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Abstract: Electroactive polymer(EAP) is a “smart material” with high energy density, high electrome-
chanical energy conversion efficiency, simple structure, good adaptability to the working environment,
etc. It can be made into various shapes to realize flexible drivers. At present, the common EAP
actuator is mainly composed of EAP film wound on a spring, and the output performance of this
type of actuator is related to the spring stiffness, film prestretching rate, voltage, and other factors.
Its working process is actually an electromechanical coupling process. In this paper, two types of
cylindrical actuators are designed and tested. The electromechanical coupling mathematical model
is constructed to simulate the driver. According to the experimental and simulation results, the
relationship between the output displacement and elongation strain of EAP actuator and voltage,
spring stiffness, and tensile rate is analyzed. It provides a reference and basis for the design of

similar actuators.

Keywords: dielectric EAP; electromechanical coupling; actuators; mechanical properties

1. Introduction

EAP material, as an emerging material for actuators, has good deformation retention,
simple structure, light weight, low price, and easy processing and manufacturing, and is
more suitable for flexible actuators than piezoelectric ceramics with high brittleness and
low strain and shape memory metals with unpredictable deformation and slow response
[1,2]. Table 1 shows the comparison of EAP materials with conventional materials in terms
of drive performance. EAP materials offer good actuation performance without the need
for rigid frames, and they also have good prospects for application in the field of bionic
artificial muscles [3,4].

Table 1. Performance comparison of EAP and traditional functions.

< o Drive . Fracture
Factors Strain/% Stress/MPa Voltage/kV Density/(g/mL) Toughness
EAP >10 0.1~3 1~10 1~2.5 Super elastic
Piezoelectric ceramics 0.1~0.3 30~40 0.001~0.2 6~8 Brittleness
Shape memory alloys <8 700 - 5~6 Flexibility

EAP materials can be divided into electronic and ionic types according to the trans-
duction mechanism [5]. The induced strain of both electronic EAP and ionic EAP can
be designed as bending, tensile, or compressive strain [6]. Electronic EAP is favored by
researchers for its mechanical properties comparable to biological muscles, fast response,
and good flexibility, as shown in Table 2, which compares the performance advantages
and disadvantages of ionic and electronic EAP materials [7,8]. Researchers have carried
out a lot of research on dielectric EAP materials. In 1998, Pelrine of SRI (Stanford Research
Institute) proposed that the electrostatic pressure under the electric field exists only at the
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junction of the film surface and the electrode region, and the mechanical properties of
the film have no direct effect on the electric field, and its deformation is only the passive
mechanical behavior of the elastomer under the action of the electrostatic pressure [9]. In
2001, Kofod performed uniaxial tensile tests on VHB 4910 films to determine the range of
applicability of different hyperelastic models [10]. Suo established the free energy function
consisting of strain energy and electric field energy from the energy perspective, and gave
the preliminary intrinsic relationship of its dielectric deformation under the force—electric
field by variational treatment of the free energy of the adiabatic system. The significant fea-
ture of this method is that it is valid for both elastic or inelastic dielectrics [11]. Pelrine et al.
proposed an equation to calculate the electrostatic force in a dielectric elastomer system
by using a flexible electrode as the driving means of polymer dielectric electrostriction,
and proposed a new physical explanation of the electrostatic force acting on the dielectric
elastomer film. Its contribution comes from in-plane and out-of-plane stresses [12]. In
recent years, due to the large voltage demand that hinders the application of EAP in many
fields, people have begun to research the field of enhancing the driving ability of EAP
materials. Hossain realized the driving enhancement in EAP by introducing high dielectric
fillers into the matrix material in the uncured stage. They presented a phenomenologically
inspired large strain framework for simulating the curing process of particle-filled electro-
active polymers with a dispersion-type anisotropy that can work under the influence of
an electromechanically coupled load [13]. Sharma 3D-printed EAPs with polyvinylidene
fluoride as the matrix and barium titanate and graphene as the reinforcements. The factors
affecting the mechanical properties of the finished product were explored [14]. Kanan
considered the material modeling and corresponding finite element implementation of
electromechanical coupling in fiber-reinforced electroactive polymers, and proposed a
constitutive model that considers both the electroviscoelastic behavior of the isotropic
matrix and the influence of unidirectional fiber on the hyperelastic response and viscous
behavior of the entire composite. Studies have shown that for soft EAP simulations with
relatively rigid fibers, the use of mixed finite elements improves convergence behavior [15].
In addition to the nature of EAP materials, flexible electrodes also have an important
impact on the life and efficiency of EAP materials. Mehnert used experimental data and
modeling methods to explore the effect of flexible electrodes on the viscoelastic behavior of
EAPs materials [16]. Munteanu analyzed the application potential of mixed conductive
paint pigments composed of zinc ferrite and polyaniline as electroactive and anticorrosion
coatings from the electrorheological perspective [17].

