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Introduction
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Computational Model and Design
of the Soft Tunable Lens Actuated
by Dielectric Elastomer

Inspired by the accommodation mechanism of the human eye, several soft tunable lenses
have been fabricated and demonstrated the capability of controllable focus tuning. This
paper presents a computational model of a dielectric elastomer-based soft tunable lens
with a compact structure that is composed of a lens frame, two soft films, and the optically
transparent fluid enclosed inside. The two soft films, respectively, serve as the active film
and passive film. The active film is a dielectric elastomer film and can be coated with the
annular electrode or circular electrode. The deformation of the lenses with both electrode
configurations can all be formulated by a boundary value problem with different boundary
conditions and be solved as the initial value problem using the shooting method. Two
common failure modes of loss of tension and electrical breakdown are considered in the
calculation of the lens. The computational results can well fit the experimental data. The
focus tuning performances as well as the distributions of stretches, stresses, and electric
field in the active films of the lenses with two different electrode configurations are com-
pared. The influences of several parameters on the performances of the lenses are dis-
cussed, such that the tunable lens can be designed to have maximum focal length change
or to be optimized based on different application requirements.
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lens frame, two soft films, of which one serves as the active film

The conventional focus tuning systems usually have several
stacked lenses, and the focal length is tuned by adjusting the dis-
tance between the lenses. Motors or gears are used to drive such
systems, making the system complex and cumbersome. The hard
materials used in these systems may also restrict their biomedical
applications. The observing systems in nature are evolved to fit
various environments and can provide inspirations to fabricate
tunable optical devices [1]. Human eye is a good reference for fab-
ricating soft tunable lens. The mechanism for the accommodation of
the human eye is illustrated in Fig. 1(a). The contraction of the
ciliary muscle can result in the radius of curvature change on
both sides of the crystalline lens and thus reduce the focal length
for accommodation. Inspired by this mechanism, several soft
tunable lenses have been fabricated with active polymers, such as
electroactive polymers [2-5] or liquid crystal elastomers [6], and
demonstrate the controllable focal length change in a compact
structure.

The lenses demonstrated in Refs. [2,3] have the same geometrical
structure that is illustrated in Fig. 1(b). The lens is composed of a
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and the other one serves as the passive film, and the optically trans-
parent fluid enclosed inside. The active film is a dielectric elastomer
(DE) film that can reduce in thickness and expand in area when sub-
jected to external electric field [7]. The dielectric elastomer film typ-
ically comprises a soft elastomer film and two compliant electrodes
coated on both sides. In Ref. [2], circular electrodes are coated on
both sides of the active film (Fig. 1(c)) of the lens and the electrodes
must be optically transparent because the light is supposed to pass
the electrode. However, the annular electrode is coated on one side
of the active film (Fig. 1(d)) of the lens in Ref. [3] and the salty
water serves as the other electrode. Since the uncoated film
remains transparent, the coated electrode is not necessarily transpar-
ent and the costs can thus be reduced. For the lens with the annular
electrode or circular electrode, when the active film is actuated, the
lens will transform into a new configuration with changed radii of
curvature of central films on both sides under the function of the
inner pressure, thus varying the focal length of the lens.

This paper presents a computational model of the tunable lens
with the aforementioned structure to investigate its focus tuning per-
formance and to aid the design and optimization. The deformation
of the lenses with both electrode configurations can all be formu-
lated by a boundary value problem with different boundary con-
ditions and be solved as the initial value problem using the
shooting method. Two common failure modes of loss of tension
and electrical breakdown are considered in the calculation of the
lens. The computational results can well fit the experimental data.
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(a) The schematic of the accommodation mechanism of the human eye. (b) The structure of the tunable lens

discussed in this paper and the working mechanism of the lens when (c) circular electrode or (d) annular electrode is

coated on the active film.

The focus tuning performances as well as the distributions of
stretches, stresses, and electric field in the active films of the
lenses with two different electrode configurations are compared.
The influences of several parameters on the performances of the
lenses are discussed, such that the lens can be designed to have
maximum focal length change or to be optimized based on different
application requirements.

