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Variable-focus liquid lens with suspended conical ring
SUN Kai-ge, KANG Ming, OU-YANG Fan, YUE Rui-feng
(Institute o f Microelectronics, Tsinghua University, Beijing 100084, China)

Abstract: A novel configuration of variable-focus liquid lens based on an electrowetting-on-dielectric
technique is presented, which consists of a glass slide coated with a conductive Indium Tin Oxide
(ITO) film, a hydrophobic dielectric film, a hollow conical metal ring suspended right above a gap be-
tween the slide and the ring, and the lens liquid (water). By changing the voltage applied to a ground-
ed metal ring and a ITO control electrode, both the position and curvature of the liquid meniscus can
be reversibly adjusted, and the focal length of the lens can be tuned. The shapes of the suspended ring
in the present work are also designed to self-center the lens liquid, then influences of different shapes
of the suspended rings on the variation of optical power of the meniscus are discussed. Experimental
results show that the liquid lens at a good imaging quality is able to focus on objects away from 2. 5 cm
up to infinity at a 40 V power supply and also able to offer the variation range of the optical power up

to 40 m !

. Because of the properties such as low consumption, small sizes and high reversibility and
so on, the demonstrated configuration provides great advantages in the field of microlens.
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1 Introduction

Variable-focus lenses play an important role in
many optical systems, such as cameras, tele-
scopes, medical instruments and optical commu-
tations. In these systems, focusing is usually a-
chieved by lens displacement. However, minia-
turization of such systems is complicated con-
cerning the fabrication and assembly of tiny com-
ponents. With continuing miniaturization trends
in various fields, small variable-focus lenses for
applications such as camera phones, hidden se-
curity cameras and endoscopes have been in great
demand. It is desirable to implement systems
without mechanical moving parts for reducing
size and cost, or improving robustness and relia-

bility.
2 Background

In recent years, researches of variable-focus lig-
uid lens based on electrowetting-on-dielectric
(EWOD) technique have attracted significant in-

terestst ™,

In contrast to those lens-displace-
ment systems, liquid lenses based on EWOD
technique change the shape of droplets to tune
their focal length. EWOD is taken to directly
change the surface tension and wettability of lig-
uid droplets on the solid dielectric layer by var-
ying electric potential applied to the electrodes,
which are under the dielectric layer. The relation
between the contact angle of droplets on the sol-
id surface 0 and the potential V is given by Lipp-

mann-Young equation,
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where ¢ and d are the dielectric constant and the
thickness of the dielectric layer respectively, g,
is the dielectric constant of free space, ¥Yguqiqud 1S

the surface tension of gas-liquid interface. The

lenses by Varioptic are constructed out of two
different drops of liquid™”. One of these drops
can conduct electricity while the other can not.
One drop is nestled on top of another in a conic-
shaped ring of metal, and above and below them
are thin panes of a solid translucent material to
keep the drops in place. When the electrical
charge is applied to the metal in a minute, the
conductive fluid reacts and changes its shape,
and the light passing through the panes bends in
accordance with the shape of the curve between
the two liquids. Fluid-focus lens is nearly a pro-
totype of identical liquid lens by Philips electron-
ics'¥. Philips’ version uses a straight cylindrical
metal ring enclosing the droplets instead of a
conic-shaped ring. Bell lab’s version involved a
drop of conductive liquid on a metal plate as
well, but this plate contained many electrodes
that could “fine-tune” the movement of the drop
with each electrode activated™. In this paper,
we present a novel configuration of liquid lens
with a hollow conical metal ring. In contrast to
the conic-shaped ring contacting tightly with the
bottom panes in Varioptic’s version, the metal
ring in our version suspends right above a gap
between the bottom glass slide and the ring,
both the position and curvature of the water-air
interface within the aperture of the metal ring
can be reversibly adjusted to tune the focal

length of the lens.

3 Configuration and fabrication

Fig. 1 shows a schematic cross section of our
variable-focus liquid lens. The control electrode
is a thin glass slide coated with a conductive ITO
film, a 2. 0 um-thick dielectric layer of polyimide
(ZKPI1-306, POME Sci-tech Co.) and a 20 nm-
thick hydrophobic film of Teflon(r) AF1600. In

this paper, two immiscible fluids with different
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refractive indices are used: one is conductive wa-
ter and the other is insulating air. A hollow con-
ical metal ring is suspended over the slide to cen-
ter the water droplet and provide a ground elec-
trode. The ring is coated with a 20 nm-thick hy-
drophobic film (Teflon(r) AF1600), and then
the hydrophobic film on the bottom surface of
the ring is removed by mechanical polish to pro-
vide a hydrophilic surface. The liquid microlens
is formed by the water-air interface within the
aperture of the metal ring. During the focusing
operation, the voltage between the metal ring
and the ITO film could effectively low the inter-
facial tension and contact angle between the wa-
ter and the dielectric film on the glass slide. A
modification of the contact angle changes the
volume of the water droplet located under the
metal ring, and then causes a variation accord-
ingly in both the curvature and position of the
liquid meniscus inside the metal ring from A to
B, as shown in Fig. 1,so the focal length of the
microlens can be controlled.

