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Abstract. In this paper, a new material called synthetic elastomer, is presented
as means of actuation. The material displays enhanced performances in terms of
electrical as well as mechanical aspects such as dielectric constant, elastic strength
and stress relaxation. We begin with developing synthesis procedures for the material,
which results in its general recipe with chemical composition. In addition, effects of
respective chemical constituents are studied with regard to electrical and mechanical
characteristics of the actuator. Finally, experimental test are performed to evaluate
actuation performance of the material and its advantages are clarified by conducting
comparative studies with the other existing materials.
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1. Introduction

During last decades, the researches on artificial muscle actuator based on electroactive
polymer(EAP) have experienced remarkable progress [1-12]. Many researchers have
made efforts to develop feasible actuation schemes and some of them, especially
concerning the dielectric elastomer report the results almost applicable to the practical
use [1,3,4,11,12]. The dielectric elastomer, which is viscoelastic, displays the elastic
as well as viscous behavior. Hence, the elastomer results in instantaneous elastic
strain followed by viscous and time-dependent strain under the external load. The
time-dependent behavior of materials under a quasi-static state may appear in two
different ways; creep under constant stress and stress relaxation at constant expansion
or compression [13,14]. However, because the performance of the actuator needs to last
for long time without change, the time-dependency is one of the most critical drawbacks
for actuation. From the fundamental principle of actuation, in addition, it is noted
that the dielectric constant and the elastic modulus are significant material properties
under prospective modification in the dielectric elastomer [1]. However, the selection
of materials as the dielectric elastomer is too limited and furthermore, it is difficult to
adjust their properties suitable for the actuator in spite of several ones commercially
available, for example, VHB4905 from 3M, silicones such as CF19-2186 form Nusil and
KE441 from ShinEtsu, etc. Thus, it is demanding to develop new materials for the
actuation purpose, whose mechanical as well as electrical properties can be adjusted
according to the specific applications.

In this paper, a new synthetic elastomer is presented. Its enhanced actuation
performances competes with the commercial ones in terms of electrical and mechanical
aspects. We study how to change the properties of the elastomer to improve the
performance of actuation. General recipes for synthesizing the elastomer is addressed
with the explanation on the respective contribution depending on the chemical
constituents. Also, the performances are evaluated with corresponding results of
experiments.

2. Requirements of elastomeric material

To begin with the study on the material, it is necessary to consider significant parameters
influencing on the overall performances of actuation. In this section, we summarize the
primary requirements for the dielectric elastomer as actuation purposes. According to
the fundamental physics of the dielectric elastomer, the input electrical energy density
U. is expressed as

U, = ;C’V2 = ;jt(srsof)VQ = ;ETSOEQ , (1)
where C' is the capacitance per unit volume and E represents the electric field. V' is
the applied voltage, and ¢, €, denote the permittivity of the free space and the relative

permittivity of the elastomer, respectively. A and t are the area and the thickness of the
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dielectric elastomer, respectively. Thus, the elastic energy density U, converted from
the electrical energy in the elastomer is obtained as follows [3].

1 1. e.e,E? 1 1
= -Y8 = Y(2)? = —(g,6,E*)— 2

where Y is the elastic modulus and § represents the strain along the thickness direction,

respectively.  Although this equation is suitable for small strain, it is useful for
understanding the relations among the parameters. As the dielectric constant of the
elastomer is getting larger, the more electromechanical stress and the energy density
are obtained with much smaller input voltage. It is noted that the dielectric constant
¢, is one of the most important material properties for using a dielectric elastomer as
actuation purpose. According to Eq. 2, elastic modulus should be small to get large
deformation and strain energy. However, too small elastic modulus leads to poor elastic
behavior. The elasticity or the rebound resilience needs to be considerably high to ensure
suitable operational bandwidth. Trade-offs exist among primary material properties.
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Figure 1. Actuation feature of dielectric elastomer

In addition, viscosity must be taken into account as important material properties.
For example, as shown Fig. 1, let us consider a circular actuator, which has initial radius
ro and thickness t5. A, and A are the radial strain and the thickness strain, respectively.
In case of an incompressible material, we have

N =1 (3)

Here, the capacitance C' of the actuator is derived as

2m(A\ro)? 2mre
C= r€0— ~,  — ¢&r ) 4
T N TN, @
Also, Maxwell stress Py, is obtained as follows.
% Q/C A1

