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In the practical applications of actuators, the control of their deformation or driving force is a key

issue. Most of recent studies on dielectric elastomer actuators (DEAs) focus on issues of

mechanics, physics, and material science, whereas less importance is given to the control of these

soft actuators. In this paper, we underline the importance of a nonlinear dynamic model as the basis

for a feedforward deformation control approach of a rubber-based DEA. Experimental evidence

shows the effectiveness of the feedforward controller. The present study confirms that a DEA’s tra-

jectory can be finely controlled with a solid nonlinear dynamic model despite the presence of mate-

rial nonlinearities and electromechanical coupling. The effective control of DEAs may pave the

way for extensive emerging applications to soft robots. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4927767]

The emerging field of soft robotics offers the prospect of

applying soft actuators as artificial muscles in the robots,

replacing traditional actuators based on hard materials, such

as electric motors and piezoceramic actuators. Dielectric

elastomers are one class of soft actuators, which can deform

in response to voltage and can resemble biological muscles

in the aspects of large deformation, high energy density, and

fast response.1–3

Recent research into dielectric elastomers has mainly

focused on issues regarding mechanics, physics, material

designs, and mechanical designs.4–6 For example, dielectric

elastomer actuators (DEAs) are found to achieve giant

voltage-induced deformation with an area strain greater than

1000%.7–9 Materials are designed for both electrode and elas-

tomer to improve the performance of DEAs.10–13 The soft

actuators with different mechanical designs can achieve vari-

ous deformations and movements, thus realizing different

functions. Recently, we have employed DEAs as artificial

muscles to drive a jellyfish robot, a worm-like robot, and a

human-face model.14 The control of actuators is one of the

key issues in developing robots. Strong nonlinearities due to

large deformation and electromechanical coupling make con-

trol of the DEAs challenging. Extensive studies had been con-

ducted to control traditional actuators, say, electric motors15

or piezoceramic actuators.16 However, to date, there has been

much less research into control of the DEAs.17–22

This paper focuses on feedforward control of a DEA.

We underline the importance of a nonlinear dynamic model

as the basis for the feedforward deformation control

approach. The desired deformation is first input into the con-

troller, and then the controller generates the voltage to deter-

mine the actuator’s deformation (Fig. 1). Experimental

evidence shows that the DEA can track the desired

trajectories effectively despite the presence of material nonli-

nearities and electromechanical coupling. The effective con-

trol of DEAs may pave the way for extensive emerging

applications to soft robots.

Figure 1(a) shows a schematic of a DEA, which is sim-

ple but has a practical application—inducing vibration for

tactile feedback.23,24 In the reference state (Fig. 1(a-i)), the

membrane of a dielectric elastomer is not subject to any me-

chanical and electrical loads. Part A and Part B have the

length L1A¼L1B (¼ 10 mm), and the width L2 (¼ 50 mm). In

the prestretched state (Fig. 1(a-ii)), the membrane is pre-

stretched with k1p ¼ 2 and k2p ¼ 2, and the two boundaries

along the width are fixed by two frames. A rigid mass, which

may function as a vibration shaker, is attached in the middle

of the membrane to separate it into Part A and Part B. Part A
is smeared with carbon grease as the compliant electrodes,

while Part B is not. In a current actuated state (Fig. 1(a-iii)),

Part A functions as an actuator and expands when subject to

voltage (U), leading to the shrinking of Part B, thereby dis-

placing the vibration shaker. As a result, Part A and Part B
have the same width k2pL2, but different lengths k1AL1A and

k1BL1B, respectively, where k1A or k1B is the stretch in direc-

tion 1 of Part A or Part B. In the experiments, we employ a

natural rubber, Oppo Band, Singapore (with a thickness

H¼ 0.47 mm) as the dielectric elastomer, since it exhibits

low viscoelasticity and large reversible deformation.25 A

PCI-6014 control board equipped with the BNC-2120 inter-

face (NI Corp.) is adopted to generate voltage, which is then

amplified by a high voltage amplifier (10/40 A, Trek). A

laser displacement sensor (ILD1700, Micro Epsilon) is

employed to measure the real-time displacement of the

actuator.