Table 2. Comparison of the performance of dielectric and ionic EAP materials.

Drive Material

Typical Materials Advantages Disadvantages

Dielectric EPA materials

(DE, etc.)

Ionic EAP materials

(IPMC, etc.)

Medium stress (100 KPa-5 MPa),
large strain (120-380%), high
elastic energy density

(10 kJ/m3-3.4 MJ /kg), high High electric field
Silicone Rubber Acrylic electromechanical coupling (150 MV /m), low modulus of
efficiency (max. 90%), elasticity (1 MPa).

medium-frequency bandwidth
(10 Hz-1 kHz), low energy
consumption, low current.
Low electromechanical
coupling efficiency, requires
encapsulation.

Low voltage (<10 V), large

Nzfion Flemion displacement.

There are many types of EAP actuators, such as rhombic, cylindrical, conical, butterfly,
etc. Although the motion forms of different structure types of actuators are different,
they have the same actuation mechanism, in which the dielectric elastomer is deformed
under the excitation of electric field to output displacement and force [18-20]. As early
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as the late 1990s, Pelrine et al. designed and fabricated various forms of dielectric EAP
actuators in the laboratory through the study of dielectric elastomers, which paved the
way for the continued development of drive units [21]. In 2007, a folding actuator was
developed by a research group at the University of Pisa, Italy. The folded actuator can be
deformed under the energized condition and the strain can be stabilized up to 10% [22].
P. Lochmatter et al. from the Swiss Federal Institute of Technology designed and fabricated
a dielectric EAP driver with a shell structure. When energized, the driving unit deforms
under the action of Maxwell stress, and deflects in two directions of single degree of free-
dom of the shell structure through the tension of the dielectric EAP films on both sides [23].
In 2020, Wang Yong of the Harbin Institute of Technology designed a new flexible bionic
machine fish based on the principle of dielectric EAP materials in combination with a
complex underwater environment, and gave a detailed description of its structure and
design process [24]. In addition to the structural design of the EAP driver, the problems
of precise control, modeling, and calculation of the driver have also been partially solved.
Considering the actual working conditions of EAP-based actuators under different input
control voltages and external mechanical loads, Jiang developed a feedforward compen-
sation scheme to dynamically eliminate the creep phenomenon that significantly reduces
creep caused by changes in input control voltage and load [25]. Because EAP actuators
are usually designed as shell structures, in this case, the application of standard finite
element formulas will lead to various locking pathology. Bishara developed a numerical
scheme to simulate the viscoelastic response of electroactive polymers under finite de-
formation using a simplified mixed finite element scheme. It eliminates possible volume
locking in electroactive polymers and improves computational efficiency while avoiding
static condensation. Subsequently, Bishara proposed an advanced low-order solid shell
model to simulate electroactive polymers, and modified the strain measure by assuming
natural inhomogeneous strain and enhanced assumed strain. It alleviates various locking
diseases [26,27].

