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Feedforward Control of the Rate-Dependent
Viscoelastic Hysteresis Nonlinearity in Dielectric

Elastomer Actuators
Jiang Zou and Guoying Gu

Abstract—Dielectric elastomer actuators have shown promising
applications in the field of soft robotics. However, due to their rate-
dependent viscoelastic hysteresis nonlinearity, it is still challenging
to achieve precision tracking control of dielectric elastomer actua-
tors. In this letter, we propose a feedforward control approach that
can compensate for the rate-dependent viscoelastic hysteresis non-
linearity with maximum tracking errors of 6.18% and root-mean-
square errors of 2.96% when the frequency of the input voltage
is between 0.05 Hz and 1.5 Hz. Our control approach consists of
two feedforward compensators: 1) for the ease of the hysteresis
compensation, a creep compensator is firstly developed to remove
the viscoelastic creep nonlinearity; 2) based on a phenomenological
mathematical model, an inverse hysteresis compensator is then de-
veloped to compensate for the rate-dependent viscoelastic hystere-
sis nonlinearity. Experimental results of tracking various periodic
trajectories demonstrate that: the maximum tracking errors are
reduced by 87.17% and the root-mean-square errors are decreased
by 89.53%, by comparing the results without the viscoelastic com-
pensation. It is the first time to successfully compensate for both the
viscoelastic creep nonlinearity and rate-dependent hysteresis non-
linearity of dielectric elastomer actuators by a feedforward control
approach, which may pave the way for further applications in
dielectric-elastomer-actuators based soft robotics.

Index Terms—Soft material robotics, motion control, dynamics.

I. INTRODUCTION

DUE to their high energy density, large deformation and
fast response speed [1], dielectric elastomer actuators

have been widely adopted as soft actuation technology to ac-
tuate soft robotics, such as climbing robots [2], humanoid
robots [3]–[6], crawling robots [7]–[11], swimming robots [12]–
[14] and gripping robots [15]–[17]. However, accurate track-
ing control of dielectric elastomer actuators is still an open
problem. The main challenge lies in their inherent nonlin-
ear viscoelasticity that usually causes viscoelastic creep and
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hysteresis nonlinearities [18]–[20]. In general, the viscoelastic
creep nonlinearity is a slow-time drift phenomenon and many
controll approaches have been developed to remove it [21],
[22]. However, there is still lack of effective approaches for
viscoelastic hysteresis compensation, because the viscoelastic
hysteresis nonlinearity is non-smooth, asymmetric and rate-
dependent [23]–[25].

Whilst many efforts have been made to design controllers for
dielectric elastomer actuators, such as feedforward controllers
[21], [26] and sensorless feedback controllers [22], [27], they
mainly use to eliminate super-elastic nonlinearity. Therefore,
tracking step trajectory is usually adopted for the controllers’
verification, may not effective for the periodic trajectory, without
considering the viscoelastic hysteresis nonlinearity. Recently,
some control approaches, such as adaptive radial basis func-
tion neural network sliding model control [28], adaptive sliding
model control [29] and nonlinear PID control [30], [31] have
been developed for the viscoelastic compensation. However,
those controllers are either effective at specific frequency or not
verified by experiments. In addition, a direct inverse hysteresis
compensation method [20] has been introduced to remove the
rate-independent hysteresis nonlinearity of the dielectric elas-
tomer actuator, but it can’t compensate for rate-dependent hys-
teresis nonlinearity. To our knowledge, development of an ef-
fective control approach for the asymmetric and rate-dependent
viscoelastic hysteresis compensation of dielectric elastomer ac-
tuators has not been achieved.

