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Abstract
Dielectric Elastomers (DE) are currently being rapidly researched and developed all over the world as a technology that has 
begun to be incorporated at a practical level. As a product, game vibrators using DEs are already on the market in the United 
States and Europe. However, much of the market demand is dominated by more output-focused applications such as DE power 
suits, DE motors, DE muscles for robots, and larger DE power systems. Attempts have been made to improve elastomers and use 
new carbon foam materials such as single-walled carbon nano tubes (SWCNTs) and multi-walled carbon nano tubes (MWCNTs) 
as electrodes for DEs to meet these demands. This paper discusses these issues.

Also, by reversing the movement of the DE, it is possible to generate electricity with high efficiency. By attaching the power 
generation system to the robot, which generates electricity from the movement of the robot, and charges the robot’s battery of 
the robot, it becomes possible to move the robot more efficiently. This is also discussed in this paper.

*Corresponding author
Dr. Seiki Chiba, Chiba Science Institute, Yagumo, Meguro ward, Tokyo, 
Japan.

Submitted:   09     Aug      2021; Accepted: 13    Aug      2021; Published:20     Aug     2021

Citation: Seiki Chiba*, Mikio Waki, Makoto Takeshita, Takumi Yoshizawa. (2021). Improvement Measures for Components of Dielec-
tric Elastomers for Heavy Duty Uses Such as Robots and Power Assist Devices. Adv Theo Comp Phy, 4(3), 241-249.

Keywords: Dielectric Elastomers (DE), DE Actuator (DEA), Cnt, Ss Curve, Dynamic Viscoelasticity, Artificial Muscles, Actuators, 
Large Deformation, High Efficiency, DE Generators (DEG)

Introduction
Electroactive polymers (EAPs) are called "soft actuators" or "ar-
tificial muscles" because of their flexible movement. Regarding 
EAPs, the following is well known: 1) a DE type that uses elec-
trostatic force between electrodes, 2) a wet type uses the mecha-
nism of the movement of ions and water molecules in the polymer 
membrane, 3) the type changes the structure of the polymer (for 
example, use of liquid crystal) [1-6].

In 1990, S. Chiba and R. Perline started research and development 
of DEs, but now, research and development are rapidly progress-
ing all over the world for the technology’s practical use [1, 2]. As 
a product, game vibrators incorporating DEs have already been 
released in Europe, the United States and Japan [7].

Much of the market demand is dominated by more output-focused 
applications such as DE power suits, DE motors, DE muscles for 
robots, and larger DE power systems. To meet these demands, the 
elasticity of the elastomer is an important. In this paper, we will 
discuss the important factors for stress-strain (SS) curves, visco-

elasticity tests, etc. of the materials of DEs.

Recent attempts have been also made to use new carbon foam ma-
terials such as single-walled carbon nano tubes (SWCNTs) and 
multi-walled carbon nano tubes (MWCNTs) as electrodes for DEs. 
It is also known that it is better to drive at a lower performance than 
the maximum performance in order to prolong the life of the elas-
tomer. Recently, through research to maximize the performance of 
acrylic elastomers, S. Chiba and M. Waki succeeded in lifting 8kgf 
by 1mm or more at a speed of 88msec with a 0.15g elastomer [8, 
9]. The edge of the DE was, however, reinforced so that it would 
not be destroyed by repeated loads, and the total weight was set to 
0.97 g. As a result, the reality of robots, wearable powers, etc. is 
increasing. We will also discuss these issues in this paper.

Background of Dielectric Elastomers
The structure of a DE is simple and consists of a polymer film 
(elastomer), which is the main material, and two electrodes that 
sandwich it [1, 2, 8]. Also, the typical thickness of the elastomer 
is from about 500 μm to 1 mm. The DE electrode can use a very 
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thin metal sheet (when a thin gold foil is used as an electrode and a 
potential difference is applied between the electrodes, the polymer 
film contracts in the thickness direction due to Coulomb force and 
expands in the plane direction (see Figure 1), or carbon particles 
can also be attached and used as an electrode.

Figure 1: DE operating principle

Thus far, a lot of research and development for materials, systems 
and electric circuits has been done [2, 8-33]. For example, P. Hu 
et al. has tried to drive at a relatively low voltage using a silicon 
material [13]. He also fabricated soft silicone elastomers with no 
chemical cross-linking [14]. H. Kumamoto has studied the devel-
opment of a small moving robot using deformable DEs for actua-
tion without pre-stretch [15]. M. Carmel has studied enhancing the 
permittivity of DEs with Liquid Metal [16]. L. Romasanta et. al. 
and E. Hajiesmaili et. al. reviewed the SS curves, dielectric permit-
tivity, dielectric loss and viscoelastic damping, etc. The content of 
those papers, including the kinds of materials, has not been fully 
analyzed for experimental results. E. Hajiesmaili et. al. addition-
ally reviewed the use of carbon nano tubes (CNTs) for electrodes. 
However, the electrodes using CNTs shown there are quite thick, 
several hundred μm, and are not flexible and sufficiently stretch-
able electrodes. Chiba et al. have developed ultra-flexible, fully 
stretchable electrodes using single-walled carbon nanotubes, and 
they also developed DE actuator (DEA) drivers [17-20]. They can 
supply high voltage accurately and quickly. S. Hayat et al. also 
introduced the power supply for DEAs. Unfortunately, their de-
sign concept lacks safety and there are also doubts about efficien-
cy. F. Albuquerque has researched on the effect of humidity, tem-
perature, and elastomer material on the lifespan of silicone-based 
DEAs [21, 22].