Although the research and application of EAP materials have been greatly developed,
the simulation of the electromechanical coupling part of EAP materials is still not mature.
In this paper, two cylindrical actuators are designed and fabricated by using the change of
the coating layer. One is a single-degree-of-freedom actuator that can realize a telescopic
motion, and the other is a two-degree-of-freedom actuator that can realize a telescopic and
bending motion. Experiments are designed for the factors affecting the actuator, and the
corresponding electromechanical coupling model is established for simulation based on
the experiments. According to the experimental and simulation results. the effects of the
actuator film stretching rate, voltage, and spring stiffness on the mechanical properties of
the actuators are analyzed.

2. Materials and Methods
2.1. Analysis of Drive Unit Model

The analytical model of the cell is developed using elasticity theory, and for simplicity,
the following assumptions are made:

e  The unit contains N concentric circular tubes; each tube consists of a circular membrane
(Figure 1), and angle 2¢ is constant and longitudinally symmetric, assuming that the
addition of electric drive does not cause a change in the angular position of the active
and passive regions.

e In the bending state, the axis of each tube is a circular arc and coincides with the axes
of the other tubes, i.e., the curvature of the axes is fixed along the axis direction. In the
elongated state, the axes are straight and coincide.

e  The spring is a flexible rod with a circular cross-section that supports the EAP mem-
brane from the inside and whose diameter does not vary with the elongation of
the spring.

o  The EAP membrane is incompressible, superelastic, and time-independent, and the
electrodes are soft enough not to prevent the EAP from deforming.
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Figure 1. Unit cross-section diagram, where (a) is longitudinal section and (b) is cross-section.

The strain energy function W is used to describe the hyperelastic behavior of the EAP
film, which expresses the strain energy of the material as a function of deformation. Here,
the Yeoh strain energy function is used with the following functional expression for the
strain energy density function W [28].

W = Cyo(I1 —3) + Coo(I1 — 3) + C3o(I1 — 3) 1)

where Cjg, Cy9, and C3p are the material constant, and I is the first invariant with respect
to the left Cauchy—-Green deformation tensor.

I = A2+ A3+ A3 )

where A1, Ay, and A3 are the principal elongation in each direction.
Due to the constant volume before and after deformation, dielectric EAP is a com-
pletely incompressible material; for completely incompressible materials there are:

AMAgAs =1 3)

For fully incompressible materials, the nominal stress o; (force per unit area of the
current undeformed structure) can be obtained by deriving the strain energy function with
respect to the principal elongation (i = 1, 2, 3) as follows:

=Ly @

TN A
where p is the hydrostatic pressure; its value depends on the dynamic boundary conditions.
For uniaxial stretching (stretching along the 1 direction), the sum of the nominal stresses
in both the 2 and 3 directions is 0. According to this boundary condition, from (1)-(3),

we obtain: 1

A =A3=—= ©)
VA
The uniaxial stretching from (1) to (6) yields the expression for the nominal Yeoh
model as:

€
A

2

o = 2(/\1 — /\1

2
)[C10 +2Ca0(A + — — 3) +3Ca0(A% + o 3)] (6)

2.2. The Design and Manufacture of Drive Units
2.2.1. Single-Degree-of-Freedom Actuator

The material used for the drive unit is VHB4910. Figure 2 shows the structure of the
cylindrical EAP drive unit, which is composed of a preload element, a spiral dielectric type
EAP film (made by winding), and end caps on both sides. End caps are assembled at both
ends of the compression spring, and the EAP film, which is prestretched and coated with
electrodes, is uniformly wound on the compression spring and end caps to form a hollow
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cylindrical structure. The electrodes are uniformly coated on the film for winding, and the
finished actuator can perform a unidirectional stretching motion.

heat-shrinkable dielectri
sleeve 1CICCIC  spring

end EAP

cover

(b)

Figure 2. Schematic diagram of the structure of the cylindrical drive unit, where (a) is longitudinal
section of driver unit and (b) is cross-section.