Here, we propose a feedforward control approach for high-
precision periodic trajectory tracking of a dielectric elastomer
actuator. Our feedforward control approach is developed with
two cascaded compensators. Firstly, to avoid external sensor, we
adopt a feedforward creep compensator with an identified creep
model to compensate for the viscoelastic creep nonlinearity. The
experimental results of tracking the step trajectories demonstrate
that the creep nonlinearity is limited to 2%, which is reduced
by 66.67%. Then, another inverse hysteresis compensator with
a modified rate-dependent Prandtl-Ishlinskii model is designed
to mitigate the asymmetric and rate-dependent viscoelastic hys-
teresis nonlinearity of the creep-compensated dielectric elas-
tomer actuator. The experimental results show that the maximum
tracking errors and root-mean-square errors of tracking sinu-
soidal trajectories are less than 6.18% and 2.96%, respectively,
when the frequencies of the trajectories are within the range
of 0.05 Hz to 1.5 Hz. By comparing to the results without our
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Fig. 1. Working principle of the conical dielectric elastomer actuator.
(A) Voltage off. (B) Voltage on.

compensators, the maximum tracking errors and the root-mean-
square errors are reduced by 87.17% and 89.53%, respectively.
Therefore, our control approach successfully compensates for
both viscoelastic creep and rate-dependent viscoelastic hystere-
sis nonlinearities of the dielectric elastomer actuator. The main
contribution of this work depends on the fact that it is the first
time to achieve tracking control of dielectric elastomer actua-
tors by compensating for creep nonlinearity and rate-dependent
viscoelastic hysteresis nonlinearity.

The structure of this letter can be summarized as follow.
Section II includes the fabrication of the dielectric elastomer
actuator, experimental setup and experimental phenomena. Sec-
tion III provides the modeling and compensating approach for
the viscoelastic creep nonlinearity. The modeling and compen-
sating approaches for the asymmetric and rate-dependent vis-
coelastic hysteresis nonlinearity are detailed in Section IV and
Section V presents the conclussion of this letter.

II. SYSTEM DESCRIPTION

A. Fabrication of the Conical Dielectric Elastomer Actuator

In this work, we adopt a conical dielectric elastomer actua-
tor for proof-of-concept testing. To fabricate the actuator, four
steps are involved: i) a dielectric elastomer membrane (3M VHB
4905, thickness 0.5 mm) is bi-directionally pre-stretched by
three times; ii) an outer and inner stiff frames (acrylic board,
thickness 3 mm) are adopted to support the pre-stretched di-
electric elastomer membrane; iii) both sides of the pre-stretched
dielectric elastomer membrane are covered by carbon grease
(MG Chemical 846-80G) based compliant electrodes; iv) in or-
der to generate a vertical linear movement, a mass (67 g) is
applied to the center of the conical dielectric elastomer actuator.
Fig. 1 shows the working principle of the conical dielectric elas-
tomer actuator. We should note that the breakdown voltage of
our actuator [20], [21] is about 4 kV and the minimum actuated
voltage is about 0.5 kV. Therefore, the exciting voltage is limited
between 0.5 kV and 3.5 kV in this work. In addition, when the
step voltage of 3.5 kV is applied, the maximum displacement of

Fig. 2. The whole experimental setup. (A) Experimental platform. (B) Block
diagram.

the actuator is about 4 mm, which equals to about 16.62% area
strain range.

B. Experimental Setup

Fig. 2A shows the experimental setup that is used to inves-
tigate the viscoelastic nonlinearity of the dielectric elastomer
actuator and verify the effectiveness of the viscoelatic compen-
sators. The high voltage amplifier (TREK 20/20C-HS, TREK
INC., NY, USA) with a fixed gain of 2000 is used to gen-
erate high voltages for the dielectric elastomer actuator. The
laser sensor (Micro-Epsilon ILD2300-100, range of 100 mm,
Micro-Epsilon, Ortenburg, Germany) is utilized to record the
real-time displacement of the dielectric elastomer actuator. The
control module (dSPACE-DS1103, dSPACE, Paderborn, Ger-
many) is used to control the high voltage amplifier and capture
the displacement signal from the laser sensor. In this work, the
sampling time equals to 1 ms. Fig. 2B shows a block diagram
of the whole experimental setup.

