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Abstract: Dielectric elastomer actuators (DEAs) are an emerging type of soft actuation technology.
As a fundamental unit of a DEA, the characteristics of compliant electrodes play a crucial role in the
actuation performances of DEAs. Generally, the compliant electrodes can be categorized into uncured
and cured types, of which the cured one commonly involves mixing conductive particles into an
elastomeric matrix before curing, thus demonstrating a better long-term performance. Along with
the increasing proportion of conductive particles, the electrical conductivity increases at the cost of a
stiffer electrode and lower elongation at break ratio. For different DEA applications, it can be more
desirable to minimize the electrode stiffness or to maximize its conductivity. In examination of the
papers published in recent years, few works have characterized the effects of elastomeric electrodes
on the outputs of DEAs, or of their optimizations under different application scenarios. In this work,
we propose an experimental framework to characterize the performances of elastomeric electrodes
with different formulas based on the two key parameters of stiffness and conductivity. An optimizing
method is developed and verified by two different application cases (e.g., quasi-static and dynamic).
The findings and the methods developed in this work can offer potential approaches for developing
high-performance DEAs.

Keywords: dielectric elastomer actuator; elastomeric electrode; soft robotics; smart materials

1. Introduction

Dielectric elastomer actuators (DEAs), an emerging type of soft actuation technology, demonstrate
advantages over conventional actuators in terms of large actuation strain, high energy density,
fast responses, and low cost [1,2]. A fundamental DEA consists of a piece of dielectric elastomer (DE)
sandwiched between two compliant electrodes, as illustrated in Figure 1. When actuated, the DEA
expands in area and contracts in thickness. The most widely adopted DE materials include acrylic
(e.g., 3M VHB 4910 [3,4] and silicone (e.g., Wacker ELASTOSIL 2030 [5,6], Wacker RT 625 [7]).

Despite the fact that acrylic DE has a high quasi-static actuation strain due to the low elastic
modulus and high dielectric constant, its high viscoelasticity leads to a slow response speed and a
reduced dynamic output. In contrast, silicone elastomers show a significantly lower viscoelasticity,
hence an improved dynamic output performance with a peak output power density (~600 W/kg)
higher than natural muscles reported to date [8]. The promising applications of silicone-based DEAs
have been widely demonstrated in the literature, including a soft pump [9,10], soft crawling robot [11],
flapping wing micro-air-vehicles [12] and a versatile soft gripper [13].

Materials 2020, 13, 5542; d0i:10.3390/ma13235542 www.mdpi.com/journal/materials


http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0001-9708-4252
http://www.mdpi.com/1996-1944/13/23/5542?type=check_update&version=1
http://dx.doi.org/10.3390/ma13235542
http://www.mdpi.com/journal/materials

Materials 2020, 13, 5542 20f 13

Deactivated Activated
(V=0) (V>0)
Elastomer film

V=0 V>0
| | Compliant
electrode

Figure 1. Working schematic of dielectric elastomer actuator (DEA).

In addition to the DE material that affect the actuator’s performance, compliant electrodes (CE)
also play a critical role in determining the DEA’s outputs. An ideal CE needs to have high conductivity
and low elastic modulus so as not to impede the movement of DEA [14]. Furthermore, good adhesion
to the DE film is necessary to ensure that the CE actuates together with the DE and there is no
delamination in practical applications. In general, the compliant electrodes can be categorized into
uncured and cured types, with the uncured types being mainly composed of carbon grease and loss
powder. For example, Matysek et al. adopted the technique of directly spraying carbon black (CB) onto
the DE film [15]. However, the CB particles can detach from the DE film during actuation, especially
during high-frequency vibrations, hence the lifespan of the DEA is limited. Carbon grease can be easily
applied to the DE film using brushes or scratch [16] and can offer good adhesion with the film [17,18].
However, the oil can volatile slowly over time, which limits the lifespan of the DEA. Furthermore,
this kind of uncured electrode is likely to delaminate when touching, thereby resulting in contamination
and damage of the electrode pattern. Thus, its practical application is limited. The cured electrodes are
commonly elastomeric electrodes which are based on CB particles due to their good conductivity and
low cost. Compared with carbon nanotubes, CB is cheaper and the fabrication process is simpler as the
ultrasonic pre-dispersion is not required [19]. Typical elastomeric electrodes are a mixture of CB and
uncured silicone elastomers. Once applied to the DE film, the electrodes can fully cure and adhere to
the DE film, which overcomes the limitations of the uncured electrodes. The amount of conducting
particles is the main focus of the reported papers [20,21]. Rosset et al. [22] assessed the degradation
of elastomeric electrodes and reported a low lifespan of only a few thousand cycles. Meanwhile,
Saint-Aubin et al. [23] studied the life of the carbon-based electrodes, and found that aging (as seen in
the change in resistance and in actuation strain versus cycle number) is independent of the actuation
frequency. Schlatter et al. [24] developed a CB-based elastomeric electrode which shows low resistance
and stiffness and the influence of the elastomeric electrode thickness was investigated. Zhang et al.
investigated the impacts of the ambient temperature [25], humidity [26], thickness and conductivity of
electrode [27] on the DE performance.