Computational Model and Method

The fabrication process and basic working mechanism of the
tunable lenses with both electrode configurations are similar and
can be illustrated in Figs. 2(a)-2(c). First, two VHB films are
adhered to both sides of the lens frame after equi-biaxial pre-stretch
and, respectively, serve as the active film and passive film
(Fig. 2(a)). The initial thickness and pre-stretch ratio of the active
film are, respectively, H, and A%, while that of the passive film
are H, and 4. The volume of the enclosed chamber is V.. Then,
the ﬂuld w1tﬁ a volume of Vyp+ V. is injected into the enclosed
space and thus bulges both films due to the relative pressure Py to
the atmosphere pressure (Fig. 2(b)). Since the amount of the fluid

Rﬂ 2
—H,/(1,
T A )
N L / /1”
R,
Lens frame
(b) N
e N
1 J
. |
(c)
Active film - B
s '
| otV P d
‘ '1;, |
Passive film

—_

is small, the influence of the weight of the fluid is ignored and
thus the pressure of the fluid is assumed to be uniformly distributed.
When an external voltage is applied, the voltage-induced deforma-
tion of the active film will lead to the radius of curvature change in
central parts of both active film and passive film, resulting in the
changed focal length (Fig. 2(c)). In this process, the volume of
the fluid remains constant and the relative internal pressure
reduces to P.

After the fabrication of the lens, both the active film and passive
film are in pressurized state and voltage is applied on the active film.
The behavior of the circular dielectric elastomer film under external
electric field and pressure has been extensively investigated in pre-
vious work [8—13]. The deformation of the film is assumed to be
axisymmetric. As shown in Figs. 2(d)-2(f), in the reference state,
the position of material particles can be represented by the radial
coordinate X. In the pre-stretched state, the film is equi-biaxially
stretched with a pre-stretch ratio 4,. The position of material parti-
cles can be represented by the radial coordinate R and the outer
radius of the film after pre-stretch is Ry. In the deformed state, the
coordinate system is established at the apex of the curved film,
with the z-axis along the axis of symmetry and the r-axis along

Fig.2 The definition of some parameters when (a) the active and passive films are adhered to the lens
frame after equi-biaxially pre-stretch, (b) the lens is in initial state after the transparent fluid is injected
and (c) when the lens is in actuated state under external voltage. Schematic of the circular film (d) in
reference state, (e) in pre-stretched state, and (f) in deformed state under the action of pressure and

external voltage.
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the radial direction. Considering two adjacent material particles
located at X and X+ dX, they take the positions at (r(X), z(X))
and (r(X+dX), z(X+dX)), respectively, after deformation. The
distance of these two particles increased from dX to 1,dX. Define
0(X) as the angle between the tangent direction and horizontal
direction at point X in the deformed state. From the geometric
relations, we can obtain

dr

—_—= S 1

X Aicos 6@ [@))]
and

dz .

X A1 sin 6 2)

The latitudinal stretch 4, can be expressed as

=% 3)

The force balance in z-direction and latitudinal direction, respec-
tively, gives [8,9]

d(o1hrsin ) — Prdr=0 @)
and
dz
d(61hrcos 0) + Prdz — ooh——=0 ()]
sin 6

where (X)) is the thickness of the deformed film. Here, we assume
that the material is incompressible, namely 4,4,43 =1, and thus, we
can have

H
hX) = s (©)

where H is the thickness of the film in the undeformed state. Com-
bining Egs. (1)-(3), and (6), we can rewrite the force balance as

o o3k AP
o aylszm + e 7
and
dh 1 o> o1 O(o1/4)
B S - PSR P B G Vs VS R S T
X Xa(lfl//h) [22 cos W o (41 cos 2)| (8)

ol

To study the electromechanically coupled deformation of the DE
film, we adopt the model of ideal dielectric elastomer [14,15] that
is used almost exclusively in the analyses of dielectric elastomer
actuators [13,16-20]. In this model, one assumption is that the
dielectric behavior of the elastomer is independent of its deforma-
tion. Under this assumption, the true electric displacement D can
be written as D =¢FE, where ¢ is the constant permittivity of the
elastomer and E is the true electric field. Based on this model, the
relations between the stresses and stretches of the DE film can be
expressed as

a”s(}hl, }«2) 2
=l —————¢FE 9
o1=4 o I3 ©)
and
OW(41, 42) 2
=h——————¢FE 1
(2) ﬂz 5/12 E. ( 0)

where W(1;, 1) is the strain energy density of the elastomer and
here we employed the Gent model [21] that gives

Jiim P2+ +27242-3
Wi, da) = =3 1n<1—%> (1)
lim

where y is the shear modulus of the elastomer and Jy;,, is a material
constant related to the limiting stretch.

