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Variable-focus liquid lens by changing aperture
Hongwen Ren and Shin-Tson Wua!

College of Optics and Photonics, University of Central Florida, Orlando, Florida 32816

sReceived 21 February 2005; accepted 13 April 2005; published online 17 May 2005d

We propose an adaptive liquid-filled lens, which consists of an elastic membrane, a solid plate, and
an annular sealing ring; a liquid with a fixed volume stored in lens chamber. The key part is the
annular sealing ring which looks like an iris diaphragm. The surfaces of annular sealing ring are
sealed with an elastic membrane. The radius of the annular sealing ring is changeable. By tuning the
radius of the annular sealing ring, the stored liquid in the lens will be redistributed, thus changing
the curvature of the elastic membrane. Therefore, the lens cell causes light to converge or diverge.
A liquid lens with a positive variable focus was demonstrated, this kind of lens has the advantages
of simple fabrication process, compact structure, easy operation, and low cost. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1935749g

Since liquid was proposed for making a variable focus
lens,1 liquid-based zoom lenses have been studied exten-
sively for eye glasses, cameras, camcorders, projectors, as
well as other machine vision. Compared with other adaptive
lenses, such as liquid-crystal lens2,3 and polyelectrolyte gel
lens,4 the variable-focus liquid lens present the simplest and
the highest-quality performances. According to the operating
mechanisms and lens structure, liquid lenses can be classified
into three types. The first type is the liquid lens having a
fixed volume of liquid sandwiched between a planar sub-
strate and a thin elastic membrane.5 By moving the periphery
of the elastic membrane, the liquid inside the lens assembly
is redistributed such that the curvature of the film is changed,
thus causing light to converge or diverge. A drawback of this
kind of lens is that one cannot easily keep the periphery of
the elastic membrane parallel to that of the planar substrate
during the distance change. Moreover, the operating system
for tuning the focus is complicated. Liquid lenses operated
by pumping liquid in and out of the lens chamber to change
the curvature of the elastic membrane surface belong to the
second type.6–9 This type of fluidic lens exhibits a high lens
power without changing lens aperture. Both single large ap-
erture lens and microlens arrays can be fabricated easily.
However, a fluidic pumping system is usually needed, thus,
the lens system is sensitive to vibration. As for the third type,
the focal length of the liquid lens is tuned by applying an
external voltage.10–12This type of lens has fast response time
and continuous focus change. However, making a large ap-
erture lens is a challenging task.

In this letter, we demonstrate a fourth type of variable-
focus liquid lens. Unlike other liquid lenses, we vary the
focus of the liquid lens by changing its aperture size. In our
liquid lens, the key element is the circular periphery seal
which is similar to an iris diaphragm with rotatable impel-
lers. A lever actuator is used to control the movement of the
rotatable impellers and impart the pressure to the fluid-filled
lens. Thus, the redistributed liquid will change the shape of
the lens curvature, and then change the focal length of the
lens. Compared with other liquid lenses, our liquid-filled lens
has several advantages, such as simple fabrication process,
compact structure, easy operation, and low cost. Based on

this simple lens structure, different types of liquid lenses can
be fabricated.13

Figure 1sad depicts the schematic diagram of the liquid
lens which consists of a glass plate, a circular periphery seal,
and a clear elastic membrane. The circular periphery seal is
wrapped using an elastic membrane to confine the liquid.
The key element of the liquid lens is the circular periphery
seal which looks like a conventional iris diaphragm, as
shown in Fig. 2. The rotatable impellers are the incorporated
parts of the circular periphery seal. A lever actuator is used to
control the movement of the rotatable impellers. In Fig. 2sad,
the radius of the aperture isr0. If the elastic membrane is flat,
as shown in Fig. 1sad, there is no focusing effect. When the
radius of the aperture is reduced tor1 sr1, r0d by rotating the
lever actuator in the clockwise direction, as shown in Fig.
2sbd, the surface of the elastic membrane becomes convex.
Thus, a positivesor convergingd lens is formed, as shown in
Fig. 1sbd. This is because the rotated impellers suppress the
filled liquid which, in turn, causes the elastic membrane to
swell outward. On the other hand, if the radius of the aper-
ture is enlarged tor2 sr2. r0d by rotating the lever actuator in
the counterclockwise direction, as shown in Fig. 2scd, then
the membrane curvature becomes concave so that a negative
sor divergingd lens is formed.

To derive the relationship between the radius of the liq-
uid lensr and the radius of the lens curvatureR, we simply
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FIG. 1. The cross-sectional view of the liquid lens cell withsad no focus
effect with an aperture radiusr0, sbd focus effect with an aperture radiusr
, r0.
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use the lens structure shown in Fig. 1 in which the lens
parameters are defined. Considering that the volume of the
liquid is not constringent and the glass plate is strictly rigid,
when the radius of the aperture is changed fromr0 to r; the
volume of the redistributed liquid can be expressed as

psr0
2 − r2dh =

p

3
sR− ÎR2 − r0

2d2s3R− sR− ÎR2 − r0
2dd.

s1d

In Eq. s1d, h is the effective thickness of the liquid lens.
Using Mathematica software, we can derive the relationship
betweenR andr, but the formula is too complicated to show
here. Without losing generality, we illustrate our design con-
cept using a numerical example. Let us suppose the maxi-
mum radius of the aperturer0=12.5 mm and the thickness of
the liquid lensh=5.5 mm. The relationship betweenR andr
is plotted in Fig. 3. When the radius of the lens is decreased
from 12.5 to 9.5 mm, the radius of curvatureR is decreased
sharply. Asr ,9.5 mm,R decreases at a much slower rate.

