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Abstract. In order to simulate the auto-focusing function of human eyes, a liquid lens is proposed based on dielectric
elastomer actuator (DEA). The lens could realize rapid focusing under voltages. The structure and principle of the lens are
described in detail. A novel fabricating method is presented for the lens, which is inspired by the negative pressure
technology. A negative pressure region is made in the centre of the dielectric elastomer (DE) membrane, and the liquid is
filled. Then the other layer of membrane is covered to seal the liquid. Around the lens is the DEA coupling carbon grease
electrodes. The finite element analysis and simulation of the lens deformation are carried out by using the software of
Abaqus. The relationship is explored among lens diameter, volume, pretension ratio, actuating voltage and focal length. It
is found that when the liquid volume is fixed in the soft lens, the larger the pre-stretching ratio is, the greater the lens
deformation is. At the condition of the same lens diameter, focal-length changes are inversely proportional to the liquid
volume. The correctness of built theoretical models is verified by experiments in the end.
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Introduction

Optical auto-focusing lens actuated by dielectric elastomer
(DE) is one of the most promising research directions. The
lens can be used in commercial optical systems, such as
smart glasses, mobile electronics, endoscopes and machine
vision systems [1,2]. Most optical lenses change the focal
length by adjusting the motion of mechanical parts. Inspired
by the bionics of human eyes, focus-tunable lenses usually
utilize a dielectric elastomer actuator (DEA) as the driving
part. Soft liquid lenses based on DEA realize the focallength changes through their own deformation, and they
have the characteristics of small volume, low cost and easy
control [3–5].
Using DE membranes to simulate the function of human
ciliary muscles, the lenses coupling with liquid are stretched
to achieve the tunable function. At an actuated state, the
surface area on a liquid lens film changes, meanwhile, the
curvature varies under internal liquid pressure. This function depends on flexible electrodes with good performance.
Jin et al [6] explained the fabrication of adaptive liquid
lenses based on DE, carbon conductive grease and glycerol
liquid; and they found the smaller lens could present a better
mechanical stability. Choi et al [7] proposed focus-tunable
double convex lens based on non-ionic electroactive gel; the
applied voltage was 400 V when the focal length changed to
24.5 mm, and the transmittance was over 94%. Various

structures have different responses to the voltage [8,9];
therefore, getting parameter relationship is very important
for liquid lens design. The difficulties, underlying liquid
lens development, are how to improve the precision, reduce
the actuating voltage and expand variable imaging range.
This article describes a focus-tunable liquid lens actuated
by DEA, and computing models are built based on uniform
deformation hypothesis of the lens. The effects of the liquid
volume, DE pretension and lens size on the focal length
change are investigated in sections 2 and 3.

2.

Liquid lens design and analysis models

The mechanism of the auto-focusing liquid lens system is
mainly based on the DEA. The circular DEA is made of DE
membrane (VHB, 3M) and carbon grease electrodes, and
the electrodes are smeared uniformly on both surfaces of
DE except the central lens part. The holding annular stiff
frame is made of acrylic sheet for lens system. There are
difficulties how to fill fixed liquid volume into the soft lens
and keep the regular shape. The method of negative pressure on DE membrane is used to solve the problems.
The DE membrane was pre-stretched to 400% and pasted
to a circular frame. A water bottle with diameter of 2.5 cm
was smeared a little glycerin at its mouth edge; and air
inside was squeezed out, then put the frame on the bottle as
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shown in figure 1. When the DE membrane was tightly
attached, a closed negative pressure chamber was formed
inside the bottle. As the bottle returned to its original state,
the attached DE membrane was concave, as in figure 1a. At
this time, use a cylinder to measure 5 ml water and fill it
into the concave part on the membrane; the liquid was
slightly higher than the bottle mouth. Then the other layer
of DE membrane with the same pre-stretching was slowly
overlaid. In this process, the central lens part should be
sealed first, then the other parts adhere together without
bubble appearing. After that, the bottle was separated from
the DE membrane.
The designed lens shape was regular, shown in figure 1b.
Then the DEA around the lens was coated with carbon
grease electrodes. When the power was switched on, it
could be observed that the DEA region expanded, the lens
shape was squeezed. In addition, the focal length was
changing accordingly.
The energy of the lens system contains the work done by
voltage U and liquid force, which is
Elens ¼ VI WI ðkI ; UÞ þ VII WII ðkII ; UÞ  UQ

ð1Þ

VI and VII are the DEA volume and the lens volume,
respectively. WI and WII are the energy density of the two
parts. The stretching of the lens part in the thickness
direction is kI, and the stretching of DEA in the thickness
direction is kII. Q represents the amount of charge.
R, D, h and V can be regarded as a set of geometric states
of the lens; any two parameters can be deduced when the
other two parameters are known. The relationship is represented by R(h, V) and D(h, V) among the convex height of
the lens film h, radius of curvature R, and the radius D of
lens projection area on the DE membrane. In general, the
liquid lens volume V and the projection radius D are easy to
be obtained by measurement.
The cubic equations are constructed simultaneously as
following,
R¼

D2 þ h2
2h

ð2Þ

Figure 1. (a) Making the negative pressure area on DE
membrane. (b) The central lens part completed.