L. Romasanta et al., L. Xu et al., J. Youn et al. introduced small 
DEA gripers. Their outputs are very small [17, 23, 24].

As mentioned in above, electrodes with a needle-like (or parti-
cle-like) material have the properties of being flexible, expandable 
and contractible, and able to maintain conductivity, which enables 
large changes in shape. Currently, 680% deformation (quickly de-
formed with an area ratio) is possible (see Photo 1) [25]. At the 
material level, DEAs have a fast response speed (above 100,000 
Hz) and are also excellent as energy-saving actuators.

Photo 1: Deformation of a circular actuator (up to 680%): a) Pow-
er off/no deformation; b) Power on/deformation.

As mentioned above, it is now possible to lift a weight of 8 kg 
with a dielectric elastomer of 0.15 g with 88 msc by 1 mm or more 
(see Photo 2) [8, 9]. The polymer used for them was 3M VHB 
4905 acrylic (see Photo 2), and the electrode material was a sin-
gle-walled nanotube (ZEONANO®-SG101, Zeon corp., Tokyo, 
Japan).

This actuator can be used not only as a linear drive but also as a DE 
rotating body in the same way as a normal motor. This has been 
realized in automobile drive motors that are ultra-lightweight and 
have high output.

Photo 2: DE actuator (DEA) with a weight of 8 kg: a) 8 kg weight 
placed on DE actuator on a test bench, and b) DE actuator.

An interesting application of DEs is the control system of the Mars 
probe (see Photo 3). Martian planes must be lightweight in order to 
fly aerodynamically in the dilute atmosphere of Mars. Therefore, 
Mars planes need lightweight, high-power actuators. DE actuators 
are ideal for Martian planes. DE actuators are likely to be used as 
actuators for control surfaces (i.e., ailerons, ladders, elevators, and 
flaps) and Mars airplane propellers [12].

Photo 3: Image of an airplane for the exploration of Mars and 
an experimental scene using JAXA's wind tunnel: a) Image of an 
airplane exploring the surface of Mars ©JAXA; b) Mars explora-
tion airplane wing and aileron controlled by a DE actuator in the 
2mx2m low-speed wind tunnel experiment (JAXA: Japan Aero-
space Exploration Agency).

DE Actuator Mathematical Model
The strain (deformation) observed in the elastomeric membrane is 
mainly caused by the interaction of electrostatic charges between 
the electrodes [34]. Opposite charges on the two electrodes attract 

 
a) b) 

 a) b) 

 b) a) 

 b) a) 

a) Image of an airplane exploring the 
surface of Mars ©JAXA

b) Mars exploration airplane wing 
and aileron controlled by a DE actu-
ator in the 2mx2m low-speed wind 
tunnel experiment (JAXA: Japan 
Aerospace Exploration Agency).
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each other, and the same charges repel each other. This phenome-
non can be derived by using a simple electrostatic model to derive 
the effective pressure generated by the electrodes of the elastomer 
membrane as a function of the applied voltage [30, 32]. Pressure 
ρ is

ρ=εrεoE2=εrεo(V⁄t)2                                (1)

Here, εr and εo are the permittivity and the relative permittivity 
(dielectric constant) of the polymer in the free space, respectively, 
E is the electric field strength, V is the applied voltage, and t is the 
film thickness. The responsiveness of this polymer is similar to 
that of conventional electrostrictor polymers, and the pressure is 
proportional to the square of the electric field strength.

The pressure in Equation (1) is twice that of the equation for calcu-
lating the pressure of an air gap type electrostatic actuator using a 
steel plate! This is because the polymer has two modes in electrical 
/ mechanical energy conversion, that is, (1): thickness direction 
and (2): expansion mode in the width direction.

Although the dielectric constant of air is 1, elastomers (polymers) 
generally have a dielectric constant of about 2.5 to 10, so the driv-
ing pressure is 2.5 to 10 times higher than the conventional method 
using static electricity. It can be doubled and increased. In addi-
tion, DE can use a high electric field, and in the laboratory, an 
electric field of about 1,000 to 2,000 V / 100 μm is used on a daily 
basis, and in the past, there have been cases where an electric field 
strength of 20,000 V / 100 μm or more was used.

In this way, the three effects of "two-mode interaction," "high di-
electric constant," and "high electric field strength" greatly con-
tribute to the driving pressure of the DE.

In Equation (2) above, the relationship with pressure becomes 
non-linear as the elongation increases, but in the case of small 
elongation, the elastic modulus Y is used and the elongation Sz of 
the thickness can be calculated from the following equation [23].

Sz=ρ⁄Y=(εrεoE2)⁄Y                          (2)

If the material is stretched in the vertical (X) and horizontal (Y) di-
rections in the same way, Sx = Sy, and the relationship between the 
thickness and the surface can be expressed by Equation (3) [30]. 
This equation (3) is also effective in the case of large elongation.

(1+Sx)(1+Sy)(1+Sz)=1                 (3)

That is, the thickness Sz can be obtained by accurately measuring 
the vertical (X) and horizontal (Y).