2.2.2. Two-Degree-of-Freedom Actuator

The EAP film flexible electrode coating method affects actuator displacement. To
realize the linear stretching and continuous bending functions, it is necessary to divide the
linear winding drive unit into two drive units along the axis to separate the electrodes on
the left and right sides of the film, as shown in Figure 3a, which requires the electrodes
to be coated in pieces [29]. The most direct way is to divide the electrodes on each circle
of the film into two unconnected areas. Each area is led with leads, and the leads of the
overlapping electrode areas on the same side are connected together after winding, but the
leads are too many in number and fall off easily, and the volume of the end of the drive unit
increases after winding. In order to reduce the number of electrode leads, a comb-shaped
electrode, as shown in Figure 3b, is used.

coating uncoated

electrode electrode area
coating nD direction of the

electrode area winding
top electrode . end cover
terminal a

bottom electrode

@ spool
terminal b
leg

EAP elastomer

intermediate {erminal ¢

x
electrode area round I round2 round3  roundn-1 roundn base electrode

(@ (b) (©

Figure 3. Electrode shape of the cell and winding process, where (a) is electrode division, (b) is
comb-shaped electrode, and (c) is winding process.

The winding process of EAP film is shown in Figure 3c, using the structure form of
two-layer film with three electrodes, which are the middle electrode, the top, and the bottom
electrode. The upper or lower electrodes are all coated, and the middle electrode is coated
in a comb shape. When the electricity is applied, electrostatic pressure is generated only
where there are electrodes on both sides of the film. Since the top and bottom electrodes
are in contact after winding, the top and bottom electrodes can be coated on one side only.
The electrode teeth on the same electrode area overlap after winding, so that the drive unit
is divided into two drive units along the axis. At this point, the drive unit requires only
three leads, a, b, and ¢, connecting a pair of comb-tooth electrodes and the upper electrode,
respectively. When a voltage is applied between the comb-like electrodes a or b and the
upper electrode, a continuous bending in both directions with one degree of freedom is
produced. When a voltage is applied between the comb-like electrodes a and b and the
upper electrode, a linear stretching with one degree of freedom will be produced.



Machines 2022, 10, 1241 6 of 16

2.3. Manufacture of Drive Units

The dielectric EAP film is clamped around a number of self-tensioning collets, which
are solidly attached to pulleys on a guide. The model is shown in Figure 4a.

EAP film

" self-tightening rack-and-gear

end cover

spring rolling shaft

rolling shaft

film
(a) (b)

Figure 4. Schematic diagram of winding unit manufacturing equipment, where (a) is plane stretching
platform and (b) is coiler.

When the EAP film is stretched in two directions, the pulleys on the four side rails
will automatically roll along the rails to adjust its position to ensure the uniform stretching
of the EAP film and achieve the required stretching multiplier. The two layers of EAP
film coated with electrodes are fixed on the frame, the winding machine is used to realize
the winding, and the EAP film is wound on the spring and end cover by gear rotation, as
shown in Figure 4b. As the EAP film has a certain thickness, the diameter of the end cap
increases as the number of layers of EAP film attached to the end cap of the drive unit
increases during the winding process. This is shown in Figure 5.

D .
d d

windaing speed v D+4n tooh
—_— >

N | (et

7 : h
h - £
AAUN T 7 2 X1)1
— i -

Figure 5. Diameter change of the drive unit winding process.

The end cap diameter is D, the biaxial stretching rates of films are x; and y;, respec-
tively, B is the angle between the membrane holder and the motion plane of the winding
shaft, m is the modulus of the gear/rack, and z is the number of teeth of the gear.

B can be determined by calculating that

tan(p) = —> @)

X1yimz

In the winding process to prevent air bubbles between the film, after the end of
winding, the unit and the winding axis are removed. The end cover at both ends of the unit
are set on the heat shrinkable sleeve and heated, so that the sleeve shrinkage is pressed on
the end cover to prevent the axial shrinkage of the film.

2.4. The Experiment of Actuating Unit
2.4.1. Uniaxial Tensile Experiment
The experiments here are divided into two parts, both to provide material parameters

for the simulation part. Firstly, the material parameters Cyg, Cg, and Czg of EAP film were
obtained by uniaxial tensile test. The measured values are shown in Table 3.
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Table 3. Uniaxial Yeoh model parameters.