Py = —ereq(—)? = —e, 2 _ _ L 22 5
M c 50()\150> #reol Ato ) ErE0 27r7°(2)) @ (5)

where () denotes amount of charge. Eq. 5 implies that P, is a function of thickness
strain A. When a constant voltage is applied, the mechanical creep makes the elastomer
thin gradually, while Maxwell stress increases accordingly, which results in the electrical
creep. That is, the electromechanical creep under constant voltage is larger than that
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under constant mechanical stress. Actually, the viscosity is a cause of hysteresis and
degrades controllability of the actuator. It is simply the reason why the elastomer for
an actuator is required to have less viscosity.

3. Proposed material

Acrylonitrile Butadiene Rubber(NBR) is the copolymerization of Acrylonitrile(ACN)
and Butadiene rubber(BR). BR is a rubber with very high resilience and long life time
in use. ACN is a polar rubber with high dielectric constant and good elongation as
well as adequate resilience, tensile and compression set. The content of ACN is a
primary factor characterizing NBR. As shown in Fig. 2, the ACN level, because of its
polarity, determines basic mechanical properties, such as oil and solvent resistance, low-
temperature flexibility /glass transition temperature, and abrasion resistance, as well as
electrical properties like dielectric constant and breakdown voltage [15,16]. Additionally
the mechanical properties of NBR can be adjusted with vulcanization conditions. The
vulcanization is a process for generating cross-linkages among polymer chains of the
rubber’s molecules. It is prerequisite on fabricating rubber since it gives the rubber
required properties, e.g., strength, elasticity, and resistance to solvents, and makes
it impervious to moderate heat and cold [17]. In vulcanization process, additives
such as sulfur or peroxides, organic accelerator and aniline compounds play important
role. Material properties change a lot by controlling the contents of the additives and
vulcanization conditions.

In general, the volcanized NBR has high dielectric constant [18]. Moreover, it is
possible to control the mechanical and/or electrical properties of NBR by changing
contents rate of ACN and vulcanization agents. This is why NBR can be considered as
a promising candidate for the dielectric elastomer actuator.

NBR with Lower NBR with Higher
Acrylonitrile content Acrylonitrile content
Processability —_—

Cure Rate w/Sulfur cure system —»
Compatibility w/Polar polymers ——»

Tensile Strength _—
<«—— Cure Rate w/Peroxide cure system
«—— Resilience
«— Hysteresis
D Low temperature flexibility

Figure 2. Material properties with NBR and ACN

4. Comparisons of primary material properties

In this section, experimental studies on the major properties of the synthetic elastomer
have been conducted in comparison with several commercial ones. Dielectric constant,
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elastic modulus, and stress relaxation of elastomeric materials commercially available
such as VHB4905/4910 and KE441 silicone are compared with the proposed one.

4.1. Dielectric constant
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Figure 3. Comparisons of dielectric constant

Dielectric constants of each specimen were measured with Dielectric Spectrome-
ter(DES100 from SEICO INST.). As shown in Fig. 3, VHB4905/4910 have higher value
of e, = 4.7 than KE441 silicone with ¢, = 2.8. On the other hand, the proposed one as
displayed in Fig. 4 has the dielectric constant over than €, = 14, more than twice of the
largest one. Dielectric constant ¢, is one of the most important electrical properties of
dielectric elastomer. As widely known, the amount of charge in the dielectric material
governs the actuation and the induced stress is proportional to the dielectric constant of
the material itself. As the dielectric constant of the elastomer is getting larger, the more
mechanical pressure and energy density can be obtained with smaller driving voltage.
Consequently, materials with higher dielectric constant can have larger actuation force
than the lower one.

4.2. Elastic modulus

The elastic modulus of each material was tested with an universal testing machine(LLoyd
Co.). In the test all the specimens had the same size of 50[L] x 15[W]mm, and the
thicknesses of VHB4905, KE441 and synthetic elastomer were 0.5, 0.15, and 0.2mm
respectively(there is no correspondence between the thickness and the elastic modulus).
All of them were measured under the condition of 10% strain. As displayed in Fig. 5,
the elastic modulus of VHB4905, KE441 and synthetic elastomer are listed as 0.25,
0.24, and 3M Pa, respectively. There exist big differences in the elastic modulus among
the materials. The elastic modulus needs to be small to enhance the strain, while the
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Figure 4.