DE research and development status
In this chapter, the various materials and DE shapes being stud-
ied thus far, and the development status of DEs applying them are 
discussed

Usefulness of CNT electrodes
First, Table 1 shows how much weight can be lifted with a stroke 

of 5 mm due to the difference in electrodes. The elastomer used is 
3M VHB 4905 acrylic, and its weight is 0.1 g [11].

Table 1: Types of electrodes and weight that can be lifted

Electrode type Weight that can be lifted 
with a stroke of 5 mm

Carbon Black 10N
Multi-walled carbon nanotubes 
(MWCNT)

16N

Single-walled carbon nanotubes 
(SWCNT)

22N

Note: The output and stroke are in inverse proportion to each oth-
er; the relationship is clearly expressed by table 1 showing the 
stroke of the SWCNTs and the weight that can be lifted, and photo 
2, showing the stroke and the weight that can be lifted. In other 
words, in Photo 2, a 1mm stroke can lift a weight of 8kgf, but 
the stroke in Table 1 is 5mm, and the weight that can be lifted is 
about 2.2kgf. Regarding the relationship between the stroke and 
the weight that can be lifted, in the case of the SWCNTs shown in 
Table 1, the amount of acrylic used differs from Photo 2 by 0.05 g, 
but the difference is small, so we ignored it in this consideration).

Since these electrodes are not optimized, it seems quite possible 
to lift heavier weights. In addition, since these are single layers of 
DEs, by making them multi-layered, they are sufficiently close to 
the range necessary for robots and power suits. The difference in 
elongation due to the difference in electrodes is 1.2 to 1.6 times 
that for MWCNTs and 1.7 to 2.2 for SWCNTs, where 1 is the 
carbon electricity. These cases are also expected to grow further as 
they have not yet been optimized in detail.

Interestingly, with electrodes using MWCNTs or SWCNTs, DE 
is not destroyed even if it is pierced with a needle. Normally, a 
DE alone becomes one capacitor, so if it is scratched with a nee-
dle or the like, it will be destroyed. However, since CNTs have a 
column-like shape, each column is well dispersed and has a mesh 
shape. This means a needle would enter inside the mesh, and it will 
cause the mesh to burnt and it does not affect other parts. Further 
increasing the dispersion of CNTs on the elastomer, the columns 
of CNTs are very thin, and when the network structure is well con-
structed, it becomes difficult to see with the naked eye and appears 
transparent [33].

As mentioned above, the use of SWCNTs dramatically improves 
the performance of the DE, but there is one drawback. It needs to 
be well coated on the elastomer, but until now doing that has been 
difficult. Recently, S. Chiba and M. Waki have succeeded in spray-
ing carbon nanotubes (CNTs) by treating and dispersing them 
by a special method (see Photo 4) [35]. The spray using ZEON's 
SWCNTs (see above) is particularly excellent [35]. By spraying 
this spray directly on various elastomers, it became possible to 
easily form DE electrodes.
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Photo 4: Ultra-flexible thin film electrode formation by CNT 
spray: a) Before applying CNT spray, b) After applying CNT 
spray, and c) Even when stretched a lot the LED remains on the 
LED lights up.

Voltages and circuits that drive DE
A DE is said to have a higher voltage than other soft actuators, but 
in order to achieve large force and elongation, it is necessary to 
increase the voltage or increase the current. Higher current is more 
dangerous to the human body, so the DE chooses higher voltage. 
It is a big feature of the DE that almost no current flows at 2,400V 
and 0.7μA (see Figure 2). However, in the case of Japan, there is a 
tendency to desire a low voltage, and the authors are dealing with 
it by reducing the thickness of the elastomer [33]. As an example, a 
4 cm size DE sensor using 3M VHB 4905 acrylic has a film thick-
ness of 40 μm and uses a voltage of about 3 V. As another example, 
a thin film (10 μm) was used for the microdevice, and a strain of 
5% was obtained at 36 V. These voltages are within the range of 
conventional CMOS drive devices.

Figure 2: Relationship between DE input voltage and current

M. Rosenthal et al produced vibrating headphones for games. Pho-
to 3 shows a circuit for driving the vibrating body [7]. Most of this 
circuit is the equalizer and equalizer circuit that controls the sound. 
The DE vibrating body uses 3 pieces of silicon with a size of 3mm 
x 25mm. It can be seen that the booster circuit is quite small. This 
size is 0.9 mm x15mm (see the section of the booster in Photo 
5) This is because the current used is very small. The voltage is 
boosted from 5V to 1200V.

Photo 5: Booster circuit located inside the headphones:

At SPIE 2020, highly useful DE drivers and programmable sensor 
drivers were presented [11]. Photo 6 shows an image of the DE 
sensor being evaluated using the sensor driver.

Photo 6: An image of the DE sensor being evaluated using the 
sensor driver.

Comparing and investigating both SS curves and dy-
namic viscoelasticity test results
First of all, the research target is artificial muscle, and it is better 
to examine the speed of the SS curve and viscoelasticity test from 
the operation speed required for robots and power assist devices. 
Figure 3 shows that the SS curve and Figure 4 shows dynamic 
viscoelasticity dependence on the test speed [36].