Despite the development of the elastomeric electrodes reported in the literature, systematic
investigation on the effects of elastomeric electrodes on the output performance of the DEAs is seldom
found. In addition, to the best of the authors” knowledge, no work has developed optimization methods
for the elastomeric electrode formulas. The performance of an elastomeric electrode can be controlled by
the two principal factors of inherent stiffness and conductivity, which affect the DEA’s responsive strain
and electrical response speed, respectively. In this work, we characterize the stiffness and conductivity
of varying elastomeric electrode formulas. Based on the characterization results, we then develop
a method for optimizing the electrode formula. Examples of optimal electrode formulas are given
for different application scenarios including quasi-static actuation and dynamic resonant actuation.
The findings reported and the methods developed in this work can offer potential approaches for
developing high-performance DEAs.
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2. Materials and Methods

2.1. Materials

ELASTOSIL 2030 silicone film (Wacker, Munich, Germany), which is widely commercially available,
was adopted as the DE material. The main silicone rubber for elastomeric electrode fabrication is RT
625 (Wacker, Munich, Germany), which has low viscoelasticity and high elongation at break ratios and
has thus been widely adopted for DEA applications [28,29]. However, RT 625 shows a high stiffness
(tensile strength of 6.50 N/mm? compared to 6.00 N/mm? for ELASTOSIL 2030), to accommodate this,
soft Ecoflex 20 (Smooth-on, Macungie, PA, USA) with the tensile strength of 1.10 N/mm? was added
to the matrix. Carbon black powder with the diameters of 35-45 nm was adopted as the conductive
material (XFI15, XFNAN, Shuzhou, China). Isopropanol (AR, Dong Jiang, Shanghai, China) was added
to dilute electrode compounds during the mixing stage, which ensures an even dispersion of the CB
in the compound. Sil-poxy (Smooth-on, Macungie, PA, USA) was used to adhere the silicone film to
the metal membrane holder. The fabricated DEA film and its support frame were bonded with tape
(5302A, NITTON, Kita-ku, Japan).

2.2. Preparation of Specimen

In this tensile experiment, the shape of the sample used is in accordance with the international
standard ASTM D412 protocol [30]. We choose the ‘Die C" sample shape with an overall length of
115 mm in which the narrow section is 33 mm long. The sample template was fabricated by cutting
polyethylene glycol terephthalate (PET) with a thickness of 0.1 mm by a laser cutting machine (VLS2.30,
Universal, DC, USA). The PET template was placed on top of an acrylic plate (Hongwang, Shenzhen,
China) then the well-mixed CB-silicone mixture was added to the PET template and then scratched
with a scraper. The CB mass ratios, «, was varied from 10 wt.% to 25 wt.% with a step of 5 wt.% and
the Ecoflex 20-to-RT 625 ratios of 3 = 0, 0.2:1, 0.4:1, 0.6:1, 0.8:1 were tested, which gives a total of
20 combinations. For each combination, three samples were fabricated and tested to eliminate random
errors. The detailed fabrication process is described for the sample with « = 10 wt.% and 3 = 0.2:1 and
schematic illustrations of the fabrication process are given in Figure 2a. A total of 0.5 g CB was added
to 5 g of isopropanol and then mixed at 3000 rpm for 10 min using a mixer (DACC150R, Speed-Mixer,
Shanghai, China). After mixing, 3.75 g RT625 part AB (1A:9B) and 0.75 g Ecoflex20 (1A:1B) were
added and the mixture was again mixed at 3000 rpm for another 8 min. The resulting mixture was
scraped onto the template PET plate then placed in a 60 °C constant temperature oven (XGQ-200, JLG,
Guangdong, China) for 12 h to cure completely.

The DEA fabrication process is shown in Figure 2b. Firstly, the silicone elastomer was stretched
biaxially by 1.1 X 1.1 then attached to a ring shape membrane holder. Compliant electrodes were then
patterned on the DE film by pad printing. The thickness of the electrode with the machine (DEKTAK-XT,
BRUKER, Karlsruhe, Germany) was about 13 pm. Finally, the DEA film was bonded to an acrylic
frame with adhesive tape to maintain its tension.
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Figure 2. (a) Uniaxial tensile test specimen fabrication steps: (i) mixing the carbon black (CB) in
isopropanol, then mixing in Ecoflex 20 and RT 625 silicone; (ii) laser cutting the PET templates;
(iii) scratching the compliant electrodes and curing for 12 h; (iv) finished specimen. (b) DEA specimen
fabrication steps: (i) pre-stretching DE film and attaching the DE film to the membrane holder;
(ii) transferring compliant electrode into the DE film by pad printing; (iii) stamping electrode on the
DE film; (iv) finished DEA.

2.3. Testing Methods

2.3.1. Electrical Conductivity Test

The electrode samples for electrical conductivity measurement were fabricated using the same
method described above. The sample configuration is a rectangular strip with a length of 100 mm and
a width of 10 mm (as is shown in Figure 3a).