250

352

Fabricated synthetic elastomer sheets :

(Large one: 220 x 220 x 0.2mm (W x D x T'), small one: 80 x 80 x 0.25mm)

deliverable output force decreases vice versa. The proposed material is expected to have

a larger output force with smaller strain in terms of the elastic modulus.
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4.8. Stress relazation
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Fig. 6 shows the stress relaxations of materials under comparison. The stress reduction in

the synthetic rubber is considerably smaller than the others and performance reduction

of the actuator utilizing the proposed material is less than the others. Because stress

relaxation is not desirable as an actuator, it needs to be maintained as small as possible.
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Figure 6. Stress relaxations of materials

5. Experimental evaluations

In addition to the qualitative studies on the performance metrics of the elastomeric
materials, in this section, actuation performances of the proposed material are evaluated
with experiments. Deformation, time responses, hysteresis and elastic energy efficiency
are tested for each specimen. Most of the experiments are performed without prestrain
since the prestrain on dielectric elastomer actuator have several negative effects on
actuation performences [19]. Non-prestrained test is desirable to clarify the actuation
features of material itself. In the present study, only the experiment for elastic energy
efficiency is conducted with prestrain condition, which is on the purpose of comparison
with previous results [3].

5.1. Outline of experimental setup

In this paper, a unique method has been proposed to measure the radial expansion
indirectly. The method is on the purpose of measuring the pure strain by Maxwell
stress while minimizing the influence of the inactive area, which is not coated with
the electrode. As illustrated in Fig. 7, a specimen is clamped between two rigid circular
frames with the diameter of p45mm and width of 2mm. Compliant electrode(conductive
grease CW7100) is covered on the whole surface of the specimen. The amount of radial
expansion generated by Maxwell stress is converted into a linear displacement at the
center of the specimen by putting a tiny mass. Here, the weight of the mass is chosen
small enough to have negligible influence on the overall behavior of the material. The
radial expansion can be simply calculated by measuring the vertical displacement of the
mass with laser displacement meter(LK-081 Keyence).

VHB4905 is the polymer film with thickness of 0.5mm and ¢, = 4.7. KE441 was
fabricated into films with thickness of 180um by spinning in the experiments. The
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synthetic elastomer was produced according to the manufacturing process as mentioned
before. The temperature and pressure for the vulcanization were set to be 160°C' and
8.5M Pa, respectively. The thickness of synthetic elastomer was about 150um.

Specimen

: covered electrode Laser displacement
Specimen measurement

voltage Off —

displacement

voltage On ——
clapmed Rigid frame External Load

(Speciment preparation) (Experiment setup)

Figure 7. Schematic of experimental setup

5.2. Radial expansions

As depicted in Fig. 8, it is interesting that the synthetic elastomer generates almost 80%
of VHB4905 and makes two times larger expansion than that of KE441, although it has
10 times larger elastic modulus. It is because the dielectric constant of the synthetic
elastomer is much larger than the others.

As another observation in the experiments, the radial expansions of all specimen
increase by multiplying external load. The applied loads seem to work like the pretension
even though the deformation by the load is quite small. Fig. 9 shows the radial
expansion according to the increasing of external loads per thickness for each material.
The increasing rates of expansions are 11.43 for VHB4905, 2.15 for synthetic elastomer
and 1.97 for KE441, respectively. The differences among the materials come from the
electromechanical creep as mentioned in Section 2, which should be kept small to provide
stable performance.

5.3. Time responses

Typical time responses of the specimen with square wave input(11MV/m with 1Hz)
is displayed in Fig. 10. KE441 produces the smallest one among the specimen while
it behaves like a perfect elastic material. VHB4905, though it generates the largest
displacement, displays behaviors with excessive viscosity like overdamped in a second
order system. Response of the synthetic elastomer is placed between two extremes of
KE441 and VHB4905. As mentioned, VHB4905 has low elastic modulus with high
stress relaxation. KE441 is similar to VHB4905 in terms of elastic modulus but better
in restitution. However, the synthetic elastomer has high elastic modulus as well as
better restitution. We can note that mechanical properties dominate the responses in
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Figure 9. Radial expansion according to external load (electric field 20MV/m)
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Figure 10. Step responses

case of VHB4905 with low dielectric constant. On the contrary, the electrical properties
as well as mechanical ones seem to be balanced in case of the proposed material since
it has larger dielectric constant and higher elastic modulus.