Figure 3: Relationship of stress-strain for tensile tests: a) 3M VHB 
4905 acrylic, and b) A silicone elastomer made in Japan.

 b) a) 

a) b) c)Before applying CNT 
spray

After applying CNT 
spray,

Even when stretched a 
lot the LED remains on 
the LED lights up.
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What is interesting here is that acrylic has higher viscoelasticity, so 
it depends more on tensile speed than silicon. This implication in-
dicates that it is important to test with the response required for the 
artificial muscle. In other words, until now, researchers have over-
looked the importance of viscoelasticity. This meaning is easier to 
understand by looking at the results of the dynamic viscoelasticity 
test in Figure 4.

Figure 4: The frequency dependence of G', G'' and tanδ of a) the 
acrylic elastomer, and b) The silicone elastomer

From this figure, it is clear that acrylic is more affected by dynamic 
viscoelasticity than silicon. Therefore, when the driving voltage 
is increased and each elastomer is stretched, the silicon becomes 
harder, and as a result, the amount of stretching is smaller. Of 
course, it is also a fact that the difference in the dielectric constant 
and Young's modulus of both films is the cause (see Equations (1)
and (2), but it can be explained from the above behavior. It can 
be seen from the SS curve in Fig. 4, the silicon curve stands up 
more. This does not mean that silicon has poor performance. It is 
a proposal that it is better to change the material depending on the 
application. Silicon has a faster drive speed and a higher rate than 
acrylic. Therefore, for applications such as robots, it is advisable 
to select the type of elastomer depending on where it is used. For 
example, in human muscles, there are slow muscles and fast mus-
cles, each of which has an important mission. Moreover, Silicon 
can be used from a relatively high temperature to a considerably 
low temperature. Compared to acrylic, it could be a considerable 
advantage for devices that are used at higher or lower temperatures 
[37].

Studies on DE lifespan
Not much research has been done on the lifespan of a DE. It has 
been pointed out that acrylic is vulnerable to moisture, but recent-
ly research has shown that silicon is very vulnerable to moisture 
[22]. Silicon was thought to be resistant to moisture, so this is a bit 
disappointing.

Chiba et al. insert the DE element in a moisture-resistant polymer 
bag, seal it, evacuate the air, and use it in a vacuum state [29]. In 
addition, silica gel and nitrogen are also added to the above bag if 
necessary. These procedures have significantly improved lifespan. 
Especially in summer in Japan, the humidity is very high, and such 
measures are indispensable.

Other than the above, what can be done is to develop a DE with 
as high performance as possible and drive the DEs with a perfor-
mance that is well lower than its maximum performance. Even 
with acrylic materials, there are recorded cases where the DEs 
were used up to 10 million times [22]. This is a value that is suit-

able on a commercial basis. Therefore, as shown above, a device 
that can lift 8 kg with only 0.15 g of acrylic material has been 
developed.

Even if the performance is sufficiently lower than this performance, 
the amount of acrylic used is very small, and the performance can 
be also improved by laminating. In addition, a DE is considerably 
cheaper than motors, so even if you increase the frequency of re-
placement, it seems to remain commercially viable.

Development of humanoid robots
Next, the difference in performance depending on the shape of the 
DE will be described. First, although it is a roll type, a vertically 
long DE sheet is wound around a spring, a polymer core, or the 
like (see Figure 5). Since this is originally vertically long, it ex-
tends longer on its length. However, by winding it around a spring 
or the like, the wound layers affect each other by frictional force, 
and it is possible to extend the shorter length rather than the lon-
gitudinal direction, and as a result, the roll both ends of the roll 
extend [30]. This roll type has a bulky shape, like the muscles of 
an animal for humans, and is suitable for driving the arms and legs 
of robots, but it has a short lifespan due to stretching of the DE a 
lager. In addition, it's heavier, even if the size is not so big. Cur-
rently, based on a new concept, we are developing a roll type that 
is lighter and easier to bend.

By dividing this roll-shaped electrode into several parts, it is pos-
sible to create a roll actuator with three degrees of freedom that 
can not only extend vertically but also bend and rotate the roll (See 
the figure on the left of the first row and the right figure of the first 
row in Figure 5). Roll actuators with three degrees of freedom are 
ideal for robot hands and feet [34]. The figure on left of the second 
row, the figure on the right of the second row, and the figure on the 
left of the third row show an example of applying a roll to drive 
a finger.

Figure 5 of show examples of applying them to the hands, arms 
and legs of a robot [24, 25].

 b) a) 

a) Roll actuator having three degrees 
of freedom

b) A leg robot that uses a roll-type ac-
tuator with three degrees of freedom 
(It was made for the exploration of 
Mars and able to crabwalk)

c) Roll-type DE alone 
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Figure 5: Roll type DE actuators and their applications: a) Roll 
actuator having three degrees of freedom, b) A leg robot that uses 
a roll-type actuator with three degrees of freedom (It was made 
for the exploration of Mars and able to crabwalk), c) Roll-type DE 
alone, d) An example of applying the roll to robot arms and legs, 
and e) An example of applying a roll to drive a finger.

Similarly, a finger model that uses a roll to drive a human-like 
finger with a tendon (rods) was also developed (see the figure on 
the left of the third row in Figure 5). This finger can be driven at 
6Hz. The human finger is, by the way, 5 Hz [31, 32, 34]. Photo 5 e 
shows an example in which a roll-type actuator is placed in a frame 
and developed as a device for a robot's arm, power assist, etc. [32, 
34,37]. However, as mentioned above, this is relatively heavy.