(a) (b)

Figure 3. Electrical conductivity test. (a) Fabricated specimens; (b) schematics of four-point probe test.

The high aspect ratio L/w = 10:1 adopted in this work ensures a homogeneous current flow,
as suggested in the reference [31]. A four-point probe method was adopted here with a multimeter
(E4980AL-102, Keysight, CA, USA) following the protocols from the literature [31]. The strip was in
contact with a metal electrode covering the whole width of the strip at each end (as illustrated in
Figure 3b). For an electrode of thickness d, length L and width w, made of a homogenous material of
volume resistivity p, the volume (or bulk) electrical resistance, R, along the length is given by [31]

L

R= wd (1)

The surface (or sheet) electrical resistance Ry of the electrode is defined as:
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The surface resistance of the portion of the sample delimited by the length L can thus be calculated
as follows: v
w w
R=Rr=71
where V and I are the voltage and current across the two ends of the electrodes, respectively.

The electrical conductivity test was also performed to assess the homogeneity of the electrodes.

®)

A sample with the CB ratio of o = 20 wt.% and pure RT 625 was prepared, and its volume resistance
from for values of L/w varying from 5 to 10 was measured.

2.3.2. Uniaxial Tensile Test and Dielectric Elastomer Actuator (DEA) Actuation Test

The tensile tests were carried out using a tensile testing machine (ESM 303, MARK-10, Copiague,
NY, USA), which was connected to a computer via the universal serial bus (USB) for data collection.
The fabricated electrode specimen was attached on the testing machine at both ends, where a linear
motor stretched one end of the specimen at a constant velocity of 49.9 mm/min. A load cell measured the
reaction force of the stretched electrode. The tensile test setup is illustrated in Figure 4a and photographs
of the setup are shown in Figure S1 in the Supplementary Material. The ambient temperature was kept
constant at 24 °C and the relative humidity was measured at 40%.
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Figure 4. Illustrations of the experimental setups. (a) Tensile test; (b) quasi-static DEA actuation test;
(c) high-frequency test.

In order to determine the reliability of the tensile test protocol, three samples with the same
electrode formula combination were tested under the same testing conditions. The expression of
the statistical dispersion can be calculated with a type A evaluation of measurement uncertainty
(i.e., standard deviation of the sample mean s 5):

(4)

©)

where n is the number of samples, y; is the value of the true stress measured, and ; is the arithmetic
mean of the repeated true stress measured.

In the next test, three samples with different ratios were fabricated and the mean curve and samples’
standard deviation obtained from three tensile tests of the three samples are plotted. The measurement
results found that the materials based on this fabrication method have an advantage in consistency

and repeatability. Figure S2 illustrates the tensile test experimental results for three specimens with the
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Ecoflex 20: RT 625 mixture ratio of 0.2:1. The identical curves demonstrate a good consistency and
repeatability in both the fabrication and tensile tests.

To investigate the influences of the electrode conductivity and stiffness on the DEA’s output
performances, quasi-static and dynamic tests were conducted on DEA samples with different electrode
formulas. A conical DEA geometry was configured in these tests. To test the quasi-static performance,
a 0.5 N mass was hung directly on the center of the DEA to form a conical configuration, as shown in
Figure 4b. A sinusoidal wave with the frequency of 0.2 Hz and an amplitude of 4132 V was applied to
the DEA by a high voltage amplifier (10/40A-HS-H, TREK, Lockport, NY, USA) and a laser displacement
sensor (LK-G153, Keyence, Osaka, Japan) measured the actuation stroke of the DEA.

The same platform was used on high frequency testing (Figure 4c). Using a linear spring deforms
the center of the DEA film out-of-plane by 4 mm. Frequencies sweeping from 0 to 150 Hz at a rate of
1 Hz/s were generated by MATLAB (MathWorks, Natick, MA, USA) and amplified using the high
voltage amplifier prior to being applied to the DEA. The laser displacement sensor recorded the
real-time position of the DEA at a sampling frequency of 2 kHz.

3. Results

3.1. Morphology Characterization

The microscope (Ci-Pol, NIKON, Tokyo, Japan) was used for the specimen morphological
characterization. These samples (the batch that was used in the conductivity measurement) were pure
RT625 with different ratios of carbon black (i.e., 5%, 10%, 15%, 20%, 25%, 30%). Figure 5 shows the
distribution of CB ratio in the substrate respectively. The images with CB ratio of 25% and 30% were
amplification with a higher ratio in the upper right corner. The microscope images show that in the
samples with a CB ratio of less than 30% no cracks formed on the elastomeric electrodes. As the CB
ratio is increased to 30%, cracks can be observed.

Figure 5. Microscope images of the elastomeric electrodes with different carbon black concentrations.
The images with CB ratio of 25% and 30% were amplification with a higher ratio in the upper right corner.