5.4. Hysteresis

To investigate the hysteresis characteristics, a triangular input was given with the
increasing rate of 100V /sec. Maximum voltages were limited to less than the dielectric
breakdown voltage. As shown in Fig. 11, the synthetic elastomer has inflection
points on ascending and descending slopes while KE441 and VHB4905 keep the same
curvature on ascending and descending hysteresis curve. It can be explained that
the responses of the synthetic elastomer are dominated by an electrical characteristic

at small deformation because of large capacitance and small elastic stress. On the
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Figure 11. Hysteresis of materials
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Figure 12. Open and close loop responses of the synthetic elastomer by step input

other hand, the responses at large strain are dominated by the mechanical behavior
because of the large elastic modulus. Although the synthetic elastomer displays apparent
hysteresis by the electromechanical creep, it can be compensated with fast response and
feedback control. For example, as shown in the open loop responses of the step input in
Fig. 12(a), severe creep occurs continuously during the constant voltage applied which
retards response speed. On the contrary, the speed of the response was made faster
after employing a simple PID(Proportional, Integral and Derive)control as shown in

Fig. 12(b).
5.5. FElastic energy

In this section, efficiency of the synthetic elastomer was compared with the others
commercially available. To maintain experimental conditions similarly to the previous
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Table 1. Experimental results

Applied Polymer specifications Experiments results

electric

field Young’s  Dielectric Maxwell Thickness Elastic

[V/wm] modulus constant  stress strain energy”™

[M Pa] [M Pa] (%] [J/em?]

CF19-2186 232 1.0 2.8 1.34 27 0.035
VHB4905 55 0.5 7 0.19 26 0.017
KE441 92 2.0 2.8 0.24 18 0.033
Synthetic elastomer 50 4.0 14 0.30 20 0.084

* Elastic energies are calulated by %Y&Q

reports [3], all the specimens were stretched uniformly across a circular rigid frame
in the experimental setup, which had 80mm of diameter and fixed to the frame. Also,
compliant electrodes were coated on both sides of the specimens with 15mm diameter of
circular shape at the center of the frame. High voltage amplifier(Trek - 10/10B) with a
function generator was installed to supply sinusoidal driving voltages to the elastomers.
The amplitudes of driving voltages increased gradually with 0.2H z frequency until the
specimens reached to the electrical breakdown and the Maxwell stresses were calculated
with the data at this moment. A digital video camera was utilized for measurement
of the expansion of actuation area and the deformed thickness was calculated from the
measured expansion.

In these experiments, three elastomeric materials were compared, that is VHB4905,
CF19-2186(Nusil), and KE441. Two types of RTV silicone rubber, CF19-2186 and
KE441 were fabricated into films with thickness of 100um and 150um by spinning,
respectively. The thickness of synthetic elastomer was kept to be about 200um during
the vulcanization process while the temperature and pressure for the vulcanization
were set to be 160°C' and 8.5M Pa, respectively. The prestrain on each specimen was
limited to 60% along the radial direction to minimize the influence of prestrain in the
experiments. All the data was processed in accordance with the method reported by
Pelrine et. al [3].

As shown in the experimental results summarized in Table 1 along with the
comparison of modulus, and dielectric constants, we can note that the elastic energy
of the proposed material is ranked the highest among the specimen tested. Although
20% strain of the synthetic elastomer is a little smaller than those of CF19-2186 and
VHB4905, the elastic energy density of the synthetic elastomer calculated as 0.084.J/cm?
is the largest among the materials tested.

6. Conclusions

In this paper, a new synthetic elastomer was proposed. The primary characteristics as
an electromechanical transducer could be easily tuned by changing the recipe with ACN,



Development of enhanced synthetic elastomer for energy efficient polymer actuators 13

BR and vulcanization additives. Its improved performance characterized with dielectric
constant, elastic modulus and stress relaxation could be proved with the highest energy
density among the materials tested. Under the comprehensive comparisons with the
materials commercially available, its possibility as means of actuation was validated.
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