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Abstract
The cone dielectric elastomer actuator (CDEA), which generates out-of-plane axisymmetric
deformation under the action of electric field and mechanical force, has attracted a lot of
attention and can be used in the design of soft robots. In this work, a novel method to increase
its out-of-plane displacement is proposed. The ring-shaped electrode is divided into inner and
outer parts, and voltages are applied separately. Experimental results show that this method can
effectively improve the out-of-plane displacement. A theoretical model is developed to reveal
the mechanism of the method and the theoretical results agree well with the experimental
results. The influence of the initial voltage and area of the inner electrode on the out-of-plane
displacement is analyzed. Furthermore, a CDEA-based pump module is developed to verify the
applicability of the method.

Supplementary material for this article is available online

Keywords: dielectric elastomer actuator, theoretical model, pump module,
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1. Introduction

Dielectric elastomers (DEs) deform when stimulated by
an external electric field. Due to the characteristics of
fast responses, large deformation, lightweight, and cost-
effectiveness, DE has been recently intensively explored and
developed to a variety of structures with diverse functions
[1–4], such as energy harvesters [5, 6], wearable soft
communicators [7, 8], biomimetic soft lenses [9, 10], flying
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microrobots [11], soft robots [12–14], swimming robots
[15, 16], etc.

The cone dielectric elastomer actuators (CDEAs), which
can generate out-of-plane axisymmetric deformation, have
been used in the design of swimming robots [17, 18], walk-
ing robots [19], pumps [20, 21], etc. Generally, a linear spring
is used to apply a bias force to the DE film. When CDEA pro-
duces out-of-plane deformation, under the action of voltage,
the linear spring extends, resulting in a reduction in the force
exerted on the DE film. Consequently, displacement of CDEA
is relatively small compared to applying a constant bias force
to the DE film.
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To increase the out-of-plane displacement of CDEA,
researchers have modified the bias system, replacing the
simple linear spring with more complex mechanisms, such
as a system consisting of linear bias spring and negative-rate
bias spring [22], a pair of magnets [17], or a diamond four-bar
mechanism [23]. These modifications help maintain or even
increase the bias force during deformation. In addition, set-
ting CDEA in an antagonistic configuration can further boost
their out-of-plane displacement [20, 21]. By adjusting the fre-
quency of the applied voltage, CDEA would also produce
more significant out-of-plane displacement under resonance
conditions [20].

Several theories [24–26] have been proposed to explain the
nonlinear deformation mechanisms of CDEAs. When the DE
film deforms out-of-plane under the action of the voltage and
the bias force, the distribution of stretch and stress on the DE
film near the disk is the largest. When the voltage applied on
the DE film reaches a certain level, the stress in the latitude dir-
ection will be negative. Generally, the DE film is considered to
be unable to withstand compressive stress, leading to the form-
ation of wrinkles at the inner boundary of the ring-shaped elec-
trode, which then gradually spread outward. This phenomenon
is regarded as a typical failure mode of DE actuators, known
as loss of tension. Further increases in voltage can cause the
DE film to become more susceptible to electrical breakdown.

Up to now, most of the research pay attention to the bias
systems that apply mechanical force to the DE film to increase
the out-of-plane displacement of CDEA. The theoretical ana-
lysis reveals that if the applied bias force is constant, the
deformation is limited by the failure mode of electrical break-
down or loss of tension at the inner boundary of the ring-
shaped electrode. Due to the inhomogeneity of out-of-plane
deformation, the film near the inner boundary of the ring-
shaped electrode has failed, while a large part of the film near
the outer boundary has almost no electro-induced deformation.
Based on these insights, this work proposes a novel approach
to increase the out-of-plane displacement of CDEA by apply-
ing a higher voltage specifically to the outer region of the
film. The method was verified through experiments. A theor-
etical model was also developed to explain the mechanism of
increasing out-of-plane displacement. According to the theor-
etical model, the influence of the area and initial voltage of
the inner ring-shaped electrode on the out-of-plane displace-
ment is analyzed in detail. Furthermore, the effectiveness of
this method has been confirmed through its implementation in
a CDEA-based pump module.

2. Design and experiment

As illustrated in figure 1, the ring-shaped electrode of the
CDEA is divided into inner and outer parts, and the two ring-
shaped electrodes are applied with voltages, independently.
This configuration allows the voltage applied to the outer ring-
shaped electrode to be increased to a higher level, thereby
enhancing the out-of-plane displacement.