Journal of Applied Mechanics

To assist the design of the tunable lens, we use the radial coordi-
nate in the pre-stretched state for computation, which is correspond-
ing to the state of lens before injecting fluid in Fig. 2(a). Some
dimensionless quantities are used: R =R/Ry, ¥ =r/Ry, Z=2z/Ry,
o1 = 61/[4},1, 0y = 02/[,{},2, PIPR()/MH, and EZE/»,//J/&’, where
Ry is the radius of the film after pre-stretch. Then, we can rewrite
Egs. (1), (2), (7), and (8) as

d_r =/11 cos 6 (12)
dR Ap
dz A;sin @
== 1
dR Ap (13)
do I M P
R~ HR TS0, (19
| _
i’;:kaol[&gcos 0 — o, —2—2(/11 cos 0—12)} (15)
OAy

and the latitudinal stretch 1, becomes
A (16)

Since the origin of the coordinate is set at the apex of the curved
film and the deformation of the film is assumed to be axisymmetric,
we can get the following initial values

70)=0, z(0)=0, 6(0)=0 a7

At the outer boundary (R = 1), the film has adhered to the frame and
thus we have

(1) =1 (18)

By solving the set of first-order differential equations (12)—(15)
with boundary conditions (17) and (18), the inhomogeneous defor-
mation of the curved film under given loading conditions can be
obtained from the solutions #(R), Z(R), O(R), and A (R).

When calculating the deformation of the lens, the shooting
method is used to numerically solve the differential equations.
The active and passive films are considered separately, and the
dimensionless quantities are calculated using their own geometric
parameters that are illustrated in Fig. 2(a). For the passive film,
there is no electrical load, indicating E=0 in Egs. (9) and (10).
For the active film with the circular electrode, the electric field
along the thickness of the film under the external voltage ® can
be expressed as

E=®)1x/H 19)

When calculating the deformation of the passive film or the
active film with the circular electrode, the initial values of 7(0) =
0,2(0) =0, 6(0) =0 and 4,(0) = 4] are given to obtain a set of solu-
tions, of which 4] is the guessed value of the longitudinal stretch at the
apex and /| is varied until boundary condition (18) is satisfied.

When calculating the deformation of the active film with the
annular electrode, voltage is only applied to the coated area, namely

E={ 0, 0<R<R,

®L/H, R, <R<1 (20)

where R, =R, /R, is the dimensionless inner radius of the annular
electrode. At the inner edge of the electrode, the continuity condi-
tions should be given considering that both the deformation and
longitudinal stress are continuous, namely,

?(ke—) = ?(Re+), Z(Re—) = Z(Re+)’ H(Re—) = H(Re+)’
61(R,-) = 61(Rey) 2D
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In numerical computation, the initial values
7(0)=0, z(0)=0,0(0) =0, and ,(0) =4 are first given to solve
the differential equations in the interval [0, R,]. Then we find the
value of A} so that

6121, 2R p=p sa k. = 01 (A1 (Re-)s 2(R.))| =0 (22)

Then, #(R.), Z(R.), O(R,), and A} are used as the initial values to
solve the differential equations (12)—(15) in the interval [R,, 1].
Similarly, 4] is varied until the boundary condition (18) is satisfied.

When fabricating the DE tunable lens, the amount of the injected
fluid can be accurately controlled and remains constant during the
deformation. So, the fluid volume V;, + V. is regarded as a parameter
of the tunable lens, and the dimensionless quantities Vo = Vy/zR2t
and V. = V,./zR?t are utilized. For a lens with a given V, the inner
pressure P is to be determined to obtain its configuration under
the external voltage @. A value of the internal pressure P’ is first
guessed to get the solutions (74, Z,) and (7, Z,) using the afore-
mentioned method, which, respectively, give the deformation of
the active film and passive film. After getting the deformation of
the passive film, the dimensionless results of 7, and z,, are further
scaled by a coefficient a =R,/R,, which is the ratio of the radius
of passive film to the radius of the active film. The sum of the
dimensionless bulging volumes of both films can be calculated as

S N N e A
V= : jora dR, dR, + : Lrp di?,, dR, (23)
where 7=t/R,. The value of P’ is tuned until V = V. In all the
numerical computation processes, the guessed values are not
varied until the relative tolerance is within +0.01%.