The diaphragm type uses a small number of DEs, is easy to 
multi-layer, and can exert power (see the figure on the left of the 
first row in Photo 7). In addition, since it extends in the direction 
perpendicular to the surface of the DE, it is ideal for driving the 
arms and fingers of a robot. Another feature of the diaphragm is 
that it has a hole in the center through which struts and arms can be 
passed, making it a power suit for robot arms and humans [38]. It 
is also convenient for wiring. In recent years, a finger model using 
Diaphragm DE has also been developed. This is a type that uses 
two diaphragms DEs, and it is a push-pull type that bends the fin-
ger with one diaphragm and returns the bent finger with the other 
diaphragm, not the mechanical movement peculiar to motor drive 
(see the figure on the right of the first row in Photo 7). Because it 
uses the principle of leverage, you can bend the fingers enough by 
just stretching the DE a few millimeters. Sine waves and such were 
used to reproduce movements closer to humans. This DE is a super 
energy-saving device with 0.7μA at 2400V [33].

Photo 7: Finger models driven by diaphragm type DEAs: a) A di-
aphragm actuator, b) A finger model that combines the diaphragm 
DE up and down and moves alternately, and c) The movement of 
the artificial finger in response to voltage change.

Photo 7 shows that the diaphragm type DE finger model can move 
quickly and freely at different angles by changing the voltage [39].

A device that successfully combines the roll-type DE and dia-
phragm DE can be applied to powerful power suits, various ro-
bots including humanoids, and for rehabilitation and nursing 
care. However, for the time being, it would be better to start with 
a hybrid that uses an existing motor for areas that require more 
force and a DE for areas that require delicate movements. Figure 6 
shows a performance comparison of the DE, electromagnetic mo-
tor, and pneumatic actuator technologies [39].

Figure 6: Performance comparison of the DE, electromagnetic 
motor, and pneumatic actuator technology

Robot drive battery backup DE power generation
Power can be generated by reversing the drive of the DEA. So far, 
a lot of research on DE power generation has been done [38-63]. 
As a backup power source for robots, it seems better to use the 
movement and vibration of the robot to generate electricity [60-
62]. When running a humanoid robot, there is the risk that it may 
fall over due to large impact that occurs on the foot when stepping. 
However, by attaching the above-mentioned miniaturized device 
and adjusting the damping force by movement, a smart damper 
that absorbs the impact well becomes possible. At the same time, 
power generation is also possible with that setup. Figure 7 is an 
image diagram showing how a thin DE film can be attached to a 
robot or a human body to generate electricity. A DE film with a 
width of 5 cm and a length of 25 cm (about 0.5 g) can make about 
100 mJ of energy if it stretches once per second [47].

 b) a) 

 
c) 

 

d) An example of applying the roll to 
robot arms and legs

e) An example of applying a roll to 
drive a finger.
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Figure 7: Power generation systems that can be attached to a 
humanoid robot or human body: a) A DE is Stretched, b) The DE 
returns to its original shape, c) A DE power generation device at-
tached to the sole, and d) The DE power generation device.

It is also becoming a reality to use this same elastomer film as an 
actuator to assist the movement of robots and people [48]. That is, 
both the actuator and the power generation function are compati-
ble. It is also possible to attach a DE power generation element to 
the sole of the robot or the sole of a person to generate power. As 
shown in Figure 7, when the robot starts walking, the robot's own 
weight deforms the power generation device and power generation 
becomes possible. In this device, a grid is placed on top of the DE, 
and when stepped on, the DE deforms more and produces more 
power. With 40g of DE per step, you can get about 1.5W [49].

Conclusion
Summarizing the above results, the following could be concluded:
•	 The use of CNTs, especially SWCNTs, for electrodes could 

dramatically improve DE performance.
•	 Elastomers with high dynamic viscoelasticity could undergo 

greater deformation.
•	 Silicone elastomers would be suitable for low and high tem-

perature zones. It would be also suitable for applications that 
require quick response and where efficiency is desired.

•	 For robot applications, it could be better to use silicon as "fast 
muscle" and acrylic as "slow muscle".

•	 If a device could be created with the highest DE performance 
and driven with a performance well below that value, a suffi-
cient commercial life level would be reached.

•	 DEAs could also be used as a power generation element. Us-
ing that function, power can be supplied to the backup power 
supply.

Reference
1.	 Pelrine, R. (1992). Review of artificial muscle approaches. In 

Proceedings of the Third International Symposium on Micro 
Machine and Human Science, Nagoya, Japan,(1992-10).

2.	 Pelrine, R., Kornbluh, R., Joseph, J., Heydt, R., Pei, Q., & 
Chiba, S. (2000). High-field deformation of elastomeric di-
electrics for actuators. Materials Science and Engineering: C, 
11(2), 89-100.

3.	 Oguro, K., Fujiwara, N., Asaka, K., Onishi, K., & Sewa, S. 
(1999, May). Polymer electrolyte actuator with gold elec-
trodes. In Smart Structures and Materials 1999: Electroactive 

Polymer Actuators and Devices (Vol. 3669, pp. 64-71). Inter-
national Society for Optics and Photonics.

4.	 Otero, T. F., & Sansieña, J. M. (1998). Soft and wet con-
ducting polymers for artificial muscles. Advanced Materials, 
10(6), 491-494.

5.	 Osada, Y., Okuzaki, H., & Hori, H. (1992). A polymer gel with 
electrically driven motility. Nature, 355(6357), 242-244.