We develop a dynamic model as follows. As shown in

Fig. 2(a), the system consists of three components: Part A
(with the electrodes), Mass m, and Part B (without the elec-

trode). For Mass m, the equation of motion is given by

a)Author to whom correspondence should be addressed. Electronic mail:

mpezhuj@nus.edu.sg
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mL1A
d2k1A

dt2 ¼ FB � FA � cL1A
dk1A

dt , where FB is applied by

Part B, FA is applied by Part A, and t is time. For simplicity,

we assume that the damping force applied to the vibration

shaker is proportional to its velocity, that is Ff ¼ �cL1A
dk1A

dt ,

where c is the damping coefficient. For Part A, the equation

of motion is given by FA ¼ lðk1A � k�3
1A k�2

2p ÞL2H � ek1A
2p2
k

U
H

� �2
L2H þ 1

3
qL2

1A
d2k1A

dt2 L2H, where l is the small-strain

shear modulus, e is the permittivity, and q is the density of

the elastomer.26 The first term in the above equation repre-

sents the elastic restoring force. The elastomer is taken to be

incompressible, i.e., k1k2k3 ¼ 1, where k1, k2, and k3 are the

stretches in the length, width, and thickness directions,

respectively. Since the displacement of the actuator is not

large (Fig. 2(b)), for simplicity, we assume that the elastomer

is a neo-Hookean material with an elastic energy density

W k1; k2ð Þ ¼ l
2

k2
1 þ k2

2 þ k�2
1 k�2

2 � 3
� �

. Taking the first de-

rivative of the elastic energy density with respect to k1, we

can get the nominal elastic restoring stress.27 The second

term is the force induced by voltage (or the Maxwell stress),

and the third term is the inertia force. For Part B where the

voltage is absent, the equation of motion is given by

FB ¼lðk1B � k�3
1B k�2

2p ÞL2Hþ 1
3
qL2

1Bd
2k1B

dt2 L2H. The first term

in the equation is the elastic restoring force, and the second

term is the inertia force. Since the distance between the two

frames is fixed (Fig. 1(a)), we have k1A þ k1B ¼ 2k1p.

Combining the equations of motion for Mass m, Part A, and

Part B, we obtain the equation of motion of the system as

follows

M
d2k1A

dt2
þ c

dk1A

dt
� L2H

L1A
lð2k1p � 2k1A

� 2k1p � k1Að Þ�3k�2
2p þ k�3

1A k�2
2p Þ

� L2H

L1A
ek1Ak2

2p

U
H

� �2

¼ 0; (1)

where M (¼ mþ qL1L2H=3) is the effective mass of the sys-

tem. This system is a typical nonlinear dynamic system.

First, the material is nonlinear. In addition, voltage is

FIG. 1. (a) Schematic of the dielectric

elastomer actuator. In the reference

state (a-i), the elastomer is free of me-

chanical and electrical loads. In the

prestretched state (a-ii), the elastomer

is subject to bi-axial prestretches k1p

and k2p, and the two boundaries are

fixed by two frames. A rigid mass bar

is attached to the elastomer to separate

it into Part A and Part B. Part A is

smeared with carbon grease as the

compliant electrodes. In a current actu-

ated state (a-iii), Part A is subject to

voltage and expands. As a result, Part

B shrinks and the mass moves. (b)

Block diagram of the feedforward de-

formation controller. xdðtÞ represents

the desired trajectory, UðtÞ represents

the control voltage generated by the

feedforward controller, and xðtÞ repre-

sents the deformation of the actuator.