and
V þ ph3
R¼
ph2

3

ð3Þ

When R cancels out, the equation exists
h3 þ 3D2 h 

6V
¼0
p

ð4Þ

If the area of carbon grease region X on DEA is known, the
actuating deformation area Y(X) of lens film can be obtained
by Su ¼ 2pRh. The system energy function changes from
E(X, Y, U) to E(X, U). Then the radius of lens curvature is
obtained. The relation between the voltage on DEA and the
radius of lens curvature could be known too.
The optical properties of lenses are determined by the
geometry and refractive index of material. So that,
f ¼

nR2
ðn  1Þ2 2t

;

ð5Þ

where t is half thickness of the lens film, R represents the
curvature radius of two surfaces of lens, and n is the
refractive index. In experiments, the radius of the projection
surface on DE membrane is measured, then the focal length
of the lens can be calculated [10].
Different working environments have various requirements for optical lenses; for example, needing to adjust
lens size and initial focal length, setting tuning range, etc.
These are determined by the parameters, such as pretension ratio of lens film, liquid volume and driving
voltage. Through changing the values of these parameters
of soft liquid lenses, focal length changes could meet the
requirements.

3.

Results and discussion

The liquid lens can produce a large tuning range in the
condition of large deformation. There are also problems, for
example, the volume of encapsulated liquid is usually less
than 5 ml, which results in a small tuning range; two different lens curvatures would lead to unclear imaging and
unmeasurable focal length. These problems could be
effectively solved by adjusting refractive index and choosing suitable lens size.
The software of ABQUS is utilized to simulate the lens
structure and the deformation. As in figure 2, the lens
becomes an approximate spherical shape after actuating.
Meanwhile, the deformation is manifested by increase in
lens curvature. The stress nephogram reflects the stress of
each part under voltages in the figure. The red part illustrates the larger stress at the junction between the DEA and
the frame.
Figure 3 demonstrates the relationship between the lens
projection area on the DE central region and the voltage on
the DEA. The lens diameter 2A is 2, 2.4 cm or 3 cm before
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Table 1. Comparison of experimental results and theoretical
simulation.
Lens
diameter
(cm)
3.15
3.26
1.47

Figure 2.

Lens
volume
(cm3)

Prestretch
ratio

Measured
value (cm,
2.6 kV)

Theoretical
value (cm,
2.6 kV)

5
5
0.5

4
3
4

2.94
3.22
1.38

2.90
3.22
1.36

Stress nephogram.

Figure 4. Auto-focusing before and after lens deformation.
(a) The liquid lens structure; (b) before actuating and (c) clear
imaging after lens deformation with the voltage.

Figure 3. Lens projection area s on the DE membrane changes
with voltage U. (a) When kpre = 1, the lens radius A is 1 and 1.2
cm, respectively before actuating. (b) When the DE pre-stretching
is kpre = 4, the lens radius A is 1 or 1.5 cm before actuating.

actuating, which equals the inner diameter of the DEA. The
outer diameter is 10 cm as the annular frame size. The
parameters calculated are: the shear modulus l = 40 kPa,
the limiting stretch Jlim = 120 and the permittivity of the
elastomer e = 4.12 9 10–11 F m–1. The original thickness of
DE film is 0.5 mm, and the liquid volume V is 3 cm3. The
pre-stretching ratio of the DE membrane is kpre = 1, as in

figure 3a, and kpre = 4 in figure 3b. The calculation analysis
illustrates that the projected area–voltage curves converge
with the voltage increasing. In this process, the expansion
tension of the DEA enhances to the lens, and the projected
area of the liquid lens decreases gradually.
Three experimental groups with different lens sizes were
designed and conducted, as shown in table 1. Three
parameters, the pretension ratio of DE membrane, the liquid
lens diameter and volume were, respectively, changed when
the applied voltage was 2.6 kV. The lens diameter was
measured after the deformation. Experimental data were
compared with the simulation data, and the results revealed
that analysis models based on assumption of uniform
deformation could predict the focal-length variation with
voltages. When the liquid lens volume was fixed, the lens
deformation increased with the larger pre-stretch ratio.
Figure 4 displays the experiment phenomena of liquid
lens imaging. The focal length varies with applied voltages
on the DEA. The driving force becomes greater as the lens
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volume increase from the experimental observation. Under
the same voltage, the smaller the DE film thickness is, the
stronger the driving force of DEA is.

4.

Conclusions

This research mainly studies the auto-focusing liquid lens
based on the DEA. Theoretical models give the relationship among the pretension ratio, lens size and focal
length. (1) Increasing the pre-stretch ratio of the lens film
is beneficial to improve the driving efficiency. (2)
Increasing liquid volume weakens the actuating effect,
but gives a larger initial focal length. (3) In order to
obtain greater deformation of the lens, the area of carbon
grease electrodes can be expanded for enhancing the
driving force of DEA.
Experiments are conducted to verify the built models by
changing the parameters, such as the lens size, pretension
ratio and DE thickness. The results show that the theory is
consistent with experimental data. It is hoped that the theoretical and experimental research could provide help for
designs of focus-tunable lenses. Moreover, this kind of
liquid lenses could be used in mobile electronics in the next
few years.
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