After the configuration of the lens is determined, we can calculate
the focal length of the lens using the thick lens formula

(n—1 )d}

Nrealep

%:(n—1)[i+i— (24)

rL'(l rL'p
where n is the refractive index of the fluid and 7., and r, are,
respectively, the radii of curvature of the active film and passive
film in the central area. Here, r., and r, are both positive and the
signs of the radii of curvature in Eq. (24) are already considered
regarding a double convex lens. Dimensionless quantities
f=f/Ra> Fea =Tea/Ras Fop = Fep/ Ry, and d = d /R, are used in the
calculation.

Results and Discussions

To calculate the performance of the lens with the annular elec-
trode, we use the parameters that are listed in Table 1, which are
the same as the parameters of the lens demonstrated in Ref. [3],
except for Vo(Vy =0.509) which is determined so that the initial
focal length of the lens is 17 mm. We also calculate the performance
of the lens with circular electrode using exactly the same parame-
ters. Figure 3(a) illustrates the configuration changes of the lens
with annular electrode (represented by Lens-A) and the lens
with circular electrode (represented by Lens-C) under the applied
voltage of 5.5 kV, compared to the initial configuration. In each
configuration, two sets of colors are used to differentiate the defor-
mation of active part and passive part. The cross sections of the
central parts of the deformed films can be well fitted by circular
arcs, which are illustrated with the thin black solid lines in
Fig. 3(a). So, the lens is spherical lens in both initial state and actu-
ated state, and it is reasonable to calculate its focal length using the
thick lens formula (24) with fitted radii of curvature. For Lens-A,
the coated area bulges out, leading to the increase of the radii of cur-
vature in the central areas of both the active film and passive film
(Fig. 3(b)). Thus, the focal length of the lens increases with the
rise of the applied voltage (Fig. 3(c)). The computational results
can agree well with the experimental data using fitted shear
modulus y=14.6 kPa. The failure modes of loss of tension and

071005-4 / Vol. 87, JULY 2020

Table 1 Material constants and design parameters used in the
calculation of the soft tunable lens

Symbol Value
Material constants
Shear modulus of the dielectric elastomer " 14.6 kPa
(fitted value)
Material constant related to the limiting Jtim 270
stretch
Permittivity of the dielectric elastomer & 4.7¢g
Refractive index of the transparent fluid n 1.34 (salty water)
Design parameters
Radius of the active film R, 10 mm
Radius of the passive film R, 5 mm
Ratio of radius of the passive film to a 0.5
radius of the active film
Pre-stretch ratio of the active film /IZ 2.5
Pre-stretch ratio of the passive film lﬁ 1
Thickness of the active film H, 1 mm (VHB4910)
Thickness of the passive film _H, 0.5 mm (VHB4905)
Volume of the enclosed fluid Vo+ V., 05+ V.
Inner radius of the annular electrode R, 0.5
Depth of the lens frame t 3 mm

electrical breakdown are also considered. The loss of tension
occurs when the longitudinal or latitudinal stress is negative. Wrin-
kles will form due to loss of tension and the configuration of the lens
cannot be predicted using our model. When the electric field on the
film is beyond the critical value E,, which is set to be 50V/um [18]
in this paper, electrical breakdown will occur and result in irrevers-
ible failure of the lens. The voltages corresponding to these two
failure modes are marked in Fig. 3(c).

For the Lens-C, both the active film and the passive film will
move to the same direction, resulting in the decrease of the radius
of curvature of the active film and increase of the radius of curvature
of the passive film (Fig. 3(b)). From Eq. (24), the influence of the
radius of curvature change of the passive film on the focal length
is partially counteracted by the radius of curvature change of the
active film. Therefore, as shown in Fig. 3(c), the focal length
change of the Lens-C is lower than that of Lens-A under the
same external voltage, especially when the voltage is high.
Besides, for Lens-C, the focal length reduces slightly when the
voltage is above 5600 V, due to the sharp decrease of the radius
of curvature of the active film (Fig. 3(b)). Generally, such a decrease
in focal length is not useful in practical application since the same
focal length change can be realized at a relatively low voltage. It
should be noted that effective numerical solution of the Lens-C
cannot be obtained when the applied voltage is higher than
5750 V using our computational model and the lens does not fail
under this voltage.