C. Characterization of the Viscoelastic Nonlinearity

In this section, we firstly conduct a series of experiments to
characterize the viscoelastic response of the dielectric elastomer
actuator. In order to capture the rate-dependent behavior of the
viscoelastic hysteresis nonlinearity, sinusoidal exciting voltages
with different frequencies (f = 0.05 Hz, 0.25 Hz, 0.5 Hz,
0.75 Hz, 1.0 Hz, 1.25 Hz and 1.5 Hz, Fig. 3A) are adopted
to drive the conical dielectric elastomer actuator. Fig. 3B shows
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Fig. 3. The viscoelastic response of the conical dielectric elastomer actuator.
(A) The input sinusoidal voltage with a frequency of 1 Hz is plotted as a function
of time. (B) The corresponding displacement of the actuator under the sinusoidal
exciting voltage in (A) is plotted as a function of time. (C) The displacement is
plotted as a function of the input voltage when the frequency equals to 1 Hz.
(D) The hysteresis loops under two different frequencies.

one example of the experimental results in the time domain
when the input frequency is 1 Hz, meanwhile, the displacement
is also plotted as a function of input voltage shown in Fig. 3C.
In addition, Fig. 3D shows the comparisons of viscoelastic hys-
teresis loops between two frequencies (0.05 Hz and 1.5 Hz).
From the experimental results, we can observe that:

i) The viscoelastic response of the actuator can be separated
into two regions in the time domain, including transition
region and stable region (Fig. 3B). During the transition
region, there is an obvious drift phenomenon called vis-
coelastic creep nonlinearity. It lasts about 33 seconds and
then becomes ignorable during the stable region, which
can also be shown in the hysteresis loops (Fig. 3C).

ii) The viscoelastic hysteresis nonlinearity is both asymmet-
ric and rate-dependent (Fig. 3D). When the frequency
of the input voltage changes from 0.05 Hz to 1.5 Hz,
the width of the viscoelastic hysteresis loop increases by
about 320% while the amplitude of them almost keeps
constant.

The above observations indicate that: i) during the transition
region, the viscoelastic hysteresis nonlinearity and viscoelas-
tic creep nonlinearity are coupled; ii) during the stable region,
the viscoelastic hysteresis nonlinearity is dominant and the vis-
coelastic creep nonlinearity can be ignored. Therefore, we will
first develop a feedforward creep compensator for removing
the drift phenomenon, and then design an inverse hysteresis
compensator for the creep-compensated actuator to mitigate the
asymmetric and rate-dependent hysteresis nonlinearity, which
will be detailed in the following sections.

Remark: We should mention that: due to the actuators’ nat-
ural frequency equals to about 3 Hz [20], the maximum input
frequency of the input voltage doesn’t exceed 1.5 Hz.

Fig. 4. Modeling the viscoelastic creep nonlinearity of the conical dielectric
elastomer actuator. (A) Step responses of the actuator under different step volt-
ages are plotted as a function of time. (B) Absolute creep responses are plotted
as a function of time. (C) Relative creep responses are plotted as a function of
time. (D) Comparison of experimental data and identified model.

III. CREEP COMPENSATION

To remove viscoelastic creep effect, a relative creep model
[21] is identified to describe the creep effect, which is then used
to construct the feedforward creep compensator.

A. Viscoelastic Creep Description

To reveal the responses of viscoelastic creep nonlinearity,
we firstly conduct the tests on the conical dielectric elastomer
actuators with different step voltages. Due to the breakdown
voltage of the dielectric elastomer actuator is about 4 kV, the
maximum amplitude of the step voltage is limited to 3.5 kV. In
addition, the minimum step voltage is set to be 2 kV for the clear
observation of the moving displacement. Therefore, we select
four step voltages as 2 kV, 2.5 kV, 3 kV and 3.5 kV to excite the
conical dielectric elastomer actuator. Based on the experimental
results (Fig. 4A), we can see that the step responses can be
separated into two regions: dynamical region and creep region.
The vibration dominates the dynamical region and lasts about
one second. Considering that the purpose is to eliminate the
viscoelastic creep nonlinearity, we only take the experimental
data in creep region into account.