3.2. Electrical Characterization

The measured conductivity of the electrodes made with different formulas are plotted in Figure 6.
Figure 6a plots the measured volume resistance against the measuring distance. It can be noted that,
as the measuring distance increases, the measured volume resistance increases in an approximately
linear way, which agrees well with the theory described in Equation (1), for this reason demonstrating



Materials 2020, 13, 5542 7 of 13

a good homogeneity of the electrode fabricated in this work. In Figure 6b, it can be seen clearly that
a higher content of CB leads to a better electrical conductivity, particularly when the CB mass ratio
a is greater than 15%. It is also noteworthy that adjusting the ratio of Ecoflex 20 and RT 625 § has a

negligible effect on the electrical conductivity to within 5% error.
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Figure 6. Measured conductivity. (a) An approximate linearly increase in the resistance with the
measuring distance L/w is observed proving the homogeneity of the fabricated electrodes; (b) the
conductivity of elastomeric electrodes with different formulas.

3.3. Mechanical Characterization

Figure 7 plots the measured strain-stress relationship of the elastomeric elastomers made with
different formulas, as well as the gradients of each of these strain-stress curves. It shows that the
electrodes can be stretched by more than four fold its original length before breaking at the lowest CB
ratio of @ = 10 wt.%. As the CB ratio « increases, the specimen breaks at a lower stretch length, and as
the value of « is increased to 25 wt.%, the material can only be stretched by less than 100 % before it
breaks. It should also be noted that as the Ecoflex 20-to-RT 625 ratio 3 increases, the electrodes become
softer. However, there is no clear trend in the effects of 3 on the elongation at break ratios. Figure 8
characterizes the tensile modulus (defined as the mean slope before a strain-stress of 40%) of each
electrode formula combinations. It can be seen the modulus increases with the CB ratio « but in the
meantime decreases with the increasing 3 due the lower tensile strength of Ecoflex 20 compared to
RT 625.
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Figure 7. Uniaxial tensile test results of the electrodes with different CB ratios (with 95% confidence
bands). (a) o« = 10 wt.%; (b) & = 15 wt.%; (¢) & = 20 wt.%; (d) o« = 25 wt.%.
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Figure 8. The tensile modulus of the different electrode formula combinations.

4. Discussion

The conductivity of the elastomeric electrode was measured in Section 3. Figure 6 shows that
the conductivity of the elastomeric electrode depends on the mass fraction of conductive CB. As the
mass fraction of conductive carbon black increases, the conductivity of the flexible electrode increases.
However, the pursuit of electrical conductivity leads to poor ductility of the elastomeric electrode.
At the same time, the hardness also increases non-linearly. These trends can be gathered from Figure 7.

While the addition of Ecoflex 20 can reduce the stiffness of the elastomeric electrodes, it can also
reduce the bonding strength between the silicone elastomer and the electrodes. A qualitative bonding
test was performed to demonstrate the adhesion between the elastomeric electrodes and the DE film
through choosing the two combination & =20 wt.%, 3 = 0.2:1 and « =20 wt.%, 3 = 1:1 (The bonding
test results for other ratios are shown in Figure S3 in the Supplementary Material). It can be seen
from Figure 9a that the elastomeric electrode of « = 20 wt.%, 3 = 0.2:1 is tightly attached to the DE
film part when pulled by a silicone tape. When the tape is removed, no obvious electrode residue can
be seen on the tape and the electrode remained intact without any signs of delamination. However,
the elastomeric electrodes of o« = 20 wt.%, 3 = 1:1 shows clear delamination when tested with the same
methods (shown in Figure 9b). No delamination was observed for the electrodes with the Ecoflex
20-to-RT 625 ratio of 3 =0, 0.2:1, 0.4:1, 0.6:1, 0.8:1. As a result, an Ecoflex 20-to-RT 625 ratio greater than
0.8:1 is not recommended for this formula. Meanwhile, the cracks indicate that (1) the CB particles
have affected the formation of long polymer chains, and (2) high CB ratios were no longer suitable for
elastomeric electrodes. To sum up, we chose the following parameter values of o« = 10 wt.%, 15 wt.%,
20 wt.%, 25 wt.%, 3 =0,0.2:1,0.4:1, 0.6:1, 0.8:1.

Figure 9. Qualitative bonding experiment: (a) o« = 20 wt.%, = 0.2:1; (b) « =20 wt.%, = 1:1.
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The stiffness and conductivity of the electrodes were analyzed separately on the output
performances of the DEAs. Tables are provided to show their formulations, the conductivity (Table 1)
and the modulus (Table 2). The o = 10 wt.% and « = 20 wt.% were selected according to 10-fold the
conductivity. Because the o = 25 wt.% breaks at a lower stretch length. The formula of o« = 20 wt.%,
B =0.2:1 and x =20 wt.%, B =0.6:1 were selected because of the similar conductivity. Meanwhile,
the formula oc = 10 wt.%, 3 =0.2:1 was selected based on the similar stiffness. To sum up, the testing was
by using the following three different combinations: Formula (1): o« = 10 wt.%, 3 = 0.2:1; Formula (2):
o =20 wt.%, p =0.2:1 and Formula (3): o = 20 wt.%,  =0.6:1. The conductivity and modulus of three
different combinations are shown in Table 3.