With the increase of the applied voltage, the pressure of the fluid
inside the lens decreased smoothly (Fig. 3(d)). Since the deformed
area of Lens-C is larger than that of Lens-A, the inner pressure of
Lens-C reduces faster with the increase of the applied voltage. In
the actuated state, the thickness of the lens also reduces as shown
in Fig. 3(e), which has a reverse effect on the increase of the
focal length according to Eq. (24). For Lens-C, the aperture can
be regarded as the smaller diameter of the lens frame and remains
constant when the voltage is applied. For Lens-A, the inner radius
of the annular electrode will decrease under external voltage
(Fig. 3(a)) and the aperture reduces accordingly (Fig. 3(e)). Even
when the transparent electrode is used, the decrease of aperture
should also be considered since the deformed area is not spherical.
The aperture of Lens-A reduces by about 18.4% under the voltage
corresponding to a loss of tension.

Figures 4(a)-4(e) illustrate the distributions of stretches, stresses,
and electric field in the active film of the lens along the radial
direction under various external voltages. The stretches and stresses
of the active film of Len-C vary more smoothly than that of

Transactions of the ASME
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Fig.3 (a) Configuration change of the lens with annular electrode and circular electrode under the applied voltage of 5.5 kV, com-
pared to the initial configuration. The thin black lines represent the fitted circular arcs corresponding to the central parts of the
deformed films. Comparison of the (b) radius of curvature change of the films, (c) focal length change, (d) relative pressure
change, and (e) change in the thickness and aperture between the tunable lens with annular electrode and the tunable lens

with circular electrode.

Len-A. For Len-C, the apex of the active film is in an equally
bi-axial stretched state and has the maximum longitudinal and lati-
tudinal stretch. Thus, the electrical breakdown will first occur at the
apex point, of which the electric field is maximal. The point with
minimum stress locates at the out boundary of the film when the
voltage is low and then shifts to the apex as the increase of the
voltage.

For Lens-A, all the particles in the central uncoated part of the
active film have nearly the same longitudinal and latitudinal
stretch ratio. That means that the central part is very close to a sphe-
rical configuration. At the inner edge of the electrode, the latitudinal
stretch 4, and longitudinal stress 6, are continuous as described in

Journal of Applied Mechanics

the computational model. The longitudinal stretch 4, has a sudden
rise at the edge of the electrode while the latitudinal stress 6, has
a sudden drop. The edge of the electrode has the minimum latitudi-
nal stress and thus loss of tension is prone to occur around the edge
of the electrode. The edge of the electrode also has the maximum
electric field at low voltage and the point near the electrode edge
has the maximum electric field at relatively high voltage, which
means that the electrical breakdown will occur near the edge of
the electrode.

Figure 4(e) compared the minimum latitudinal stress 67, and
the maximum electric field E . of the active film in Lens-A and
Lens-C. When the voltage is low, these two quantities of the

JULY 2020, Vol. 87 / 071005-5
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(e) electric field in the active film along the radial direction of tunable lens with annular and circular electrode under various
external voltages. (f) The change of the minimum latitudinal stress and maximum electric field of the active film of the
tunable lens with different electrode configurations with the increasing of the external voltage.

lenses with bot electrode configurations are very close. With the

increase of the external voltage, En, of the Lens-C increases
more rapidly and 6,y of the Lens-A decreases more rapidly.
As a result, the electrical breakdown is the prior failure mode for

Lens-C and loss of tension is the prior failure mode for Lens-A.