For the convenience of description, we define an idea dis-
placement DI (t) as the displacement at the separated time of
the two region. In this work, the separated time equals to 1 sec-
ond. The differences between real output displacement DR (t)
and the DI (t) are defined as absolute creep displacement DC (t).
Fig. 4B shows the comparisons of DC (t) among different volt-
ages V (t), which demonstrate that DC (t) highly depends on the
amplitudes of V (t). Then, we give the definition of the relative
creep displacement CR (t):

CR (t) =
DR (t) − DI (t)

DI (t)
=

DC (t)
DI (t)

(1)
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Fig. 5. Block diagram of the creep compensator.

By the introduction of CR (t), we can see from Fig. 4C that
the creep can be considered as independent on the amplitude
of V (t). To obtain CR (t), a system identification approach is
adopted, which involves four steps: i) calculating average rel-
ative creep displacement based on the experimental data; ii)
selecting a continuous-time transfer function as the identifica-
tion model of CR (t); iii) using Matlab identification box to
identify the parameters in the model; iv) comparing the iden-
tification model with the experimental data, if they are not fit
well, increasing the model order and repeating the identification
process. We finally choose a three-order transfer function as the
relative creep model, which can be written as:

CR (t) =
0.499s2 + 0.058s + 0.000217

s3 + 0.199s2 + 0.0144s + 0.0000149
(2)

Fig. 4D shows the comparison between the relative creep
model and experimental results, which demonstrates that the
identified model can well predict the relative creep response.

B. Viscoelastic Creep Compensation

Based on the identified viscoelastic creep model, a feedfor-
ward creep compensator can be developed as [21]:

VC (t)
V0 (t)

= [1 − λCR (t)] (3)

where VC (t) and V0(t) represent the creep voltage and the in-
put voltage, respectively. λ = 0.3 is an identified constant ratio.
Fig. 5 shows the block diagram of the creep compensator. To ver-
ify the effectiveness of the creep compensator, different exciting
voltages are adopted and the experimental results are shown in
Fig. 6. It can be seen that with the creep compensator, the track-
ing errors of step trajectories are less than 2% (Fig. 6A and B),
which indicate that the relative creep nonlinearity is reduced
by 66.67%. We further evaluate the performance of the creep
compensator with sinusoidal exciting voltages under different
frequencies (0.05 Hz to 1.5 Hz). Fig. 6C shows one example
of the time-domain output displacement when the frequency is
1 Hz. It demonstrates that the relative creep nonlinearity of the
response (Fig. 3B) under sinusoidal exciting voltage still can be
removed by the creep controller.

Remark: It should be noted that we select step voltage for
identifying the relative creep model lies in the fact that the ref-
erence displacement of the step response is constant, which is
much easier to separate the creep response from the dynami-
cal response. As can be seen in Fig. 6C, the developed rela-
tive creep model can still be used to remove the viscoelastic

creep nonlinearity under sinusoidal exciting voltage, which also
demonstrates the generality of the development.

IV. INVERSE VISCOELASTIC HYSTERESIS COMPENSATION

With the creep compensator, we design a controller to miti-
gate the asymmetric and rate-dependent viscoelastic hysteresis
nonlinearity of the dielectric elastomer actuator. To this end, a
modified rate-dependent Prandtl-Ishlinskii model (MRPIM) is
firstly developed to characterize the viscoelastic hysteresis of
the creep-compensated actuator. Then, a direct inverse hystere-
sis compensator [32], [33] can be designed with the MRPIM to
remedy the viscoelastic hysteresis nonlinearity (Fig. 7).