Table 1. The conductivity of elastomeric electrodes with different formulas.

Conductivity (S/cm) *
10% 15% 20% 25%
0 0.0031 +0.0004 0.0145+0.0035 0.0384 +0.0021  0.1482 + 0.0041
0.2 0.0032 +0.0002  0.0139+ 0.0024  0.0427 + 0.0058  0.1449 + 0.0051
B 0.4 0.0039 £ 0.0013  0.0135+ 0.0018  0.0463 + 0.0075  0.1397 + 0.0027
0.6 0.0030 £ 0.0004  0.0135+ 0.0019  0.0401 + 0.0019  0.1387 + 0.0157
0.8 0.0030 + 0.0003  0.0146+ 0.0037  0.0471 + 0.0090  0.1404 + 0.0086

Table 2. The tensile modulus of the different electrode formula combinations.

@
Tensile Modulus (MPa)
10% 15% 20% 25%
0 0.489 + 0.038 0.526 + 0.018 0.640 + 0.008 0.923+ 0.026
0.2 0.285 + 0.010 0.310 = 0.026 0.487 +0.011 0.701 £ 0.013
B 04 0.234 + 0.012 0.278 + 0.012 0.382 + 0.012 0.550 + 0.021
0.6 0.205 + 0.005 0.226 + 0.019 0.297 + 0.012 0.504 + 0.011
0.8 0.180 + 0.011 0.201 + 0.013 0.278 + 0.004 0.469 = 0.019
Table 3. The detailed information of three formulas.
Samples [o4 B Conductivity (S/cm)  Tensile Modulus (MPa)
Formula (1) 10 0.2:1 0.0032 0.285
Formula (2) 20 0.2:1 0.0427 0.487
Formula (3) 20 0.6:1 0.0401 0.297

Figure 10a shows that, in quasi-static application scenarios (in this case, frequency is 0.2 Hz,
and the output voltage was 4132 V as shown in Figure 10c, the actuation stroke of Formula 1 is the
highest, followed by Formula (3), and then Formula (2). It is worth noting that, despite the conductivity
being the lowest, the lowest tensile modulus of Formula (1) still leads to the highest actuation stroke,
which proves that the stiffness of the electrodes has a greater impact on the DEA’s performance
in quasi-static cases. However, as is shown in Figure 10b, in high-frequency dynamic applications,
the peak output stroke of the DEA with Formula (3) is greater than Formulas (2) and (1). This is due to
the high electrical conductivity of the Formula (3) electrodes which leads to a much faster electrical
response speed, hence the DEA can be charged and discharged fully at high frequencies. It should
also be noted that the resonant frequency of the DEA using Formula (2) is higher than that using
Formulas (1) and (3), because of its high stiffness. Nonetheless, conductivity is the dominant factor for
determining the actuator’s performances in high-frequency application scenarios.
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Figure 10. DEA output performance characterization. (a) Quasi-static (0.2 Hz) outputs of the DEA
samples; (b) frequency sweep (0 to 150 Hz) outputs of the same DEAs; (c) input voltage.

The electrode formula optimization method is provided based on the above characterization.
For quasi-static application scenarios, the stiffness influence is significantly larger than the conductivity
(recall that the conductivity for Formula (1) is over 10-fold lower than the other two, yet it demonstrates
the highest stroke in quasi-static cases). Based on this, we recommend a type of electrode with a lower
stiffness: o =10 wt.%, 3 = 0.8:1. However, for dynamic application scenarios, conductivity has a greater
impact on DE film, so the conductivity weight is higher. In this case, the formula of & =25 wt.%,
B = 0.8:1 is suggested.

These findings can be critical for developing high-performance DEA-based robots. For example,
in quasi-static actuation scenarios where large actuation strain is required, DEAs can offer promising
potentials in bio-inspired swimming robots [32,33] and soft infrared-reflecting systems [34]. For dynamic
applications where high resonant amplitudes are demanded, DEAs can be adopted in soft pumps [9,35]
and flapping wing robots [8].

Adding Ecoflex 20 to the electrode formulas can not only reduce the stiffness of the electrodes,
it was also observed to significantly increase the pot life of the electrode compound during the
fabrication process. As illustrated in Figure S4a in the Supplementary Material at the same humidity
and temperature, the mixture of Ecoflex20 and RT 625 remains in consistent liquid form after two
hours of curing time. However, the electrode solution with pure RT 625 solidifies with a consistency
of paste with chunks of solids, as shown in Figure S4b in the Supplementary Material. The long pot
life formula of Ecoflex 20 and RT 625 developed in this work would be beneficial for screen printing,
spray coating, spin coating, pad printing and casting processes since it can improve manufacturing
efficiency and reduce costs.