071005-6 / Vol. 87, JULY 2020

Then, we can investigate the influences of different parameters on
the focus tuning performances of the tunable lenses. It should be
noted that, when discussing the influence of one parameter, other
parameters of the lens are fixed at the values listed in Table 1.
The pre-stretch ratios of both the active film (/1;) and passive film
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Fig. 5 (a) The initial focal length of the lens with various /lg and 15. (b) Focus tuning performances of the tunable lenses with
different combinations of ,lf., and 8. Circular dot represents that the lens fails due to loss of tension and hexagram represents
that the lens fails due to electrical breakdown. The point marked by a hollow circle means that the applied voltage reaches at
6 kV or effective solution cannot be obtained for Lens-C. Maximum focal length change of the tunable lens with (c) annular elec-

trode and (d) circular electrode with various l,"j and Ag.

(A7) can determine the initial focal length and focal length change of
the lens. Figure 5(a) demonstrates the initial focal length of the lens
with various 4 and ). The initial focal length has a steep drop
when A; rises from 1 to 1.3. The reason is that the passive film is
relatively flat and has a large radius of curvature when /1; is
small. The initial focal length also has a slight increase when 47
increases. The change of the initial focal length is limited when
both 47 and 47 are higher than 1.5.

Figure 5(b) plots the focal length change-voltage curves of the
tunable lenses with different combinations of A% and 2. The
solid lines represent the performances of Lenses-C and the
dashed lines represent the performances of Lenses-A. The curves
ended at the failure voltage, which is the minimum voltage
between the voltage corresponding to loss of tension (marked by
a circular dot) and the voltage corresponding to electrical break-
down (marked by a hexagram). The point marked by a hollow
circle means that the applied voltage reaches at 6 kV or effective
solution cannot be obtained for Lens-C. As can be seen from
Fig. 5(b), when the voltage is low, the focal length changes of
Lens-A and Lens-C are close and Lens-A will have larger focal
length change at higher voltage. When 4} changes from 1 to 1.5,
the maximum relative focal length change of the lens can increase
significantly, as a result of the larger radius of curvature change of
the films on both sides. However, such change becomes little when

Journal of Applied Mechanics

AP changes from 1.5 to 2. The rise of A9 will increase the focal
length but also reduce the failure voltage, resulting in an optimal
interval of /1;. Figures 5(c) and 5(d), respectively, illustrate the
maximum focal length change at 0-5kV of Lens-A and Lens-C
with different pre-stretch ratios. If the failure voltage is lower
than 5kV, the focal length change at failure voltage is plotted
instead. When A; is between 2 and 3.5, the maximum focal
length change of Len-A is obviously larger than that of Lens-C,
while they are close when Z; takes other values. The influences
of the change of 4 and A} on the performances of the lenses
with both electrode configurations are similar. From these two
figures, we can find that the optimal interval of 47 for the lenses
with both electrode configurations is 2.5-3, where larger focal
length change can be achieved. The critical 4] corresponding to
a failure voltage of 5kV is between 2.8 and 2.9, above which
the failure voltage is smaller than 5kV and thus the maximum
focal length change is reduced. The maximum focal length
change increases significantly when A7 increases from 1 to 1.5.
When ig is higher than 1.5, the maximum focal length change
tends to be stable.

The influence of the inner radius R, of the annular electrode is
presented in Fig. 6(a). The actuated area decreases as R, increases,
thus generating smaller contraction of the uncoated area and leading
to lower focal length change. When R, =0.7, the focal length

JULY 2020, Vol. 87 / 071005-7
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Fig. 6 The focus tuning performances of the tunable lenses with different (a) inner radii of annular electrode, (b) film thick-
nesses, (c) fluid volumes, and (d) ratios of radius of passive film to radius of active film. Circular dot represents that the lens
fails due to loss of tension and the point marked by a hollow circle means that the applied voltage reaches at 6 kV or effective

solution cannot be obtained for Lens-C.

change of Lens-A is already lower than that of Lens-C. The increase
of R, also slightly lowers the failure voltage. Moreover, the aperture
of the lens is determined by R, as mentioned above. Therefore,
although smaller R, can generate larger focal length change, the
inner radius of the annular electrode should be chosen considering
the aperture of the lens.

The thickness of the films can be easily altered by using different
commercial VHB products in the fabrication of the lens. The perfor-
mances of the lenses with different film thicknesses are demon-
strated in Fig. 6(b). The lens with thinner active film can generate
larger focal length change at a relatively lower voltage and has
lower failure voltage. A thicker passive film raises the focal
length change and has almost no influence on the failure voltage
of the lens.