6.	 Ratna, B. R., Thomsen III, D. L., & Keller, P. (2001, July). 
Liquid crystall elastomers as artificial muscles: role of side-
chain-backbone coupling. In Smart Structures and Materials 
2001: Electroactive Polymer Actuators and Devices (Vol. 
4329, pp. 233-237). International Society for Optics and Pho-
tonics.

7.	 Mad Catz Stereo Headset F.R.E.Q.4D Black with Bayer Vivi 
Touch technology, www.youtube.com/madcatzcompany

8.	 Chiba S et al, (2021). Challenge of creating high performance 
dielectric elastomers, Proc. of SPIE2021 (Smart Structures 
and Materials Symposium and its 23rd Electroactive Polymer 
Actuators and Devices (EAPAD) Conference); 1157-1162.

9.	 Chiba, S., Waki, M., Jiang, C., Takeshita, M., Uejima, M., 
Arakawa, K., & Ohyama, K. (2021). The Possibility of a 
High-Efficiency Wave Power Generation System Using Di-
electric Elastomers. Energies, 14(12), 3414.

10.	 Baughman, R. H., Cui, C., Zakhidov, A. A., Iqbal, Z., Barisci, 
J. N., Spinks, G. M., ... & Kertesz, M. (1999). Carbon nano-
tube actuators. Science, 284(5418), 1340-1344.

11.	 Chiba, S., Waki, M., Takeshita, M., Uejima, M., & Arakawa, 
K. (2020, April). Dielectric elastomer using CNT as an elec-
trode. In Electroactive Polymer Actuators and Devices (EA-
PAD) XXII (Vol. 11375, p. 113751C). International Society 
for Optics and Photonics.

12.	 S. Chiba, M. Waki, Kojo Fujita, Koji Ono, Yoshihiro Takika-
wa. (2020). The challenge of controlling a small Mars explo-
ration plane, In Proc. of SPIE, (Smart Structures and Materials 
Symposium and its 22nd Electroactive Polymer Actuators and 
Devices (EAPAD) Conference); 1137506. 

13.	 Hu, P., Madsen, J., & Skov, A. L. (2021, March). Su-
per-stretchable silicone elastomer applied in low voltage ac-
tuators. In Electroactive Polymer Actuators and Devices (EA-
PAD) XXIII (Vol. 11587, p. 1158715). International Society 
for Optics and Photonics.

14.	 P. Hu, Q. Huang, J. Madsen, A. Skov. (2020). Soft silicone 
elastomers with no chemical cross-linking and unprecedented 
softness and stability," Proc. SPIE 11375, Electroactive Poly-
mer Actuators and Devices (EAPAD) XXII, 1137517.

15.	 Kumamoto, H., Hayashi, T., Yonehara, Y., Okui, M., & Na-
kamura, T. (2020, April). Development of a locomotion robot 
using deformable dielectric elastomer actuator without pre-
stretch. In Electroactive Polymer Actuators and Devices (EA-
PAD) XXII (Vol. 11375, p. 1137509). International Society 
for Optics and Photonics.

16.	 Majidi, C. (2020, April). Enhancing the permittivity of di-
electric elastomers with liquid metal. In Electroactive Poly-
mer Actuators and Devices (EAPAD) XXII (Vol. 11375, p. 
113750Q). International Society for Optics and Photonics.

17.	 Romasanta, L. J., López-Manchado, M. A., & Verdejo, R. 
(2015). Increasing the performance of dielectric elastomer ac-
tuators: A review from the materials perspective. Progress in 
Polymer Science, 51, 188-211.

18.	 Hajiesmaili, E., & Clarke, D. R. (2021). Dielectric elastomer 

 
b) a) 

c) d) 



actuators. Journal of Applied Physics, 129(15), 151102.
19.	 Chiba, S., Waki, M., Takeshita, M., Uejima, M., & Arakawa, 

K. (2020, April). Single-wall CNT spray for easy creation of 
DE electrodes (Conference Presentation). In Electroactive 
Polymer Actuators and Devices (EAPAD) XXII (Vol. 11375, 
p. 113752N). International Society for Optics and Photonics.

20.	 S. Chiba et al, (2021). Examination of factors to improve the 
elongation, to be appeared Proc., Smart Structures (Electro-
active Polymer Actuators and Devices), SPIE, Long Beach, 
CA, USA.

21.	 S. Hayat, Sheeraz Ahmed, Malik Shah Zeb Ali, Muhammad 
Qaiser Khan, Muhammad Salman Khan. (2020). Design of 
efficient power supply for the proper operation of bio-mimetic 
soft lens, International Journal of Advanced Computer Sci-
ence and applications, 11(7).

22.	 Albuquerque, F. B., & Shea, H. (2020, April). Effect of hu-
midity, temperature, and elastomer material on the lifetime of 
silicone-based dielectric elastomer actuators under a constant 
DC electric field (Conference Presentation). In Electroactive 
Polymer Actuators and Devices (EAPAD) XXII (Vol. 11375, 
p. 113751E). International Society for Optics and Photonics.

23.	 Xu, L., & Gu, G. (2017, November). Bioinspired Venus fly-
trap: A dielectric elastomer actuated soft gripper. In 2017 24th 
International Conference on Mechatronics and Machine Vi-
sion in Practice (M2VIP) (pp. 1-3). IEEE.