FIG. 2. (a) Dynamic analysis of the system. (b) The DC voltage as a func-

tion of the displacement of the actuator. The black crosses or circles repre-

sent the experimental data for a voltage ramp rate of 0.1 kV/s or 0.02 kV/s,

respectively, and the dashed blue curve represents the calculations with

l¼ 562.01 kPa and e ¼ 2:39� 10�11F=m. (c) The displacement of the actu-

ator as a function of time for a chirp excitation. The solid black curve repre-

sents the experimental data, while the dashed blue curve represents the

calculations with M¼ 17.5 g and c¼ 0.696Ns/m. (d) The displacement of

the actuator as a function of time for a step excitation.
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coupled with the deformation, known as parametric

excitation.28,29

The material and physical parameters in Eq. (1), which

include the effective mass M, the damping coefficient c,

the shear modulus l, and the permittivity e, can be identi-

fied as follows. Kaltseis et al. measured the permittivity of

the elastomer as e ¼ 2:39� 10�11F=m.25 We conduct

quasi-static experiments to fit the shear modulus of the

elastomer. Figure 2(b) shows the voltage-displacement

curve. The black crosses or circles represent the experimen-

tal data for a voltage ramp rate of 0.1 kV/s or 0.02 kV/s,

respectively, and the dashed blue curve represents the cal-

culations with l ¼ 562.01 kPa. As we can see from Fig.

2(b), the elastomer-Oppo band, Singapore exhibits low vis-

coelasticity. Figure 2(c) shows the displacement of the ac-

tuator as a function of time, when we apply a sweeping

sinusoidal signal “Chirp” and increase the frequency from

1 Hz to 100 Hz in 10 s. The solid black curve represents the

experimental data, and the dashed blue curve represents the

calculations. To fit the natural frequency (63.33 Hz), we

identify the effective mass M ¼ 17.5 g. To fit the amplitude

at resonance (0.16 mm), we identify the damping coeffi-

cient c ¼ 0.696Ns/m. We then verify the dynamic model

described by Eq. (1) with the identified parameters by

applying a step voltage. Figure 2(d) shows the displace-

ment of the actuator as a function of time. Both the experi-

ments and the simulations are consistent with the settling

time (about 0.30 s) and the rising time (about 8 ms, see the

inset of Fig. 2(d)).

In this paper, we explore a feedforward controller for

deformation control of a DEA by using the above nonlinear

dynamic model. Based on (1), we have

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L1AH

L2ek1Ak2
2p

M
d2k1A

dt2
þ c

dk1A

dt
� L2H

L1A
l 2k1p � 2k1A � 2k1p � k1Að Þ�3k�2

2p þ k�3
1A k�2

2p

� �� �s
¼ f k1Að Þ; (2)

where k1A ¼ ðL1Ak1p þ xdðtÞÞ=L1A. As shown in Fig. 1(b), first

a desired trajectory xdðtÞ is described. Then, the feedforward

controller determines the control voltage UðtÞ, using Eq. (2)

with the identified parameters M ¼ 17.5 g, c ¼ 0.696Ns/m,

l¼ 562.01 kPa, and e ¼ 2:39� 10�11F=m. When the voltage

is applied to the actuator, the actuator deforms by xðdÞ. In

what follows, we illustrate how the actuator follows three typi-

cal trajectories with triangle, sinusoidal, and stair-like forms.

As mentioned above, control of a DEA is the main focus of

this paper. Pull-in instability, loss of tension, and electrical

breakdown are not analyzed in the present study.

Figure 3 shows the tracking of triangle trajectories. The

dashed blue curves in Fig. 3(a) represent the desired trian-

gle trajectories. For each trajectory, the feedforward con-

troller calculates the corresponding control voltage using

Eq. (2), as shown in Fig. 3(b). When the voltage is applied

to the actuator, the laser sensor measures the actual dis-

placement of the actuator, which is plotted as the solid

black curve in Fig. 3(a). Figure 3(c) plots the applied volt-

age as a function of the experimentally recorded deforma-

tion of the actuator. The small hysteresis loop indicates

the low viscoelasticity of the elastomer, consistent with

Fig. 2(b). The tracking errors are shown in Fig. 3(d). The

root-mean-squared errors (erms) are 2.7, 3.2, and 4.2 lm for

the three trajectories, respectively. As evident in Figs. 3(a)

and 3(d), the actuator can track a triangle trajectory with

reasonable accuracy.