Parameters Date Unit
C1o 0.026125 MPa
Cyo —0.001623 MPa
Cso 0.000055 MPa

Next, we performed the electrification experiment of the single-axis actuator under
static load. We made a single-axis dielectric high elastic actuator. The overall length of the
actuator is approximately 56-58 mm; the width is approximately 45 mm; the thickness is
approximately 12 mm; and the mass is approximately 11.65-11.75 g. The upper end of
the actuator is suspended on an iron stand, and a static load with a fixed mass of 150 g
is suspended at the lower end, as shown in Figure 6. The displacements under different
voltages were measured, as shown in Table 4.

Figure 6. Uniaxial tensile test.

Table 4. Elongation at different voltages under static load.

Test Number Voltage/kV Elongation/mm
Test 1 2.5 6.8
Test 2 3.0 9.9
Test 3 3.5 12.2
Test 4 4.0 14.0
Test 5 45 18.8

2.4.2. Experiments of Single-Degree-of-Freedom Actuating Unit

For different compression spring parameters, EAP film prestretch rate, A, and number
of coiling turns, N, a comparative test table was designed, as shown in Table 5. Each group
of single-degree-of-freedom drive units was fabricated and tested according to the different
parameters listed in the table.
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Table 5. Actuating unit test parameters.

Test Number Spring Parameters Prestretch Rate A Number of Winding Number of EAP Film
Turns N Layers
D =9mm;d = 0.6 mm; Hy =80 mm; n = 18; o o
Test1 K =0.0912 N/mm; material spring. 325% x 325% 3 6
D =9mm;d = 0.6 mm; Hy = 80 mm; n = 18; o o
Test2 K =0.0912 N/mm; material spring. 325% x 325% 4 8
D =9mm;d = 0.7 mm; Hy = 80 mm; n = 18; o o
Test3 K =0.1543 N/mm; material spring. 375% x 375% 3 6
Test 4 D =9mm;d = 0.7 mm; Hy = 80 mm; n = 18; 375% x 375% 4 8

K =0.1543 N/mm; material spring.

After the cylindrical drive unit was fabricated, the output displacement was measured.
The test equipment needed to measure the output displacement of the drive unit mainly
included digital display high-voltage DC power supply, scale, drive unit mounting frame,
etc. The test equipment is shown in Figure 7.

m graduated

mounting rack

Figure 7. Actuating unit output displacement test.

For each group of drive units in Table 5, although the precompression of the compres-
sion spring is the same at the time of fabrication, and the width of the EAP film area of the
initially applied flexible electrode is the same, the effective lengths of the drive units differ
when they reach the static equilibrium state due to the different stiffness of the compression
spring and the different prestretching rate of the EAP film, so the performance of the drive
units is measured by the elongation strain of the drive units at different voltages. The
elongation strain €, generated by the drive unit at different voltages can be expressed as

the following equation:

& =7 (®)

where s denotes the output displacement of the drive unit and / denotes the effective
length of the drive unit (the area of the EAP film in the drive unit where deformation
actually occurs).

We measured the effective length of each group of drive units, calculated the elonga-
tion strain at different voltages, respectively, and plotted the relationship curve between
elongation strain and voltage.

2.4.3. Experiments of Two-Degree-of-Freedom Actuating Unit

A 15-layer two-degree-of-freedom actuator was wound according to the parameters
of test 1 in Table 5. The powered area of the driver is half of the total area. The lateral force
of the driver is measured when the voltage changes from 3.0 kV to 4.1 kV. To test the lateral
output force of the unit during the bending process, a test setup was constructed, as shown
in Figure 8a. One end of the unit is driven by a stepper motor through the rotation arm,
and the other end is in contact with a force sensor. The lateral output force during bending
can be obtained by controlling the rotation of the stepper motor, as shown in Figure 8b.
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electrode shaft

force
transducer

(a)

unit

(b)

Figure 8. Bending device and test, where (a) is unit lateral force testing device and (b) is unit
bending test.