24.	 Youn, J. H., Jeong, S. M., Hwang, G., Kim, H., Hyeon, K., 
Park, J., & Kyung, K. U. (2020). Dielectric elastomer actuator 
for soft robotics applications and challenges. Applied Scienc-
es, 10(2), 640.

25.	 Jayatissa, S., Shim, V., Anderson, I. A., & Rosset, S. (2020, 
April). Optimization of prestretch and actuation stretch of a 
DEA-based cell stretcher. In Electroactive Polymer Actuators 
and Devices (EAPAD) XXII (Vol. 11375, p. 113751M). Inter-
national Society for Optics and Photonics.

26.	 Kunze, J., Prechtl, J., Bruch, D., Nalbach, S., Motzki, P., Se-
elecke, S., & Rizzello, G. (2020, April). Design and fabrica-
tion of silicone-based dielectric elastomer rolled actuators for 
soft robotic applications. In Electroactive Polymer Actuators 
and Devices (EAPAD) XXII (Vol. 11375, p. 113752D). Inter-
national Society for Optics and Photonics.

27.	 Ichige, D., Matsuno, K., Baba, K., Sago, G., Takeuchi, H., & 
Shintake, J. (2020, April). A method to fabricate monolithic 
dielectric elastomer actuators. In Electroactive Polymer Actu-
ators and Devices (EAPAD) XXII (Vol. 11375, p. 113752E). 
International Society for Optics and Photonics.

28.	 Pelrine, R., Pei, Q., & Kornbluh, R. (2018, March). Dielectric 
elastomers: past, present, and potential future. In Electroactive 
Polymer Actuators and Devices (EAPAD) XX (Vol. 10594, p. 
1059406). International Society for Optics and Photonics.

29.	 Kornbluh, R. D., Pelrine, R., Prahlad, H., Wong-Foy, A., Mc-
Coy, B., Kim, S., ... & Low, T. (2012). From boots to buoys: 
promises and challenges of dielectric elastomer energy har-
vesting. In Electroactivity in polymeric materials (pp. 67-93). 
Springer, Boston, MA.

30.	 Chiba, S. (2019). Dielectric elastomers. In Soft Actuators (pp. 
259-273). Springer, Singapore.

31.	 S. Chiba, M. Waki. (2011). Recent Advances in Wireless 
Communications and Networks, Wireless Communication 
Systems, Chapter 20, pp. 435-454.

32.	 S. Chiba, and M. Waki. (2010). Application development of 

artificial muscle actuator, Electronic Materials, 49, (7), 34-41.
33.	 S. Chiba et al, (2016). Elastomer Transducers, Advances in 

Science and Technology, Trans Tech Publication, Switzer-
land, 97, 61-74.

34.	 M. Chiba, M. Waki, Dielectric Elastomer Transducer with Im-
proved Conversion Efficiency, Patent No. 4999031.

35.	 Chiba, S. (2020, April). Super flexible electrode for a DE made 
with CNT spray (Conference Presentation). In Electroactive 
Polymer Actuators and Devices (EAPAD) XXII (Vol. 11375, 
p. 113750C). International Society for Optics and Photonics.

36.	 Li, W.; Zhu, S.; Ohyama, K.; Chiba, S.; Waki, M. (2017). 
Mechanical properties and viscoelasticity of dielectric elasto-
mers. In Proceedings of the Materials and Mechanics Confer-
ence, Japan Society of Mechanical Engineers, Sapporo, Japan.

37.	 M. Waki, S. Chiba. (2016). Application of Dielectric Elasto-
mer Transducer, Chapters 5 and 2, Materials, Composition 
and Applied Technology of Soft Actuators, S & T Publishing.

38.	 Kornbluh, R. (2001). Applications of Dielectric Elastomer Ar-
tificial Muscle. In 7th International Microachine Symposium 
(Vol. 172).

39.	 Amick, R. Z., Chen, Z., Cluff, K., & Asmatulu, R. (2016). 
DEVELOPMENT OF DIELECTRIC ELASTOMER ARTI-
FICIAL MUSCLE FOR USE AS A HUMAN ASSISTIVE 
DEVICE. In International Journal of Exercise Science: Con-
ference Proceedings (Vol. 11, No. 4, p. 33).

40.	 Chiba, S., Waki, M., Kornbluh, R., & Pelrine, R. (2008, April). 
Innovative power generators for energy harvesting using elec-
troactive polymer artificial muscles. In Electroactive Polymer 
Actuators and Devices (EAPAD) 2008 (Vol. 6927, p. 692715). 
International Society for Optics and Photonics.

41.	 Koh, S. J. A., Zhao, X., & Suo, Z. (2009). Maximal energy 
that can be converted by a dielectric elastomer generator. Ap-
plied Physics Letters, 94(26), 262902.

42.	 Yurchenko, D., Lai, Z. H., Thomson, G., Val, D. V., & Bobryk, 
R. V. (2017). Parametric study of a novel vibro-impact energy 
harvesting system with dielectric elastomer. Applied Energy, 
208, 456-470.

43.	 Jean-Mistral, C., Basrour, S., & Chaillout, J. J. (2008, April). 
Dielectric polymer: scavenging energy from human motion. 
In Electroactive Polymer Actuators and Devices (EAPAD) 
2008 (Vol. 6927, p. 692716). International Society for Optics 
and Photonics.