The fabrication process of the CDEA with two parts ring-
shaped electrodes is shown in figure 1(a). The DE film was

equi-biaxially pre-stretched and fixed. Then, the mask was
applied to both sides of the pre-stretched DE film, and the
dividing line with a width of 1.4 mm was drawn using a
marker pen. Conductive carbon grease (846–80G, MG chem-
icals) was subsequently painted on both sides of the dividing
line. Finally, a polymethyl methacrylate frame with an inner
radius of 42 mm and a disk with a radius of 14 mm were
attached to the film. In order to eliminate the influence of the
bias system, a constant bias force was applied to the film by
attaching a 280 g weight.

In the experiment, a laser displacement sensor (HG-C1050,
Panasonic) was employed to measure the out-of-plane dis-
placement of CDEA, as indicated in figure 1(b). High voltage
amplifiers with small size (EMCOA60P-5, Q80-5, XP power)
were used to power the CDEA. During the displacement tests,
the same voltages were applied to the inner and outer elec-
trodes, and each voltage was maintained for 20 s with a step
value of 0.5 kV until wrinkles appeared at the inner bound-
ary of the ring-shaped electrode. To prevent electrical break-
downwhen a higher voltage was applied to the outer electrode,
the voltage of the inner ring-shaped electrode was fixed to the
stable voltage when there were no wrinkles at the inner bound-
ary, and then the voltage of the outer ring-shaped electrode was
gradually increased until wrinkles were generated at the inner
boundary of either the inner or outer ring-shaped electrodes.
The measurement was repeated three times for each test con-
dition to obtain the average value.

3. Computational model and method

As shown in figure 2, the DE film thickness is H in reference
state. Then, the film is pre-stretched λpre and fixed on a frame
with an inner radius b. A disk with a radius a is attached to
the center and subjected to the force to generate axisymmet-
ric out-of-plane deformation. Considering two adjacent mater-
ial particles located at R and R+ dR, they take the positions
at (r(R) ,z(R)) and (r(R+ dR) ,z(R+ dR)), respectively in
current state. The distance between two material particles is
dl= λ1dR, where λ1 is the stretch along the longitude direc-
tion. Define θ as the angle between the horizontal direction
and tangent direction at material particle R. Geometric rela-
tions require

dr
dR

= λ1 cosθ (1)

dz
dR

=−λ1 sinθ (2)

The stretch λ2 along the latitude direction

λ2 =
r
R
. (3)

Under the action of constant force F, the CDEA is in equi-
librium. The force balance in z-direction and latitudinal direc-
tion, respectively, yields

d(Rs1 sinθ)
dR

= 0 (4)
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Figure 1. Schematic diagram of (a) fabrication process and (b) testing device of CDEA.

Figure 2. The cross-section of CDEA. (a) The film is in the
reference state. (b) The CDEA deforms out-of-plane under the
action of voltages and constant force in the current state.

d(Rs1 cosθ)
dR

− s2 = 0 (5)

and

2πRHs1 sinθ−F= 0 (6)

where s1 is the longitudinal nominal stress and s2 is the lat-
itudinal nominal stress. Combining equations (4) and (5), we
can get

dθ
dR

=− s2
s1R

sin(θ) (7)

dλ1

dR
=
s2 cosθ− s1 −R ds1

dλ2

dλ2
dR

R ds1
dλ1

. (8)

The stretch along the thickness direction can be written as
λ3 = 1/(λ1λ2), where the material is taken to be incompress-
ible. When a voltage is applied on the DE film, the electric
field can be expressed as

E=Φλ1λ2/H (9)

where Φ is the voltage applied on the DE film. Here, we
employed the model of ideal DE [27, 28]. In this model, the
dielectric behavior of the material is independent of deform-
ation, and the true electric displacement D is linear with the
electric field E, such as D= Eε, where ε is the permittivity of
the material, considered as a constant. When the elastomer is
subjected to both mechanical force and voltage, the stress can
be expressed

σ1 = λ1
∂Ws (λ1,λ2)

∂λ1
− εE2 (10)

σ2 = λ2
∂Ws (λ1,λ2)

∂λ2
− εE2 (11)

where Ws(λ1,λ2) is the strain energy density of the DE. The
nominal stress is related to the true stress by s1 = σ1/λ1 and
s2 = σ2/λ2. The strain energy density is expressed by Gent
model [29] to account for the strain stiffening effect of the DE
material

Ws (λ1,λ2) =−µJlim
2

log

(
1− λ2

1 +λ2
2 +λ−2

1 λ−2
2 − 3

Jlim

)
(12)

where µ is the small-stress shear modulus, and Jlim is a con-
stant reflecting the limiting stretch of the material. The ring-
shaped electrode is divided into two parts from point V to the
inner and outer parts to apply different voltages, namely