5. Conclusions

Compliant electrodes are a critical component for DEAs as they enable the charge flows of the
DEA and deform together with the DE film. Among the most widely adopted CB-based electrodes,
elastomeric electrodes can overcome the delamination problem of the other types of carbon electrodes
and are thus promising for practical applications in soft robotics and wearable devices. However, to the
best of the authors” knowledges, no works have investigated the influence of elastomeric electrode
stiffness and conductivity on the output performance of DEAs in different application scenarios.
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The performance of an elastomeric electrode can be described by the two main factors of inherent
stiffness which affect the DEA’s actuation strain, and its conductivity which determines the actuator’s
electrical response speed. This paper is the first to systematically characterize and optimize the two
properties of elastomeric electrode materials by analyzing the effects of CB ratio and different silicone
mixture ratios. The key findings of this work can be summarized as follows:

i.  Increasing the CB ratio increases the electrical conductivity of the electrode and the stiffness of the
elastomeric electrode but reduces the elongation at break ratio.

ii. Increasing the Ecoflex 20 to RT 625 ratio can decrease the stiffness of the elastomeric electrode yet
shows no clear effects on the elongation at break ratio.

iii. Adding Ecoflex 20 to the electrode formula can significantly increase the pot life of the
electrode mixture.

iv. In quasi-static actuation scenarios, electrode stiffness plays the most important role in DEA’s
output performance.

v.  In high-frequency actuation scenarios, electrode conductivity is the key factor determining the
DEA’s output performance.

The research contributions are as follows:

i.  The research is the first to analyze the influence of electrode stiffness and conductivity on DEA
output performances in different application scenarios.

ii. The research developed an optimization method for elastomeric electrode formulas based on
different application scenarios (e.g., « = 10 wt.%, 3 = 0.8:1 for quasi-static and o = 25 wt.%,
= 0.8:1 for high-frequency cases).

The research will promote the development of high-performance DEAs in soft robotics, for example,
dynamic locomotion, soft wearable devices and soft energy harvesters. The reported findings and the
developed methods in this work can offer potential approaches for developing high-performance DEAs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/23/5542/s1,
Figure S1: Experimental setup, Figure S2: Uniaxial tensile stress—stretch curves from three repeated tensile
pull-to-failure tests on the 3 = 0.2:1 specimen at a strain rate of 49.9 mm/min, Figure S3: Adhesion experiments at
different ratios 3, Figure S4: Cure for 2 h: (a) Ecoflex20 + RT625; (b) Pure RT625.

Author Contributions: Conceptualization, G.M., W.Z. and X.W,; Data curation, G M., W.Z., X.T. and X.W.; Formal
analysis, GM., W.Z,, L.C. and X.W.; Funding acquisition, W.Z. and X.W.; Investigation, GM., WZ., L.C., X.T. and
X.W.; Methodology, GM., W.Z,, X.T. and X.W.; Project administration, X.W.; Resources, G.M., W.Z., X.T. and X.W.;
Software, G.M., W.Z. and X.W.; Supervision, X.W.; Validation, G.M., W.Z. and X.W.,; Visualization, G.M., W.Z,,
L.C, X.T. and X.W,; Writing—original draft, G.M., W.Z., X.T. and X.W.; Writing—review and editing, G.M., W.Z,,
X.T. and X.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research is supported by the Xi’an Science and Technology Department (2020KJRC0049), and the
National Natural Science Foundation of China (grant nos. 51703176, and 91848102).

Conflicts of Interest: The authors declare that we do not have any possible conflicts of interest.

References

1. Pelrine, R.; Kornbluh, R.; Pei, Q.B.; Joseph, J. High-speed electrically actuated elastomers with strain greater
than 100%. Science 2000, 287, 836—839. [CrossRef]

2. Gu, GY,; Zhu, J; Zhu, LM.; Zhu, X. A survey on dielectric elastomer actuators for soft robots.
Bioinspiration Biomim. 2017, 12, 011003. [CrossRef]

3. Huang, J.; Shian, S.; Suo, Z.; Clarke, D.R. Maximizing the Energy Density of Dielectric Elastomer Generators
Using Equi-Biaxial Loading. Adv. Funct. Mater. 2013, 23, 5056-5061. [CrossRef]

4. Koh, SJ.A; Keplinger, C; Li, T.; Bauer, S.; Suo, Z. Dielectric Elastomer Generators: How Much Energy Can
Be Converted? IEEE/ASME Trans. Mechatron. 2011, 16, 33-41. [CrossRef]

5. Gao, X.; Cao, C.; Guo, J.; Conn, A. Elastic Electroadhesion with Rapid Release by Integrated Resonant
Vibration. Adv. Mater. Technol. 2019, 4, 1800378. [CrossRef]


http://www.mdpi.com/1996-1944/13/23/5542/s1
http://dx.doi.org/10.1126/science.287.5454.836
http://dx.doi.org/10.1088/1748-3190/12/1/011003
http://dx.doi.org/10.1002/adfm.201300402
http://dx.doi.org/10.1109/TMECH.2010.2089635
http://dx.doi.org/10.1002/admt.201800378

Materials 2020, 13, 5542 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Cao, C.-J; Hill, T.L;; Conn, A.T.; Li, B.; Gao, X. Nonlinear Dynamics of a Magnetically Coupled Dielectric
Elastomer Actuator. Phys. Rev. Appl. 2019, 12, 044033. [CrossRef]

Bar-Cohen, Y,; Yu, L.; Gonzalez, L.B.; Hvilsted, S.; Skov, A.L. Soft silicone based interpenetrating networks
as materials for actuators. In Proceedings of the SPIE Smart Structures and Materials + Nondestructive
Evaluation and Health Monitoring, San Diego, CA, USA, 9-13 March 2014.