Because of the liquid redistribution, the elastic mem-
brane curvature is altered. The corresponding liquid lens has
the following focal length:

f =
R

n − 1
, s2d

wheren is the refractive index of the liquid. From Eqs.s1d
and s2d, for a fixed r0, the focal length of the lens can be
reduced by decreasingr. Choosing a high refractive index
liquid or increasing the lens thickness can also enhance the
lens power. For demonstration purposes, we choose a liquid
sethanold with n=1.36 as an example. Figure 3 plots the
simulated focal lengthsright-hand side ordinated and the ra-
dius of the lens aperturesleft-hand side ordinated. From Fig.

3, the focal length and the radius of curvature have a similar
trend.

We fabricated a liquid lens according to the structure
shown in Fig. 1sad. An iris diaphragmsfrom Edmund Indus-
trial Opticsd was used as the circular periphery seal, the
maximum aperture and the thickness of the iris diaphragm is
25 mm and 5.5 mm, respectively. A clear distensible balloon
is used as the elastic membrane. The iris diaphragm was
wrapped using the elastic membrane. Ethanol as the liquid
sn=1.36d was stored into the lens cell chamber. The lens
chamber was fastened by screws. In the original state, the
surface of the elastic membrane of the lens was flat.

To evaluate the image quality of the liquid lens, we
typed a few lines of “tunable liquid lens” on a piece of card-
board as an object, and the lens was set in front of the object.
To test the gravity effect of liquid on the membrane curva-
ture, we intentionally set the lens in vertical direction. A
digital camera sits right behind the sample. Two photos were
taken with the lever actuator at two different positions, as
shown in Figs. 4sad and 4sbd, respectively. In Fig. 4sad, the
lever actuator is at the neutral position, so that the cell is flat
and has no lens effect. A clear image of the typed words is
observed and the size of the image is the same as that of the
object. As the lever actuator was rotated and the aperture of
the lens became smaller, the observed image is magnified, as
shown in Fig. 4sbd. By continuously rotating the lever actua-
tor, the aperture of the lens can become much smaller and the
observed image can be magnified significantly. The enlarged
image means the lens power is increased and the focal length
is decreased. The liquid lens in this case belongs to convex
lens.

Different from the block rotatable impellers of the lens
structure shown in Fig. 1, in our demonstration, we used a
thin s,0.5 mmd impeller. Compared with Eq.s1d, when the
impellers are screwed inward, the lens aperture shrinks. As a
result, the volume of the redistributed liquid is halved as
compared to the block impellers, and the relationship be-
tween the radius of the curvatureR and the radius of the lens
aperturer can be written as:

p

2
sr0

2 − r2dh =
p

3
sR− ÎR2 − r0

2d2s3R− sR− ÎR2 − r0
2dd.

s3d

For a givenr0 andh, we can derive the relationship between
r andR from Eq. s3d. Once theR is obtained, the lens focal
lens can be calculated from Eq.s2d. Figure 5 plots the simu-
lated and experimental results of the liquid lens. They agree
quite well. Compared with the focal length plotted in Fig. 3,

FIG. 2. The top view of the circular periphery seal similar to an iris dia-
phragm structure. The radius of the aperture issad r0, sbd r1 sr1, r0d, andscd
r2 sr2. r0d.

FIG. 3. The simulated radius of the curvaturesRd and focal lengthsfd as a
function of the lens aperture size. The thickness of the rotatable impellers is
5.5 mm,h=5.5 mm,r0=12.5 mm, andn=1.36.

FIG. 4. Imaging behavior of the liquid lens when the lever actuator issad at
the neutral positionsr0=12.5 mmd and sbd rotated to shrink the aperture of
the lens. The employed liquid is ethanol.
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the focal length of our demo liquid lens is halved if the
changed radius of the lens aperture is the same. This is be-
cause a thin impeller was employed. To obtain a liquid lens
with a wide tunable focal length, the thickness of the rotat-
able impellers should be the same as the circular periphery
seal.

In comparison with other variable liquid lens technolo-
gies, the major advantages of our lens are in the simple fab-
rication process, simple lens structure, easy operation, and
thus the relatively low cost. In addition, the lens has a very
wide range of variable focal lengths. By rotating the impel-
lers of the liquid lens in or out, we can get not only a convex
lens but also a concave lens easily. The actuator lever of the
liquid lens can be rotated mechanically or electrically, i.e.,
the focus change can be operated manually or electrome-
chanically. Moreover, if the rotatable impellers are made of
clear glass, plastics, or polymer, then the apparent aperture

will not be noticeable even when the impellers are rotated. In
our experiment, the range of the variable focal length can be
significantly widened if we use a higher index liquid, in-
crease the effective thickness of the liquid lens, or change the
radius of the lens aperture to a larger degree.

In summary, we have demonstrated a variable-focus liq-
uid lens by changing its aperture size. Both positive and
negative foci can be realized by controlling the size of the
lens aperture. For proving principles, we fabricated a simple
liquid lens. By changing its aperture size, a positive lens was
obtained. This kind of lens is easy to fabricate, lightweight,
and has very weak color dispersion. Its applications for cam-
era zoom lens and tunable-focus eyeglasses are foreseeable.

The authors would like to think Yi-Hsin Lin, Yung-Hsing
Fan, and Ying Zhou for their technical assistance and useful
discussions.
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FIG. 5. Relationship between the focal length and the radius of the lens
aperture with a thins,0.5 mmd rotatable impeller. The triangles and solid
line represent the experimental and theoretical results, respectively. The
thickness of the lensh=5.5 mm, the maximum radius of the aperturer0

=12.5 mm, and the refractive index of the liquidn=1.36.
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