Figure 4 shows the tracking of sinusoidal trajectories.

Frequencies of 0.5 and 5 Hz are selected in this paper since

they are close to human haptic perception levels.21,23 The

dashed blue curve in Fig. 4(a) represents the desired sinusoi-

dal trajectory with 0.5 Hz. The control voltage generated by

the feedforward controller is shown in Fig. 4(b). The actual

displacement of the actuator is shown as the solid black

curve in Fig. 4(a). The tracking error is shown in Fig. 4(c).

Figure 4(d) shows the desired trajectory with a frequency

of 5 Hz and the actual displacement of the actuator.

Figures 4(e) and 4(f) show the control voltage and the track-

ing error, respectively. The erms are 6.0 and 9.0 lm for the

trajectories with 0.5 and 5 Hz, respectively. As evident in

Figs. 4(a), 4(c), 4(d), and 4(f), the DEA can follow a sinusoi-

dal trajectory with acceptable errors (considering the full dis-

placement range is 110 lm).

FIG. 3. (a) The triangle trajectories for tracking. The dashed blue curves rep-

resent the desired trajectories, while the solid black curves represent the

actual displacements of the actuator. (b) Control voltage generated by the

feedforward controller. (c) The applied voltage as a function of the experi-

mentally recorded displacement, which shows the small hysteresis loop. (d)

Tracking errors.
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Figure 5 shows the tracking of a stair-like trajectory. The

desired trajectory and the actual displacement of the actuator

are shown in Fig. 5(a). The control voltage generated by the

feedforward controller is shown in Fig. 5(b). The tracking

error is shown in Fig. 5(c). For simplicity, the controller gen-

erates stair-like voltage, ignoring the sudden jump of defor-

mation. As a result, the actuator oscillates at the initial stage

of each stair-like voltage, as depicted by the black curve in

Fig. 5(a). The oscillation disappears after 0.3–0.4 s due to the

damping effect. As shown in Fig. 5(c), the tracking error due

to oscillation can be relatively larger, while that for the steady

state is smaller. For example, at Stair 2, the erms is 11.3 lm in

the oscillation and 5.3 lm at the steady state, respectively. In

general, the actuator can track a stair-like trajectory with rea-

sonable accuracy. To decrease the oscillation induced by the

sudden jump of deformation, the active damping/vibration

control approaches can be combined with the controller.30 In

addition, it is found that viscoelasticity of the elastomer may

also induce tracking errors. For example, although the desired

displacements are the same for Stairs 2 and 4, the actual dis-

placement at Stair 4 is larger than that at Stair 2. This observa-

tion is consistent with the hysteresis loop as shown in

Fig. 3(c). It is expected that the controller which takes into

account the viscoelastic effect can improve the control effect.

The extent to which the controller improves its control accu-

racy depends on the complexity of the material model. For

example, one may want to use several spring and dashpot ele-

ments to describe time-dependent behavior of a viscoelastic

DEA (say made of VHB).31

In summary, this paper investigates feedforward defor-

mation control of a DEA by using a nonlinear dynamic

model. The material and physical parameters in the model

are identified by quasi-static and dynamic experiments. A

feedforward controller is developed based on this nonlinear

dynamic model. Experimental evidence shows that this con-

troller can control the DEA to track the desired trajectories

effectively. The present study confirms that DEAs are capa-

ble of being precisely controlled with the solid dynamic

model despite the presence of material nonlinearity and elec-

tromechanical coupling. It is expected that the reported

results can promote the applications of DEAs to soft robots

or biomimetic robots. It should be noted that the present

model ignores the strain-stiffening effect and viscoelasticity.

When the actuation deformation is large, the dynamic model

needs to take into account the strain-stiffening effect. In

addition, to improve the control effect, the model needs to

consider the viscoelasticity and temporal evolution of the

elastomer. Furthermore, the feedback control strategy can be

combined with the feedforward controller by considering the

modelling uncertainties and external disturbances.
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