E=

{
Φ iλ1λ2/H, ra ⩽ r< rv
Φ oλ1λ2/H, rv ⩽ r⩽ rb

. (13)

Considering the continuity conditions at point V, both
deformation and longitudinal stress are continuous, namely
[30–32]

r
(
V+
i

)
= r
(
V−
o

)
,z
(
V+
i

)
= z
(
V−
o

)
,θ
(
V+
i

)
= θ

(
V−
o

)
,

s1
(
V+
i

)
= s1

(
V−
o

)
. (14)

The boundary conditions are as follows

r(a) = a,r(b) = b,z(b) = 0. (15)
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In the calculation, the dimensionless quantities: r/a, z/a,

s1/µ, s2/µ, F/(2πaHµ), Φ/
(
H
√
µ/ε
)
; geometric para-

meters: b/a= 3, rv/a= 1.4, rv/a= 1.7, rv/a= 2, λpre =
2.5; material parameters: H= 1 mm, ε= 3.98× 10−11 Fm−1

were used [31]. In addition, the parameters µ= 25.1 kPa and
Jlim = 270 were adjusted to best fit the experimental data
[26, 33]. Equations (1), (7) and (8) form a set of first-order
differential equations. The differential equations are solved
by shooting method according to the boundary conditions of
equation (15) and the continuity conditions of equation (14)
to obtain the deformation of the CDEA. The initial value θ is
adjusted until the solution satisfies the boundary conditions.

4. Results and discussion

The electromechanical behaviors of the CDEA were calcu-
lated based on the parameters. Figure 3 shows the config-
uration changes of the CDEA with rv/a= 1.7 under differ-
ent voltages. The black line indicates the disk of the CDEA.
In figure 3(a), the same voltages are applied to both inner
and outer electrodes. Compared to the initial configuration
(Φ = 0), the out-of-plane displacement of CDEA increases
with the increase of voltage. Figure 3(b) illustrates that dif-
ferent voltages were applied to the inner and outer electrodes.
Each voltage is represented by a different color to distinguish
the deformation of the inner electrode part and the outer elec-
trode part. In all configurations shown, the inner voltage was
set to 5 kV. As the outer voltage increases from 5 kV to 6.5 kV,
the out-of-plane displacement further increased.

In order to apply different voltages to the CDEA in the
experiment, the inner and outer electrodes were separated by a
narrow band without compliant electrodes. To verify the influ-
ence of the narrow-band area without voltage on the out-of-
plane displacement of CDEA, an experiment was carried out in
which the entire area of the CDEA was coated with compliant
electrodes (rv/a= 0 was used during theoretical calculations).
It can be seen from figure 4(a) that when the voltage exceeds
3 kV, the out-of-plane displacement of CDEA increases sig-
nificantly. The experimental results agree well with the the-
oretical results. In addition, the difference between the exper-
imental results of the entire area was coated with compliant
electrodes and those with a narrow band without compliant
electrodes is so small that the effect of the narrow-band area
without voltage on the out-of-plane displacement of CDEA
can be ignored. Therefore, the part of the narrow band without
voltage was not considered in the theoretical calculations.

In the experiment where the entire area of the actuator
was covered by the compliant electrodes, wrinkles appeared at
the inner boundary of the electrode when the voltage reaches
5.5 kV, which is widely regarded as loss of tension of the DE
actuators. To ensure that the CDEA was not subjected to elec-
trical breakdown, the voltage of the inner electrode was fixed
at 5 kV and then gradually increased the voltage of the outer
electrode when different voltages were applied to the inner and
outer electrodes of the CDEA. Figure 4(b) illustrates the vari-
ation of out-of-plane displacement with voltage. The dashed

lines represent the experimental results, while the dash–dot
lines represent the theoretical results. The increase in outer
voltage leads to a further increase in displacement. When the
voltage is increased to a certain level, wrinkles occurred at the
inner boundary of the outer electrode, causing the actuator to
fail in loss of tension, as shown in figure 5. Comparing the
experimental and theoretical results, the changing trend shows
consistency. However, at higher outer electrode voltages, the
theoretical values tend to be lower than the experimental res-
ults. This discrepancy may be attributed to the Gent model
employed in the theoretical analysis may not fully capture
the electromechanical behavior under the highly nonlinear
and inhomogeneous deformation. In addition, the viscoelasti-
city of the DE material was not considered in the theoret-
ical model. Although the voltage was maintained long enough
in the experiments to minimize time-dependent effects, vis-
coelastic responses may still have a noticeable impact due to
increased strain amplitudes at higher voltage levels.