A. Viscoelastic Hysteresis Description

As shown in Fig. 3C, we can see that the viscoelastic hys-
teresis nonlinearity of the actuator is both asymmetric and rate-
dependent. To describe such kind of nonlinearity, a MRPIM is
developed as:

V (t) = g1D
3
R (t) + g2DR (t) + g3

√
DR (t)

+
∫ R

0
a (r)Fr [DR (t)] dr (4)

where g1 , g2 and g3 represent three constant, V (t) and DR (t) are
the input voltage and the reference displacement, respectively.
a(r) and the r represent a density function and a constant thresh-
old of the rate-dependent play operator Fr [DR (t)], respectively,
that is defined as [23], [33]:

W (0) = Fh
r [DR ] (0) = fh

r [DR (0) , V (0)]
W (t) = Fh

r [DR ] (t) = fh
r

[
DR (t) , F h

r [DR ] (t − T )
]

fh
r [DR (t) ,W (t)] = max

{
hl

[
DR (t) , ḊR (t)

]
− r,

min
[
hr

(
DR (t) , ḊR (t)

)
,W (t)

]}

(5)
where ḊR (t) is the velocity of the displacement,

hl

[
DR (t) , ḊR (t)

]
and hr

[
DR (t) , ḊR (t)

]
represent two dy-

namical envelope functions that rely on both the displacement
and its’ velocity. Based on our experience and experimental ob-
servation, the two dynamical envelope functions can be written
as:

hl

[
DR (t) , ḊR (t)

]
= DR (t) − α

∣∣∣ḊR (t)
∣∣∣

hr

[
DR (t) , ḊR (t)

]
= DR (t) + β

∣∣∣ḊR (t)
∣∣∣

(6)

where α and β represent two constants. To simplify the cal-
culating process, the ḊR (t) is calculated by [DR (t) − DR (t −
T )]/T , with the sampling time of T .

In general, the upper limit of the integration in (4) is infinite,
which makes the parameters’ identification challenge. To over-
come this challenge, we adopt a discrete form of the MRPIM
that can be expressed as:

V (t) = g1D
3
R (t) + g2DR (t) + g3

√
DR (t)

+
N∑

i=1
aiFr [DR (t)]

(7)
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Fig. 6. Experimental results with the creep compensator. (A) Step responses under different step voltages are plotted as a function of time. (B) Tracking errors of
step trajectories are plotted as a function of time. (C) The output displacement is plotted as a function of time when the frequency of the periodic exciting voltage
equals to 1 Hz.

Fig. 7. Flowchart of the inverse hysteresis compensator.

where N is the number of rate-dependent play operators, ai

represents the weighting factor of the ith rate-dependent play
operator with a constant threshold value ri . In the identification,
the N is selected as 4, and four constant thresholds ri equal to
0, 0.2, 0.4 and 0.6, respectively. The rest parameters in (7) are
obtained by using a particle swarm optimization algorithm [23],
where a fitness function is defined as:

F = min

⎧
⎨

⎩

M∑

j=1

[
1
N

N∑

i=1

(
Vji − V a

ji

)2

]⎫
⎬

⎭
(8)

To identify the parameters in (7), we randomly select four
frequencies in the range of 0.05 Hz to 1.5 Hz. On the

TABLE I
THE IDENTIFIED PARAMETERS OF THE MRPIM

condition of normalized input and output, the model parameters
are identified and the identified results are listed on Table I. The
comparisons between experimental data and identified results
are shown in Fig. 8A, and the identification errors are plotted
in Fig. 8B. It can be seen that the model accurately character-
izes the asymmetric and rate-dependent viscoelastic hysteresis
nonlinearity. In order to quantitatively evaluate the identifica-
tion accuracy of the MRPIM, the maximum errors em and the
root-mean-square errors erms are defined:

em = max |V (i)−V a (i)|
max(V a )−min(V a )

erms =
√

1
N

∑ N
i = 1 [V (i)−V a (i)]2

max(V a )−min(V a )

(9)

where V (i) and V a(i) are the predicted results and experimental
data, respectively. Then, we can obtain that em and erms are
3.0% and 2.5%, respectively, which clearly demonstrate the
effectiveness of the identified model.