2.5. Simulation of Actuating Unit
2.5.1. Electromechanical Coupling Model

Countries around the world are working to transform EAP materials into select actua-
tors, and are involved in developing effective computational chemistry models, integrated
materials science, and electromechanical analysis tools [30]. However, an electromechanical
coupling model of EAP material type is not available due to simulation software used, so
the following mathematical model of electromechanical coupling is constructed based on
this specific experimental model: It is assumed that when a potential difference exists in one
direction of the EAP film, an electric field force is generated on the surface perpendicular
to the potential difference. The direction of the electric field force is to make the film have a
tendency to expand outward. The size of the electric field force is related to the size of the
electric potential difference, and there is a functional relationship between the two. The
unit electric field force generated by the potential difference defined here can be obtained
by experiment and calculation. The specific experiment can be seen in the uniaxial tensile
test. When the film is stretched, stress is generated inside. When the stress is equal to
the unit electric field force, the ratio of the stretch part of the film to the original length is
defined as the maximum release stretch rate. Under the action of voltage, although the
film is in a stretched state, it does not need additional external force to maintain the state,
but if the stretch part exceeds this critical value, additional external force is required. The
relationship between the maximum release strain rate and the voltage intensity can be fitted
from the data in Table 4, as shown in Table 6. Thus, electromechanical coupling occurs.
When there is a voltage in one direction of the film, a unit electric field force can be added
on the side perpendicular to the direction and subjected to tension. Its size is equal to the
internal stress of the film in the state of maximum release tensile rate.

Table 6. Relationship between voltage and maximum release stretch rate.

Test Number Voltage/kV Release Stretch Rate
Test 1 2.5 0.081
Test 2 3.0 0.115
Test 3 3.5 0.141
Test 4 4.0 0.160
Test 5 4.5 0.209

2.5.2. Simulation Content

The simulation software is COMSOL Multiphysics. The Yeoh model is used for the
intrinsic equations of the model; see Reference Formula (6).

The basic conditions of single-degree-of-freedom simulation are that the number of
film layers is 10, the spring stiffness is 0.075 N/mm, the initial axial prestretching is 3.5, and
the voltage is 4 kV. Combined with the experimental conditions, a simulation model, such
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as Figure 9a, is established. The lower end of the model is supported by a roller support,
without an end cover, and a rigid end cover is added to the upper end. The spring of the
actuator is coupled to the end cover by the global equation in COMSOL software. The
coupling equation is

p—kx—F=0 )

where p is the prestress of the spring, x is the displacement of the upper cover, and F is the
force applied by the spring on the upper cover.

(a) (b)

Figure 9. 3D model of the driver, where (a) is geometric model and (b) is mesh model.

The mesh of the model is a mapped mesh, as shown in Figure 9b. The constraints
between layers are set to contact pairs. Since there is no EAP material type electromechan-
ical coupling module in COMSOL, the above hypothetical mathematical model is used.
When a voltage is applied to the driver, an additional tensile stress is applied to the entire
driver, which is equal to the internal stress of the driver at the maximum released tensile
rate corresponding to the voltage. On the basis of the above conditions, we changed the
parameters of the model. The model was simulated under the conditions of voltage of
2.5-4 kV, spring stiffness of 0.055-0.085 N/mm, and film layers of 4-12 layers.

The basic conditions of two-degree-of-freedom simulation are film layer number of 15,
spring stiffness of 0.0912 N/mm, axial prestretching of 3.5, and voltage of 4 kV. Based on
the experimental conditions, a simulation model was established to simulate the lateral
force in the 0.1-0.5 area of the electric coating area for the total area of the actuator. The
boundary condition here is different from that of single degree of freedom. Firstly, the end
cover is divided into several regions according to the smear area, and the spring stiffness
is distributed according to the area ratio of each region, and then a spring is coupled
separately for calculation. The additional stress when the electric field is simulated is only
added at the smear area.

