we designed and fabricated a soft bionic 
ray with two bending SEFAs as its two fins and a flexible shell as its 
body (Fig. 4, A and B). A self-designed high-voltage power converter 
(HVPC) (fig. S10C) was encapsulated in the body of the ray to 
convert the low-voltage input into the high-voltage output, driving 
the SEFAs to advance the soft bionic ray at a low-power supply. 
Here, we also prepared two different untethered powering ways: 
battery on-board (movie S8) and wireless power transfer system 

Fig. 2. Performance of linear SEFA with actuation. (A) Comparison of the actuation strain-voltage curves for DE actuator and SEFA with the same geometry and volume 
but different working fluids (water for DE actuator while glyceryl triacetate–hydrogel solution for SEFA) under 300-g loading. (B) Actuation strain-load curves for linear 
SEFAs at 12 and 16 kV. (C) Response times of SEFAs with a 300-g load in air and water are measured when 12-kV step signals are applied. Small underdamped oscillations 
are observed after initial extending. There is a slight difference between in air and in water because of different resistance forces of air and water and the influence of the 
carbon grease coated on the surface of SEFA to act as the ground electrode in air. (D) Two three-unit SEFAs in parallel with a 500-g load in water are driven by a square 
signal. The amplitude of the voltage is 16 kV, and the frequency is 4 Hz. (E) A three-unit SEFA in series in air is used to mimic the human antagonistic muscle stretching the 
joint with the help of a spring. A 10-g load is hung from the acrylic joint arm to adjust the weight of the joint arm. The SEFA is driven by a sine signal with the amplitude 
of 16 kV and the frequency of 2 Hz. Photo credit: Wei Tang, Zhejiang University.
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(movie S9). Figure  4C shows the scene of the soft bionic ray 
powered by the battery, and its swimming speed is ~0.13 body length 
per second. Figure 4D shows the architecture of a two-output AC 
HVPC. Compared with the battery on-board, the wireless power 
transfer could be an effective way to activate miniaturized robots in the 
future, e.g., implantable medical devices (43). Figures S11 (C and D) 
and S12 show the scene of the soft bionic ray powered by the wire-
less power transfer system. It is also worth noting that (fig. S11E) 
two independent high-voltage outputs in the HVPC (19) can be 
controlled by a mobile phone through the integrated Wi-Fi module, 
thereby realizing the independent remote control of two SEFAs to achieve 
multiple motion modes of a soft bionic ray, including swimming, 
turning, and spinning (fig. S11D and movie S9).

DISCUSSION
Here, we have explored a class of self-contained SEFAs, which are 
only manufactured by using basic fabrication techniques and wide-
ly available materials but exhibit excellent performances in safety, 
reliability, controllability, durability, versatility, rapid response, and 
excellent actuation. Meanwhile, the improvement method of dielectric 
liquid is proposed to enhance ECF jet in a closed elastomer, thereby 
improving the actuation performance of SEFAs. In addition, we 
have also developed HVPCs to power and control the SEFAs, offering 
a platform for research and development of the SEFAs as well as 

other electrostatic actuators. Artificial muscle stretching a joint, a 
compliant gripper catching a live goldfish, and a soft bionic ray 
swimming in a tank illustrate the wide potential of SEFAs for 
next-generation soft robotics.

Relative to existing fluidic actuators (10, 15–19, 27–29), including 
soft fluidic actuators driven by separated ECF jet pumps or tradi-
tional rigid pumps, SEFAs that highly integrate pumps, tubes, 
liquid reservoirs, and actuators not only exhibit better portability 
but also show excellent response to electrical signals. Several detailed 
actuation performances of the SEFAs and some existing soft actua-
tors, including strain rate, power, and energy density, are indicated 
in table S2. SEFAs are expected to consume more electrical power 
than DE actuators and HASEL actuators because of the viscous loss 
of fluid flow. Actuation performance of SEFAs could be further 
improved by adjusting the hardness and thickness of the elastomer 
membrane or the characteristics of the dielectric liquid. Overall, 
SEFAs strike a balance among several indispensable properties for 
human-robot interaction devices, including safety, controllability, 
rapid response, and excellent actuation.

Although SEFAs present several promising features, there re-
main some challenges to resolve current limitations of SEFAs. An 
existing hurdle is that the dielectric liquid driven by high voltage is 
used in the current SEFAs, and future studies need to reduce the 
operating voltage through the use of alternate fluids that could be 
driven by low voltage or alternate materials of pouch. Meanwhile, 

Fig. 3. Structure and performance of bending SEFA. (A) Schematic of a bending SEFA made of one silicone A-5 membrane and one PDMS BD-KYN membrane. The 
hardness of the PDMS BD-KYN membrane is larger than that of the silicone A-5 membrane. (B) Bending angle–voltage curves for bending SEFA. The edge of the actuator 
is fixed in a rigid platform, and the bending angle  is defined as the angle difference between the original angle in the rest state and the angle in the actuated state. 
(C) Response time of bending SEFA in water when 16-kV step signals are applied. Photo credit: Wei Tang, Zhejiang University.
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there is a potential risk that the high-voltage electrode will be 
attracted to contact the solid pouch so as to cause the dielectric 
breakdown of the pouch if the actuator is strained too much. Therefore, 
it is better to find some effective methods to protect the membranes 
that are close to the positive electrode. Tungsten electrodes and 
hydrogel electrodes are used in this work. The problems of physical 
piercing and the mismatch between tungsten electrodes and soft 
surrounding membranes exist, while these problems could be ad-
dressed by the use of hydrogel electrodes. Therefore, other suitable 
soft conductive materials, such as conductive silicone, could also be 

used to avoid these problems. In addition, SEFAs consume more 
electrical power than other electrostatic actuators such as  DE actuators 
or HASEL actuators because of energy loss of fluid flow.