Chen, Y.; Zhao, H.; Mao, J.; Chirarattananon, P.; Helbling, E.F.; Hyun, N.P; Clarke, D.R.; Wood, R.J. Controlled
flight of a microrobot powered by soft artificial muscles. Nature 2019, 575, 324-329. [CrossRef] [PubMed]
Cao, C.; Gao, X.; Conn, A.T. A Magnetically Coupled Dielectric Elastomer Pump for Soft Robotics. Adv. Mater.
Technol. 2019, 4, 1900128. [CrossRef]

Cao, C.; Gao, X.; Conn, A.T. A compliantly coupled dielectric elastomer actuator using magnetic repulsion.
Appl. Phys. Lett. 2019, 114, 011904. [CrossRef]

Ji, X.B.; Liu, X.C.; Cacucciolo, V.; Imboden, M.; Civet, Y.; El Haitami, A.; Cantin, S.; Perriard, Y.; Shea, H.
An autonomous untethered fast soft robotic insect driven by low-voltage dielectric elastomer actuators.
Sci. Robot. 2019, 4, eaaz6451. [CrossRef] [PubMed]

Cao, C; Gao, X,; Burgess, S.; Conn, A.T. Power optimization of a conical dielectric elastomer actuator for
resonant robotic systems. Extrem. Mech. Lett. 2020, 35, 100619. [CrossRef]

Shintake, J.; Rosset, S.; Schubert, B.; Floreano, D.; Shea, H. Versatile Soft Grippers with Intrinsic Electroadhesion
Based on Multifunctional Polymer Actuators. Adv. Mater. 2016, 28, 231-238. [CrossRef] [PubMed]

Bozlar, M.; Punckt, C.; Korkut, S.; Zhu, J.; Chiang Foo, C.; Suo, Z.; Aksay, I.A. Dielectric elastomer actuators
with elastomeric electrodes. Appl. Phys. Lett. 2012, 101, 091907. [CrossRef]

Matysek, M.; Lotz, P.; Winterstein, T.; Schlaak, H.F. Dielectric Elastomer Actuators for Tactile Displays. In
Proceedings of the World Haptics 2009: Third Joint Eurohaptics Conference and Symposium on Haptic
Interfaces for Virtual Environment and Teleoperator Systems, Salt Lake City, UT, USA, 18-20 March 2009;
pp- 290-295.

Luo, M.; Liu, L.; Liu, C,; Li, B.; Cao, C.; Gao, X,; Li, D. A single-chamber pneumatic soft bending actuator
with increased stroke-range by local electric guidance. IEEE Trans. Ind. Electron. 2020, 2020, 1. [CrossRef]
Cao, C.; Hill, TL.; Conn, A.T. On the nonlinear dynamics of a circular dielectric elastomer oscillator.
Smart Mater. Struct. 2019, 28, 075020. [CrossRef]

Kuhnel, D.T.; Rossiter, ].M.; Faul, C.E]. Laser-Scribed Graphene Oxide Electrodes for Soft Electroactive
Devices. Adv. Mater. Technol. 2019, 4, 1800232. [CrossRef]

Bannych, A.; Katz, S.; Barkay, Z.; Lachman, N. Preserving Softness and Elastic Recovery in Silicone-Based
Stretchable Electrodes Using Carbon Nanotubes. Polymers 2020, 12, 1345. [CrossRef]

Huang, J.-C. Carbon black filled conducting polymers and polymer blends. Adv. Polym. Technol. 2002, 21,
299-313. [CrossRef]

Rosset, S.; Shea, H.R. Flexible and stretchable electrodes for dielectric elastomer actuators. Appl. Phys. A
2012, 110, 281-307. [CrossRef]

Rosset, S.; De Saint-Aubin, C.; Poulin, A.; Shea, H.R. Assessing the degradation of compliant electrodes for
soft actuators. Rev. Sci. Instrum. 2017, 88, 105002. [CrossRef]

De Saint-Aubin, C.A.; Rosset, S.; Schlatter, S.; Shea, H. High-cycle electromechanical aging of dielectric
elastomer actuators with carbon-based electrodes. Smart Mater. Struct. 2018, 27, 074002. [CrossRef]
Schlatter, S.; Rosset, S.; Shea, H. Inkjet printing of carbon black electrodes for dielectric elastomer actuators.
In Proceedings of the SPIE Smart Structures and Materials + Nondestructive Evaluation and Health
Monitoring, Portland, OR, USA, 25-29 March 2017; Volume 2017, p. 10163.