B. Direct Inverse Hysteresis Compensation

With the developed MRPIM, we construct an inverse hys-
teresis compensator cascaded by the creep compensator for the
dielectric elastomer actuator (Fig. 9). In order to evluate the
performances of the compensator, we conduct series experi-
ments for tracking various sinusoidal trajectories with different
frequency. Fig. 10 shows a time-domain example of tracking
experimental results when the frequency of the tractory equals
to 1 Hz. It can be seen that with the two compensators, the
actuator can previsely track sinusoidal trajectory. In addition,
Fig. 11 shows the experimental results of tracking various si-
nusoidal trajectories. In Fig. 11A, the output displacements of
the actuator are plotted as a function of the reference displace-
ments under the four frequencies (i.e., 1.5 Hz, 1.0 Hz, 0.5 Hz
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Fig. 8. Identification results with the MRPIM. (A) Comparisons between
experimental results and the predicted results from the identified model. (B)
Identification errors under different frequencies.

Fig. 9. Block diagram of the direct inverse hysteresis compensator.

Fig. 10. The reference displacement and actual displacement are plotted as a
function of time when the input frequency equals to 1 Hz.

TABLE II
TRACKING ERRORS UNDER DIFFERENT FREQUENCIES

and 0.05 Hz), where the asymmetric and rate-dependent vis-
coelastic hysteresis nonlinearity is well mitigated (by compar-
ing to Fig. 3D). Fig. 11B shows the tracking errors, where
both viscoelastic creep and hysteresis nonlinearities are well
compensated.

To further evaluate the performance of our control approach,
we conduct more experiments for tracking other sinusoidal tra-
jectories with other input frequencies (i.e., 1.25 Hz, 0.75 Hz and
0.25 Hz, different from the frequencies for identification). As
shown in Fig. 11C and D, our control approach is also effective
to mitigate the viscoelastic creep and rate-dependent hysteresis
nonlinearities. The tracking errors of em and erms under differ-
ent trajectories are summarized in Table II. We can see that with
our control approach, em and erms are reduced to 6.18% and
2.96%, respectively. Comparing with the experimental results
without our compensators, em and erms are reduced by 87.17%
and 89.53%, respectively.

Remark: It should be noted that our modeling approach is phe-
nomenological, which is identified based on the experimental
data without taking physical insight into consideration. Without
loss of generality, our approach can also be employed to other
kinds of dielectric elastomer actuators.
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Fig. 11. Tracking experimental results with our control approach. (A) The output displacement is plotted as a function of reference displacement under the four
frequencies (1.5 Hz, 1.0 Hz, 0.5 Hz and 0.05 Hz) used for the MRPIM identification. (B) Tracking errors with the four different frequencies. (C) Tracking results
with other three frequencies (1.25 Hz, 0.75 Hz and 0.25 Hz). (D) Comparison of tracking errors with other three frequencies.

V. CONCLUSIONS

In this letter, we propose a feedforward control approach
for rate-dependent viscoelastic hysteresis compensation of di-
electric elastomer actuators. To achieve this objective, we
firstly characterize the viscoelasticity of the conical dielectric
elastomer actuator, which demonstrate that: i) the viscoelas-
ticity of the dielectric elastomer actuators possess both vis-
coelastic creep and hysteresis nonlinearities; ii) the viscoelas-
tic creep nonlinearity shows slow-time drift phenomenon; iii)
the viscoelastic hysteresis nonlinearity is asymmetric and rate-
dependent. Then, we employ a relative creep model based com-
pensator to firstly remove the drift phenomenon. For the creep-
compensated actuator, we develop a MRPIM-based direct in-
verse hysteresis compensator to mitigate the asymmetric and
rate-dependent hysteresis nonlinearity. Various sinusoidal tra-
jectory tracking results demonstrate that our control approach is
effective to compensate for both the viscoelastic creep and rate-
dependent hysteresis nonlinearities in the dielectric elastomer
actuators.
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