In this study, the electrically responsive fluids in a closed elastomer 
are used to develop SEFAs, but other ways of stimuli-responsive 
fluids, such as magnetically responsive fluids and photo-responsive 
fluids, might also be explored to achieve this target. Although the 
preliminary exploration of the wireless power transfer technology is 
conducted to power the SEFA, a one-to-many and long-distance 
all-round wireless power supply method should be explored in 
the future.

MATERIALS AND METHODS
Actuator materials
SEFAs consisted of three basic components: flexible pouch, elec-
trode, and dielectric liquid. The flexible pouch of SEFA was made 
of silicone A-5 membranes (PS6650-5du and translucency, China 
Shenzhen Yipin Trading Co. Ltd.), a PDMS BD-KYN membrane 
(BD Film KYN-300, China Hangzhou Bald Advanced Materials Co. 
Ltd.), or both of them. Three sets of uniaxial tensile tests were 
conducted at an ASTM D638 (Type IV) universal test machine with 
a crosshead speed of 50 mm/min (19) to evaluate deformation 
capacities of the silicone A-5 and PDMS BD-KYN membranes (fig. S2). 
The tap water was used as electrodes, of which the conductivity 
was ~2 × 10−2 S/m. Three kinds of dielectric liquid, including glyceryl 
triacetate (G103099, Aladdin), glyceryl triacetate–hydrogel solution, 
and liquid crystalline polymer, were used for SEFAs. The conduc-
tivity and permittivity of glyceryl triacetate were ~1.13 × 10−8 S/m 
(liquid conductivity meter) and 5.0867 (vector network analyzer, 
coaxial reflection method, measurement frequency is 1 GHz), re-
spectively. The conductivity and permittivity of glyceryl triacetate–
hydrogel solution were ~1.45 × 10−8 S/m and 5.4646, respectively. 
The pouch was fabricated by bonding two flexible membranes using 
an adhesive method. More details of SEFA materials, fabrication, 
and testing methods can be found in the Supplementary Materials.

Demonstration of artificial muscle stretching joint
To demonstrate rapid, good controllable actuation of SEFA, a 
three-unit SEFA in series and a spring were assembled and attached 
to an acrylic joint, resembling the motion mechanism of antagonistic 
muscles such as biceps and triceps. A 10-g load was hung from the 
joint arm for adjusting the weight of the joint arm, and the end of 
the joint arm was used as the output instead of movement angle for 
ease of measurement. Sine waves with different amplitudes were 
applied to test the joint, and the demonstration of actuation is shown 
in Fig. 2E and movie S6.

High-voltage power converter
We designed and fabricated two HVPCs: a DC HVPC and an AC 
HVPC. The DC HVPC adopted a conventional topology that 
consisted of a pulse oscillating circuit, an inverter circuit, a high-
frequency transformer, and a voltage-doubling rectifying circuit 
(fig. S10A) (19, 44–45). Two AC outputs were realized by a Wi-Fi 
module connecting with two DC HVPCs (19) and realized two 
independent outputs through the control of a mobile phone. A 
high-voltage probe (P6015, Trek) and an oscilloscope (InfiniiVision 
2000 X-Series, Keysight) were used to test the output of the HVPCs 
(19), and the results are shown in fig. S10 (D to I).

Fig. 4. Soft bionic ray actuated by two bending SEFAs. (A) Computer-generated 
rendering of the soft bionic ray. (B) Photograph of the actual soft bionic ray. 
(C) Time lapse of the swimming motions of the soft bionic ray. (D) Architecture of 
two-output AC HVPC powered by battery. The circuit consists of three parts: an 
inverter circuit that converts 7.4-V DC to an intermittent high-frequency square 
wave pulse, a high-frequency transformer that boosts the AC voltage, and a voltage-
doubling rectifying circuit that rectifies the high-frequency AC into intermittent DC 
(square wave). Photo credit: Wei Tang, Zhejiang University.
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Wireless power transfer system
The wireless power transfer (19, 46–47) system was mainly com-
posed of 50 emitting circuit modules, 50 emitting coils, 2 receiving 
circuit modules, 2 receiving coils, a nonmagnetic shim, 50 relays, a 
power supply, a microcontroller, and a two-layer nylon plate frame 
(fig. S12 and movie S9).

Fabrication of a soft bionic ray
Two bending SEFAs were used to actuate a soft bionic ray. An L-shaped 
1-mm-thick acrylic board was glued in the edge of the fins. The 
body of the soft bionic ray was three-dimensionally printed using thermo-
plastic elastomer (TPE). A two-output AC HVPC, two receiving circuit 
modules, and two receiving coils were embedded in the ray’s body, 
and a wire was installed as its tail. The ray’s body was sealed using 
acrylic glue. The two SEFAs of the soft bionic ray were independently 
controlled by a mobile phone, achieving different motions such as 
swimming, turning, and spinning (fig. S11D and movie S9).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/34/eabf8080/DC1
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