The volume of the enclosed fluid determines the initial configu-
ration of the lens. As shown in Fig. 6(c), when V) is small, the radii
of curvature of both films are large, leading to a large initial focal
length. When V = 0.1, the passive film of Lens-C can be flatter
in the actuated state than that of Len-A. As a result, the focal
length change of Lens-C is larger than that of Len-A when the
amount of fluid is small. As the fluid volume increases, the initial
focal length decreases and the focal length change of Lens-A

071005-8 / Vol. 87, JULY 2020

gradually becomes larger than that of Lens-C. The failure voltage
also reduces slightly since the films are further stretched by the
increased fluid volume.

As the ratio « of the radius of passive film (R,) to the radius of the
active film (R,) increases, the area of the passive film increases,
resulting in a larger initial focal length under the constant fluid
volume. The relative focal length change of the tunable lens will
decrease with the increase of a. For Lens-C, since the influence
of the radius of curvature change of the film on one side can be
compensated by that of the film on the other side, the relative
focal length change can be very small (@=0.9) or even negative
(e=1) when a is high. The focal length change can decrease
further when a>1, which is equivalent to the situation that the
film with a smaller radius is actuated. Therefore, if circular transpar-
ent electrodes are coated on both films of the lens, it is possible to
expand the focal length change range through choosing which film
is active, depending on different application requirements. For
example, for a lens with the same geometric parameters as listed
in Table 1, when the pre-stretch ratio of the film with larger
radius is 2.5 and the ratio of the film with smaller radius is 1.5,
the achievable relative focal length change can be from —27.9%
to 36.6%, as shown in Fig. 7.
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Fig. 7 Focus tuning performance of the tunable lens, of which
circular transparent electrodes are coated on both films, when
different films are actuated. The point marked by a hollow
circle means that the effective solution cannot be obtained.

Conclusions

In this paper, a computational model is presented for the dielec-
tric elastomer tunable lens with a compact structure as demonstrated
in Refs. [2,3]. The calculation results can well fit the experimental
results in Ref. [3] with a fitted shear modulus. The adjusting of
the focus of the lens is realized through the radius of curvature
change on both sides of the lens due to electrically induced defor-
mation of the dielectric elastomer. When an external voltage is
applied, the radii of curvature of the films on both sides of the
lens with the annular electrode increase, increasing the focal
length. For the lens with the circular electrode, the film on one
side has an increased radius of curvature while the film on the
other side has a decreased radius of curvature. The influences of
the radius of curvature changes on two sides can be compensated
by each other. Therefore, a lens with the annular electrode is
more efficient in increasing the focal length than a lens with the cir-
cular electrode and can generally obtain larger focal length change,
especially at a higher voltage. However, larger focal length change
can be obtained in the lens with the circular electrode if the passive
film is relatively flat. Furthermore, the focal length of the lens with
the circular electrode can increase or decrease depending on the
parameters, while the lens with the annular electrode can only has
an increasing focal length.

The influences of different parameters on the performances of the
tunable lenses are also investigated. The increase of the pre-stretch
ratio of the active film can increase the maximum focal length
change of the tunable lens but an optimal interval exists when
failure is considered. The maximum focal length change also rises
with the increase of the pre-stretch ratio of the passive film and
becomes stable beyond a critical value. The aperture of the lens is
determined by the minor radius of the lens frame and is further
restrained by the inner radius of the electrode for the lens with an
annular electrode. The lens with the annular electrode can have a
relatively large focal length change when the inner radius of the
electrode is small. But a suitable value of electrode radius is sup-
posed to be chosen considering the aperture. The focal length
change of the lens with the circular electrode highly relies on the

Journal of Applied Mechanics

difference between the radii of cavities on both sides of the lens
frame, as also mentioned in Ref. [2]. Actuating different films, pos-
itive and negative focal length change can be realized in one tunable
lens, of which both films are coated with circular transparent elec-
trodes. The depth of the lens frame determines the thickness of
the lens and thus the initial focal length. This is not discussed in
detail in this paper. In practice, the frame depth should be mini-
mized to reduce the effect of gravity of the fluid. These results
will be helpful to assist the design and optimization of the tunable
lens.
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