3. Results and Discussion
3.1. Single Degree of Freedom

Figure 10 shows the output displacement-voltage curves of each group of experimental
drive units. In experiment 1, the longitudinal and transverse tensile rates of the film are
3.25, winding 6 layers of film, and the spring stiffness is 0.0912 N/mm. In experiment
2, the longitudinal and transverse tensile rates of the film are 3.25, winding 8 layers of
film, the spring stiffness used is 0.0912 N/mm. In experiment 3, the longitudinal and
transverse tensile rates of the film are 3.75, winding 6 layers of film, and the spring stiffness
is 0.1543 N/mm. In experiment 4, the longitudinal and transverse tensile rates of the film
are 3.75, winding 8 layers of film, and the spring stiffness is 0.1543 N/mm. It can be seen
from Figure 10 that the output displacement of the driver increases with the increase of the
voltage without exceeding the breakdown voltage, but the output displacement and voltage
are not linear. Comparing the results of experiment 1 and experiment 2 or experiment 3
and experiment 4, it can be seen that with the increase of the number of film layers, the
output displacement of the actuator decreases when the spring stiffness and voltage are
small, and the output displacement of the actuator increases when the spring stiffness and
voltage are large. Comparing the results of experiment 1 and experiment 3 or experiment 2
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and experiment 4, it can be seen that when the spring stiffness is changed to ensure that the
tensile rate of the film is different, the output displacement of the driver is almost the same
at low voltage. When the voltage becomes higher, the output displacement of the driver
with larger spring stiffness is larger.

---- experiment 1
~-=- experiment 2
~-—- experiment 3

exper iment 4

displacement / mm
\
\
.

e

2% 77 300 32

5 750 i
Voltage U / kV

Figure 10. Output displacement-voltage curve of single-degree-of-freedom experimental drive unit.

For each group of experiments in Figure 10, although the precompression amount
of the compression spring is the same, the prestretching rate of the EAP film is different
due to the different stiffness of the compression spring. Therefore, when the driving unit
reaches the static equilibrium state, the effective length is different. The elongation strain
under different voltages is calculated, respectively, and the relationship curve between the
elongation strain and the voltage is drawn. The elongation strain-voltage curve is obtained
as shown in Figure 11. It can be seen that the elongation strain and output displacement of
the actuator have the same trend.

---- experiment 1
~-=- experiment 2
—--—- experiment 3
ok exper iment 4
- A
~ ~a
c 15 -
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0 250 27 300 3 i 400 425 450

23 3% 3
Voltage U / kV

Figure 11. Single-degree-of-freedom experimental drive unit elongation strain-voltage curve.

The following content obtains the variation of the output displacement and elongation
strain of the actuator with the voltage, spring stiffness, and film layer number through
simulation calculations, and continues to verify and explore the factors that affect the drive
capability of the actuator.

Figure 12 shows the output displacement and elongation strain simulation diagram
of the driver in the voltage range of 2.5-4.5 kV. From the change trend of the data on the
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diagram, the output displacement and elongation strain of the driver increase with the
increase of the voltage. The unit elongation strain in the simulation is larger than that in
the experiment, which may be mainly due to the fact that the simulation uses uniaxial
stretching, while the experiment is stretched in both directions. The occurrence of this
situation is also related to the spring stiffness, the prestretching rate, and the number of
film layers.
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Figure 12. Single-degree-of-freedom simulation of the elongation displacement/strain-voltage curve
of the drive unit.