Meniscus B ) .
Top glass plate pfeniscus 4 \ ! Conducting fluid

Cylindrical l

T
housing : ollow conical
) i metal ring
Insf‘]‘ll?gng TN Hydrophobic
—Ds coating
ITO Dielectric
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Fig. 1 Schematic cross section of variable-focus lig-
uid lens based on EWOD with a suspended

conical metal ring

Fig. 2 shows some typical metal ring shapes
which could self-center the water droplet when
the angle 0, (in Fig. 1) is fixed. In the case of
shape A and shape C (in Fig. 2), the meniscus is
always convex. Shape B can easily realize a
highly tunable liquid lens by moving the menis-
cus from a convex to a concave position, but it is

difficult to be fabricated. We built a prototype of

shape A with the following characteristic param-
eters: D;=3.0 mm, D,=7.0 mm, 6,=60°,0,=
110°, H=3 mm, A=1 mm (in Fig. 1). De-ion-
ized water is used as lens liquid. As we know,
the variation of the optical power of the menis-
cus strongly depends on the shape of the conical
ring and the charging volume AV of the water
droplet located under the metal ring. One can
obtain a higher sensibility of the microlens when
h and D, become larger or D, becomes smaller.
When the contact angle § changes from 110° to
80° at a typical voltage of 40 V, AV is approxi-
mately 8 pL; AV is 32 pL. by only changing the A
from 1 mm to 2 mm, or 16 uL. by only changing

the D, from 7 mm to 14 mm.

Shape 4 | Shape B | Shape C' |

Fig.2 Typical structures of metal ring for self-cen-

tering the droplet

4 Results and discussions

The gap between the ring and bottom slide, and
the topography of the metal ring and the water
volume has joint impacts on the focal length. A
typical curve of the relation between the focal
length and applied voltage obtained by injecting
50 pLL de-ionized water is shown in Fig. 3. The
experimental results show that the focal length
saturates at a higher voltages (>=>40 V). It can
be well explained by the saturation phenomenon

[79) " In our case, Teflon(r)

of the contact angle
AF1600 is used as the hydrophobic film, so that
the contact angle can only decrease from 110° to
about 80° after the electrical potential is applied.

The lens can be driven by a d. c¢. voltage or an
a.c. voltage. We could use a d. c. voltage up to
40 V to focus on objects away from 2.5 cm to in-

finity, and this only consumes energy of 0.2 pJ

to charge the 300 pF capacitor formed by the
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Fig. 3 Typical curve of focal length vs applied volt-

age

ITO electrode and the water droplet. When the
object is away from 2.5 cm to infinity the focal
length can be adjusted from 4. 54 mm to 5. 52
mm correspondingly. The optical power (the re-
ciprocal of the focal length measured in meters)
of our lens, with its bottom diameter D; of 3
mm, could vary over a range of 40 diopters.
This is accomplished by changing the contact an-
gle § from 80° to 110° which is typical for the
water droplet on the hydrophobic layer of Tef-
lon. If it has the same size as the lens in a human
eye, its optical power range would be about 12
diopters which is 3 times as large as the optical
power of the human eye.

In principle, our lens can be operated under
two stable modes by injecting appropriate vol-
ume of water. In the case of the prototype men-
tioned above, the threshold is about 41 pL:
when the water volume is larger than 41 pL, the
lens will work in the first stable mode. As
shown in Fig. 1, the meniscus moves from high
position A to low position B by increasing the
voltage, and both its curvature and position
change as expected; However, when the volume
is 31—41 pL, the lens will work in the second
stable mode. The meniscus will be pinned at the
bottom mouth of the metal ring, and only its
curvature changes with the voltage. A volume of
water smaller than 31 pL. will make the lens fall
into an unstable state.

Moreover, the dependences of the focal length

versus the applied voltage are quite different in
the two stable modes. In the first stable mode,
the change of the focal length can be divided into
two parts: one is caused by the curvature of the
meniscus, which is decreased with an increasing
voltage; the other is caused by the position of
the meniscus, which strongly depends on the po-
sition of the imaging sensor. If the imaging sen-
sor is positioned above the metal ring, the con-
tributions of the position and curvature will en-
hance each other, while the contribution of cur-
vature cancel out the one of position when put-
ting the imaging sensor is under the bottom
slide. In order to obtain an effective variable-fo-
cus lens, we position the imaging sensor above
the ring, and the lens focus on closer objects
when higher voltage is applied. In the second
stable mode, the dependence of the focal length
and applied voltages becomes simpler: the focal
length increases with the applied voltage increas-
ing, and thus our lens focuses on further objects
when higher voltage is applied.

Dynamical focusing of our microlens worked in
the second stable mode is demonstrated. A plate
with two 2 mm-high letters is placed 2.5 c¢cm a-
way from the microlens, and a rubber girl is a-
bout 50 ¢cm away. Fig. 4(a) —4(d) show four
video frames taken at increasing voltages. The
initial focus is adjusted on the plate, as shown in
Fig. 4(a). When the applied voltage increases to
22 V, the rubber girl comes into focus and be-
cames clear (in Fig. 4(d)).

Generally, a blurred image occurs when light
from the margin of a spherical lens comes to a
shorter focus than light from the central por-
tion. Furthermore, the lens refracts light of dif-
ferent wavelength and the dependence of the re-
fractive index of the various materials (disper-
sion) forming the lens may result in chromatic
aberration. The dispersion must be well correc-
ted in order to obtain a high optical quality. Col-
or correction can be done traditionally by adding

some costly doublet components. However, lig-
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uid-based variable-focus lenses make achromati-
zation straightforward: we can tune the optical
properties of the fluids by mixing or dissolving

well-chosen substances, and then make an ach-

(a) OV

(b) 10 V

romatic liquid lens without using costly achrom-

atization methods™. The images presented
could be sharper when the optical aberrations are

counteracted.

(c) 15V

(d 22V

Fig. 4 Ability of focusing on objects at different distances

5 Conclusions

Using EWOD technique, we have developed
a novel variable-focus liquid lens with a suspen-
ded metal ring. The prototype of the lens has

shown some good qualities such as small size,
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