Zhang, |J.; Sheng, J.; Liu, X,; Liu, L.; Zhao, J.; Chen, H. Temperature effect on electromechanical properties of
polyacrylic dielectric elastomer: An experimental study. Smart Mater. Struct. 2020, 29, 047002. [CrossRef]
Zhang, J.; Liu, X;; Liu, L.; Yang, Z.; Li, P; Chen, H. Modeling and experimental study on dielectric elastomers
incorporating humidity effect. EPL (Europhys. Lett.) 2020, 129, 57002. [CrossRef]

Zhang, J.; Liu, L.; Chen, H. Electromechanical properties of soft dissipative dielectric elastomer actuators
influenced by electrode thickness and conductivity. J. Appl. Phys. 2020, 127, 184902. [CrossRef]

Lau, G.-K,; Lim, H.-T.; Teo, ].-Y.; Chin, Y.-W. Lightweight mechanical amplifiers for rolled dielectric elastomer
actuators and their integration with bio-inspired wing flappers. Smart Mater. Struct. 2014, 23, 025021.
[CrossRef]


http://dx.doi.org/10.1103/PhysRevApplied.12.044033
http://dx.doi.org/10.1038/s41586-019-1737-7
http://www.ncbi.nlm.nih.gov/pubmed/31686057
http://dx.doi.org/10.1002/admt.201900128
http://dx.doi.org/10.1063/1.5071439
http://dx.doi.org/10.1126/scirobotics.aaz6451
http://www.ncbi.nlm.nih.gov/pubmed/33137720
http://dx.doi.org/10.1016/j.eml.2019.100619
http://dx.doi.org/10.1002/adma.201504264
http://www.ncbi.nlm.nih.gov/pubmed/26551665
http://dx.doi.org/10.1063/1.4748114
http://dx.doi.org/10.1109/TIE.2020.3013544
http://dx.doi.org/10.1088/1361-665X/ab1cc8
http://dx.doi.org/10.1002/admt.201800232
http://dx.doi.org/10.3390/polym12061345
http://dx.doi.org/10.1002/adv.10025
http://dx.doi.org/10.1007/s00339-012-7402-8
http://dx.doi.org/10.1063/1.4989464
http://dx.doi.org/10.1088/1361-665X/aa9f45
http://dx.doi.org/10.1088/1361-665X/ab79b7
http://dx.doi.org/10.1209/0295-5075/129/57002
http://dx.doi.org/10.1063/5.0001580
http://dx.doi.org/10.1088/0964-1726/23/2/025021

Materials 2020, 13, 5542 13 of 13

29.

30.

31.

32.

33.

34.

35.

McCoul, D.; Hu, W.; Gao, M.; Mehta, V.; Pei, Q. Recent Advances in Stretchable and Transparent Electronic
Materials. Adv. Electron. Mater. 2016, 2, 1500407. [CrossRef]

Gao, X,; Shi, Z; Liu, C.; Yang, G.; Sevostianov, I; Silberschmidt, V.V. Inelastic behaviour of bacterial cellulose
hydrogel: In aqua cyclic tests. Polym. Test. 2015, 44, 82-92. [CrossRef]

Carpi, E; A Anderson, L; Bauer, S.; Frediani, G.; Gallone, G.; Gei, M.; Graaf, C.; Jean-Mistral, C.; Kaal, W.;
Kofod, G.; et al. Standards for dielectric elastomer transducers. Smart Mater. Struct. 2015, 24, 105025. [CrossRef]
Tang, C.; Ma, W,; Li, B.; Jin, M.; Chen, H. Cephalopod-Inspired Swimming Robot Using Dielectric Elastomer
Synthetic Jet Actuator. Adv. Eng. Mater. 2019, 22,1901130. [CrossRef]

Yang, T.; Xiao, Y.; Zhang, Z.; Liang, Y.; Li, G.; Zhang, M.; Li, S.; Wong, TW.; Wang, Y,; Li, T.; et al. A soft
artificial muscle driven robot with reinforcement learning. Sci. Rep. 2018, 8, 14518. [CrossRef]

Xu, C,; Stiubianu, G.T.; Gorodetsky, A.A. Adaptive infrared-reflecting systems inspired by cephalopods.
Science 2018, 359, 1495-1500. [CrossRef] [PubMed]

Linnebach, P,; Rizzello, G.; Seelecke, S. Design and validation of a dielectric elastomer membrane actuator
driven pneumatic pump. Smart Mater. Struct. 2020, 29. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/aelm.201500407
http://dx.doi.org/10.1016/j.polymertesting.2015.03.021
http://dx.doi.org/10.1088/0964-1726/24/10/105025
http://dx.doi.org/10.1002/adem.201901130
http://dx.doi.org/10.1038/s41598-018-32757-9
http://dx.doi.org/10.1126/science.aar5191
http://www.ncbi.nlm.nih.gov/pubmed/29599237
http://dx.doi.org/10.1088/1361-665X/ab8a01
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Specimen 
	Testing Methods 
	Electrical Conductivity Test 
	Uniaxial Tensile Test and Dielectric Elastomer Actuator (DEA) Actuation Test 


	Results 
	Morphology Characterization 
	Electrical Characterization 
	Mechanical Characterization 

	Discussion 
	Conclusions 
	References