Although wrinkles were observed on the actuator at a
voltage of 5.5 kV, its displacement was also recorded. It should
be pointed out that in order to ensure that the CDEA does not
experience electrical breakdown, the voltage was not main-
tained for a long time as other experiments. The results are
presented in figure 6. When the voltages are applied sep-
arately, as indicated by the blue bar in figure 6, the outer
voltages correspond to the voltage values shown in figure 4(b).
According to the experimental results, when the voltage of
the inner electrode is 5 kV, the out-of-plane displacement of
CDEA can be increased by 58.2% (rv/a= 1.4) at most. It can
also be increased by 19.4% (rv/a= 1.7) relative to the voltage
of both inner and outer electrodes are 5.5 kV (loss of ten-
sion). This demonstrates that applying voltages separately to
the inner and outer electrodes significantly improves the out-
of-plane displacement of the CDEA.

The stretch and stress distributions are described in figure 7
when voltages are applied to the inner and outer electrodes
respectively. In this case, the inner voltage of the CDEA with
rv/a= 1.7 is also set to 5 kV. When the voltages of the inner
and outer electrodes are the same, the stretch and stress are
smooth curves, as shown by the red line in figure 7. The stretch
distribution along the longitude direction near the disk is the
largest and decreases monotonically towards the outer bound-
ary, while the stretch along the latitude direction remains con-
stant at the inner and outer boundary due to the fixed constraint
and reaches a peak at a certain position in the middle, seen in
figures 7(a) and (b). The stress along the longitude direction
is always in a state of tension, while the stress along the lat-
itude direction will be negative at the inner boundary of the
ring-shaped electrode due to the increase in voltage, whichwill
cause wrinkles and loss of tension at the inner boundary, seen
in figures 7(c) and (d).

When the voltage of the inner electrode is fixed, and the
voltage of the outer electrode is further increased, the stretch
along the longitude direction will suddenly rise at the edge of
voltage changes, followed by a gradual decrease. The stretch
along the latitude direction would rise again due to the increase
in voltage and then decrease after reaching the peak, as shown

4
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Figure 3. The configuration of the CDEA. (a) The same voltages are applied to the inner and outer electrodes. (b) The voltage of the inner
electrode is fixed at 5 kV, and the voltage of the outer electrode is gradually increased to 6.5 kV.

Figure 4. Comparison of theoretical and experimental results. (a) The same voltages are applied to the inner and outer electrodes. (b) The
voltage of the inner electrode is fixed at 5 kV, and the voltage of the outer electrode is gradually increased until wrinkles occur.

Figure 5. Photo of loss of tension when the inner and outer voltages
are 5.0 kV and 6.3 kV respectively.

in figures 7(a) and (b). The stress along the longitude direc-
tion is always positive, while the stress along the latitude dir-
ection suddenly drops due to the increase in voltage, followed
by a gradual increase. The trends of the inner and outer ring-
shaped electrodes under different voltages are consistent with
the changing trends of all the same voltages.

The voltage of the inner electrode has a great influence on
the out-of-plane displacement. Figure 8(a) shows the change
in displacement as the voltage of the outer electrode and rv/a

Figure 6. Comparison of displacement under different inner
voltages.

increase when the voltage of the inner electrode is 5 kV. As
the voltage of the outer electrode increases or rv/a decreases,
the displacement of CDEA gradually increases. The red line in
figure 8 represents that the latitudinal stress of the inner bound-
ary of the outer electrode is less than zero, and the actuator
suffers loss of tension. In contrast, the blue line represents that

5
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Figure 7. The distribution of stretch and stress. Figures (a) and (b) are stretches in the longitude and latitude directions, respectively. Figures
(c) and (d) are stresses in the longitude and latitude directions, respectively.

Figure 8. The influence of inner voltage and rv/a on the out-of-plane displacement of CDEA. The initial voltage of the inner electrode is
(a) 5 kV and (b) 5.5 kV, respectively. Where the red line denotes loss of tension, the blue line represents that when the inner boundaries of
the inner and outer electrodes reach almost the same latitudinal stress and the mark represents the maximum value on the line.

when the inner boundaries of the inner and outer electrodes
reach almost the same latitudinal stress. That is, the voltage
below this line indicates a relatively safe operating range for
the CDEA. Themarked point on the line denotes themaximum
displacement achieved. Compared with the voltages of both
inner and outer electrode are 5 kV, the out-of-plane displace-
ment can be increased by up to 32.9% (rv/a= 1.7) when the
voltage of the inner electrode is 5 kV, and the stress level of the
inner boundary of the inner and outer electrodes is almost the
same. Conversely, if the latitudinal stress at the inner bound-
ary of the outer electrode is less than zero, the out-of-plane
displacement can be increased by 40.5% (rv/a= 1.8).