Figure 13 shows a simulation of the output displacement and elongation strain of
the actuator as the spring stiffness varies from 0.055 N/mm to 0.085 N/mm. It can be
seen that as the spring stiffness increases, the output displacement of the actuator first
becomes smaller and then larger, while the unit elongation strain is always decreasing.
Since the spring stiffness is different, the actual stretch rate of the film is also different. Since
EAP material is a super elastic material, the material stiffness is constantly changing with
the stretch rate. After electrification, the electric field exerts the same electric field force
on the thin film per unit area. The elongation strain of the actuator is related to the unit
stiffness and spring stiffness of the film in the tensile state. If the unit stiffness is larger, the
elongation strain will be smaller. If the spring stiffness becomes larger, the same elongation
strain means that the support force of the spring will decrease more, so the elongation strain
decreases with the increase of the spring stiffness. It can be seen from Figure 13 that the
elongation strain of the actuator decreases with the increase of the spring stiffness, and the
decreasing trend of elongation strain becomes smaller. Combined with the above analysis,
it can be concluded that the spring stiffness has a greater impact on the film in the current
state. The unit stiffness of the film decreases with the increase of film elongation in this
region. The output displacement of the actuator is the sum of unit elongation strains, the
product of length and elongation strain. The elongation strain decreases with the increase
of the spring stiffness. Due to the same length of the spring used, the prestretching of the
actuator increases as the spring stiffness increases. The greater the spring stiffness, the
longer the actuator. Combined with Figure 13, it can be seen that the elongation strain has
a greater effect at the beginning of the image, so the output displacement decreases as the
spring stiffness increases. With the increase of spring stiffness, the length of the actuator
also increases. The effect of the actuator length on the output displacement also increases.
Therefore, behind the image as the spring stiffness increases, the output displacement of
the actuator begins to increase.
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Figure 13. Single-degree-of-freedom simulation of the elongation displacement/strain-spring stiff-
ness curve of the drive unit.

Figure 14 shows the simulation diagram of the output displacement and elongation
strain of the actuator as the number of film layers changes from 4 to 12. It can be seen
that as the number of film layers increases, the output displacement decreases and the
elongation strain increases. When the number of film layers increases, the prestretching
of the film decreases and the length also decreases. After electrification, the electric field
exerts the same electric field force on the thin film per unit area. Since the spring stiffness is
constant, the elongation strain of the actuator is related to the stiffness of the film in the
tensile state. Combined with Figure 14, it can be concluded that the unit stiffness of the
actuator decreases with the increase of the tensile rate near the area of the tensile rate. The
more layers of the film there are, the smaller the tension of the actuator will be, and the unit
stiffness of the film will be smaller. Therefore, the elongation strain of the actuator increases
with the increase of layer number. The output displacement of the actuator depends on the
product of length and elongation strain. It can be seen from the image that the length of
the actuator has a greater influence, so the output displacement increases as the number of
layers increases.
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Figure 14. Single-degree-of-freedom simulation of the elongation displacement/strain—film layer

curve of the drive unit.
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3.2. Two Degree of Freedom

Figure 15 shows the relationship between the experimental maximum lateral force
and the change of voltage. It can be seen that the lateral force increases with the increase of
voltage. The lateral force of the voltage does not increase significantly from 3.6 kV to 3.7 kV.
EAP material is a superelastic material. When the voltage changes from 3.6 kV to 3.7 kV,
the stiffness of the film in this region may increase greatly. The increase of voltage will
bring greater outward tension, but can only offset the increase of film stiffness. Therefore,
the lateral force of the driver does not increase significantly with the increase of voltage
in this region. Figure 16 shows the simulation curve of the lateral force with the coating
area, which shows that the lateral force increases with the increase of the area ratio, but the
increasing trend decreases. After the coating layer is electrified, the film elongates under
the action of spring force. The unpainted portion remains unchanged in length, resulting in
a lateral force. With the increase of smearing, the proportion of elongation area increases
and the lateral force increases.
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Figure 15. Output lateral force-voltage curve of the test cell.
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Figure 16. Simulated lateral force-area ratio curve.
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4. Conclusions

When the cylindrical actuator does not exceed the breakdown voltage, the output
displacement, elongation strain, and lateral output force of the actuator increase with the
increase of voltage. The elongation strain of the actuator is related to the film stiffness and
spring stiffness near the actual prestretching rate. When the unit stiffness of the actuator
decreases with the increase of the tensile rate, the larger the prestretching, the larger the
elongation strain. When other conditions are the same, the elongation strain decreases
with the increase of spring stiffness. Therefore, when the spring provides sufficient tension
for the actuator prestretching, the smaller the spring stiffness, the better. The lateral force
increases with the increase of the smear area when the smear area does not reach half of the
total area.
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