44.	 Chiba, S., Waki, M., Fujita, K., Song, Z., Ohyama, K., & Zhu, 
S. (2019). Recent progress on soft transducers for sensor net-
works. Technologies and Eco-innovation towards Sustainabil-
ity II, 285-298.

45.	 Chiba, S., Waki, M., Wada, T., Hirakawa, Y., Masuda, K., & 
Ikoma, T. (2013). Consistent ocean wave energy harvesting 
using electroactive polymer (dielectric elastomer) artificial 
muscle generators. Applied energy, 104, 497-502.

46.	 Chiba, S., & Waki, M. (2020). Innovative power generator us-
ing dielectric elastomers (creating the foundations of an envi-
ronmentally sustainable society). Sustainable Chemistry and 
Pharmacy, 15, 100205.

47.	 Chiba, S., & Waki, M. (2019). Application to dielectric elas-
tomer materials, power assist products, artificial muscle drive 
system. Next-generation polymer/polymer development, new 
application development and future prospects, Section, 3, 
978-4861047381.

48.	 S. Chiba, M. Waki. (2009). Evolving Artificial Muscles-Fur-
      Volume 4 | Issue 3 | 248Adv Theo Comp Phy, 2021 www.opastonline.com



ther Expanded Applied Technology, 27th Robotics Society of 
Japan Academic Lecture, Yokohama National University.

49.	 Chiba, S., Waki, M., Kornbluh, R., & Pelrine, R. (2007, 
April). Extending applications of dielectric elastomer artifi-
cial muscle. In Electroactive Polymer Actuators and Devices 
(EAPAD) 2007 (Vol. 6524, p. 652424). International Society 
for Optics and Photonics.

50.	 Carpi, F., Anderson, I., Bauer, S., Frediani, G., Gallone, G., 
Gei, M., ... & Shea, H. (2015). Standards for dielectric elas-
tomer transducers. Smart Materials and Structures, 24(10), 
105025.

51.	 Jean-Mistral, C., Basrour, S., & Chaillout, J. J. (2010). Com-
parison of electroactive polymers for energy scavenging ap-
plications. Smart Materials and Structures, 19(8), 085012.

52.	 Zhong, X. (2010). Dielectric Elastomer Generators for Wind 
Energy Harvesting (Doctoral dissertation, Ph. D. Thesis, Uni-
versity of California Los Angeles, Los Angeles, CA, USA, 
2010. [Google Scholar]).

53.	 Huang, J., Shian, S., Suo, Z., & Clarke, D. R. (2013). Max-
imizing the energy density of dielectric elastomer generators 
using equi‐biaxial loading. Advanced Functional Materials, 
23(40), 5056-5061.

54.	 Brochu, P., Li, H., Niu, X., & Pei, Q. (2010, April). Factors 
influencing the performance of dielectric elastomer energy 
harvesters. In Electroactive Polymer Actuators and Devices 
(EAPAD) 2010 (Vol. 7642, p. 76422J). International Society 
for Optics and Photonics.

55.	 Kovacs, G. M. (2018, March). Manufacturing polymer trans-
ducers: opportunities and challenges. In Proc. of SPIE (pp. 
10594-7).

56.	 McKay, T. G., O’Brien, B. M., Calius, E. P., & Anderson, I. A. 

(2011). Soft generators using dielectric elastomers. Applied 
Physics Letters, 98(14), 142903.

57.	 Anderson, I. A., Gisby, T. A., McKay, T. G., O’Brien, B. M., 
& Calius, E. P. (2012). Multi-functional dielectric elastomer 
artificial muscles for soft and smart machines. Journal of ap-
plied physics, 112(4), 041101.

58.	 van Kessel, R., Wattez, A., & Bauer, P. (2015, April). Analy-
ses and comparison of an energy harvesting system for dielec-
tric elastomer generators using a passive harvesting concept: 
the voltage-clamped multi-phase system. In Electroactive 
Polymer Actuators and Devices (EAPAD) 2015 (Vol. 9430, 
p. 943006). International Society for Optics and Photonics.

59.	 Chiba, S., Waki, M., Kornbluh, R., & Pelrine, R. (2008, April). 
Innovative power generators for energy harvesting using elec-
troactive polymer artificial muscles. In Electroactive Polymer 
Actuators and Devices (EAPAD) 2008 (Vol. 6927, p. 692715). 
International Society for Optics and Photonics.

60.	 S. Chiba, and M. Waki. (2009). Artificial muscle power gen-
eration utilizing movement of waves, water flow, and human 
beings, Petrotech, 32, 12.

61.	 Chiba, S., & Waki, M. (2011). Power generation by micro/
small vibration using dielectric elastomer. Funct Mater, 31(4), 
56-63.

62.	 Chiba, S., Perline, R., Kornbluh, R., Prahlad, H., Stanford, S., 
& Eckerle, J. (2007). New Opportunites in Electric Genera-
tion Using Electroactive Polymer Artificial Muscle(EPAM). 
Journal of the Japan Institute of Energy, 86(9), 743-747. 

63.	 Chiba, S., Kornbluh, R., Pelrine, R., & Waki, M. (2008, June). 
Low-cost hydrogen production from electroactive polymer 
artificial muscle wave power generators. In Proc. of World 
Hydrogen Energy Conference (Vol. 2008).

Copyright: ©2021 Dr. Seiki Chiba, et al. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original author and source are credited.

      Volume 4 | Issue 3 | 249Adv Theo Comp Phy, 2021 www.opastonline.com