In figure 8(b), the voltage of the inner electrode is set to
5.5 kV, and the actuator has suffered loss of tension. When
the rv/a is small, the voltage of the outer electrode can only
increase slightly, and loss of tension will occur due to the lat-
itudinal stress of the inner boundary of the outer electrode is
very small. As the rv/a gradually increases, the voltage that the
outer electrode can increase to a larger value, and the out-of-
plane displacement also increase. If rv/a continues to increase,
the out-of-plane displacement will decrease again. When the
voltage of the inner electrode is 5.5 kV, and the inner boundary
latitudinal stress of the outer electrode is less than zero, the out-
of-plane displacement can be increased by 20.3% (rv/a= 2).
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Figure 9. Effect of rv/a on displacement when the voltage of the inner electrode is 5.0 kV or 5.5 kV.

Figure 10. Demonstration of the pump module. (a) Photo of the pump module. (b) Actual voltages change with time when the inner and
outer voltages are 4.0 kV and 5.0 kV respectively.

Figure 9 illustrates the maximum out-of-plane displace-
ment that the CDEA can achieve (close to loss of tension)
as rv/a increases, under inner electrode voltages of 5 kV and
5.5 kV, respectively. It is observed that when rv/a ranges
between 1.8 and 2.0, the actuator exhibits more significant
out-of-plane displacement. The discrepancy between theor-
etical predictions and experimental results can be attributed
to several factors. First, due to the manual fabrication of the
CDEA, unavoidable geometric and material inconsistencies
are introduced. As the experiments progressed, the influence
of viscoelastic effects, particularly stress relaxation, further
decreased, resulting in a decrease in displacement over time.
Moreover, when extracting the theoretical maximum displace-
ment, the corresponding latitudinal stress is not always exactly
zero, which may further contribute to the deviation. In sum-
mary, both theoretical and experimental results consistently
demonstrate that the proposed method significantly enhances
the out-of-plane displacement of the CDEA.

Here, the CDEA was also used as the driving structure of
a pump module to verify the applicability of the method. As
shown in figure 10(a), the 3D printed pumpmodule component

was assembled on the top of the CDEA. The cross-section
dimensions of the part used to observe the height of the water
level are 20 mm × 20 mm. A total of 150 ml of water was
injected into the pump module and the water was colored by
red ink for a clearer observation. When voltage is applied to
the CDEA, its volume becomes larger and water will flow into
the CDEA cause the water level to drop. In the experiment, a
square wave voltage of 0.5 Hz was applied to the CDEA to
simulate the working process instead of a quasi-static voltage.
Figure 10(b) illustrates the actual voltages applied to the inner
and outer electrodes. As shown in figure 10(a), it can be clearly
seen that the water level has dropped significantly when the
voltage is applied to the CDEA (i.e. from state A to state B).

The performance of the pump module under different
voltages is shown in figure 11. When the inner voltage is set
to 4.0 kV, the water level difference increased from 24 mm to
35 mm as the outer voltage increased from 4.0 kV to 5.0 kV.
When the inner and outer voltages are both 4.5 kV, wrinkles
have occurred at the inner boundary of the inner electrode.
Therefore, this method can significantly improve the perform-
ance of the pump module.
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Figure 11. Performance of the pump module at different voltages.

5. Conclusion

In conclusion, a novel method for increasing the out-of-plane
displacement of CDEA is proposed. The increase of the out-
of-plane displacement is realized by dividing the actuation
area of the CDEA into two parts and applying voltages sep-
arately. Experimental results show that this method can sig-
nificantly improve the out-of-plane displacement of the actu-
ator. When the voltage of the inner electrode is set to 5 kV,
the out-of-plane displacement of CDEA can be increased by
58.2% (rv/a= 1.4) at most. It can also be increased by 19.4%
(rv/a= 1.7) relative to the case where both the inner and outer
electrodes are at 5.5 kV (loss of tension). A theoretical model
was derived to reveal the mechanism of this method. The cal-
culated results are in good agreement with the experimental
results with adjusted parameters. Both the initial voltage and
the occupied area of the inner electrode have significant effects
on the out-of-plane displacement of the actuator. Furthermore,
a pump module was developed to validate the applicability
of the method. The water level difference of the pump mod-
ule with an inner voltage of 4.0 kV increased from 24 mm
to 35 mm when the outer voltage increased from 4.0 kV to
5.0 kV. These results will be beneficial to the development
and application of CDEAs.
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