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Abstract

Since the focus and magnification rate of the conventional optical lens are fixed,
multi-lens set and distance-adjusting device must be used in lens set to change
magnification rates. However, a variable magnification lens can have several
magnification rates in a single lens to make the lens compact and convenient. In this
research | used elastic membrane and high-refraction liquid to develop a variable
magnification liquid lens. 1 also made several improvements to make the liquid lens
light, compact and low-cost. The theoretical focus and the relationship between
magnification rate and liquid amount were also derived, and the results were verified by

several experiments.

Aberration was a big problem for the image quality of liquid lens. | proposed a
solution to this problem for the designed membrane liquid lens by computer simulation
and data analysis. The experimental results confirmed that the reduction of aberration
was successful. At last, several applications of variable magnification lens were
developed. These applications, including teaching aids, creature observer, non-contact
distance measuring device, endoscope, and adjustable two-stage eyeglasses, are very

helpful in teaching, daily use and health care.
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Low-Aberration Variable-Focus Liquid Lens
Eric Chiwei Shiao

ABSTRACT

Liquid lens has been studied since 1940. The basic idea is to use a transparent liquid in the lens
cell instead of solid glass or plastics as used in conventional optical lenses. One of the important
features of liquid lens is that its focal length is tunable through the change of curvatures of both
surfaces of the lens. However, the aberration is an important issue for the image quality of such a
liquid lens. In this research, the theoretical focal length and the relationship between the focal length
and the volume of the liquid were first derived. And then a solution was proposed to reduce the
aberration of the liquid lens. With a careful design of the thicknesses of the two membranes through
computer simulation and data analysis, the curvatures of the two surfaces of the liquid lens were
controlled so that the aberration of the liquid lens was reduced significantly. In the experiments,
several elastic membranes and high refractive index liquids were used to develop variable-focus liquid
lenses. Besides, several improvements were made to reduce the weight, size and cost of the liquid lens.
For low-aberration liquid lens design, the experimental results also agreed with the theoretical results
very well(agreed with theories very well). At last, several applications of variable-focus liquid lens
were developed. These applications, including teaching aids, small object observer, non-contact
range-finder, endoscope and adjustable dual-focus eyeglasses were very helpful in teaching, daily use

and health care.
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Introduction

The focal length of a conventional glass lens is fixed, so it is impossible to have different
magnification. Liquid lens provides a chance to have changeable focus in one single lens. Many
problems occurred when | started to try to make a liquid lens, for example, the lens structure, lens
material, filling liquid, and even the major problem facing liquid lens — lens aberration. | did this
research about liquid lens step by step, solved the problems one by one.

The objectives of this research were: 1. to investigate the properties of liquid lens and its
theoretical analysis; 2. to develop an approach to reduce the spherical aberration of a liquid lens; and 3.

to develop several applications of low-aberration liquid lens.

Len Property and Theoretical Analysis
1. Methods of variable focus lens
The focus of a conventional glass or plastic lens is fixed because the lens curvature and the
refractive index of the lens are constant. There are two ways to make focus changeable, either by the
variable lens curvature or by the variable lens refractive index. The explanations of the methods are as

the followings.

(1). Method by variable lens refractive index:

If an epoxy is pressed, its refractive index is changed accordingly. The phenomenon is called
“photo-elastic effect”. If a lens is made of some transparent material of photo-elastic effect, the
refractive index will be changed according to the force applied on it. Then this lens is a variable focus
lens. However, the change of refractive index due to photo-elastic effect is not very large, so is the

range of focus variation.

(2). Methods by variable lens curvature:
A liquid lens can have different lens curvatures. Currently, liquid lens of variable lens curvature can

be divided into 3 categories according to its technique: electro-wetting liquid lens, dielectric liquid
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lens and membrane liquid lens.
A. Electro-wetting liquid lens:

Electro-wetting liquid lens, invented by Philips Co. or called FluidFocus [1,2], is a lens containing
two immiscible liquids with different refractive indices. By applying different voltage to control the
electro-wetting effect, the curvature of the contact surface between these two liquids is changed, then
the lens focus is changed. However, such an electro-wetting liquid lens is for small aperture lens and

small magnification only, and its lens aberration is difficult to be corrected.

B. Dielectric liquid lens:

Dielectric liquid lens contains two immiscible liquids with the same density but different dielectric
constants. When an electric field is applied, the resulting dielectric force changes the liquid shape to
form different surface curvature [3]. The dielectric liquid lens is also for small aperture lens and small

magnification only, and its lens aberration is hard to be corrected.

C. Membrane liquid lens:

Membrane liquid lens contains a lens body and two elastic membranes. A transparent liquid is filled
into the lens. When the liquid is squeezed into or withdrawn from the lens, the membranes are
deformed to form some surface curvatures, which changes its focus and magnification. Since the
elastic membrane has large deformation when a small inner pressure is applied, changing focus is
relatively easy and the range of focus changed is large. This liquid lens is suitable for large aperture

lens. Therefore, membrane liquid lens was chosen in my study and analysis.

2. Determination of lens membrane and filling liquid

The concept of a membrane liquid lens was in Fig. 1. When the volume of the filling liquid inside

the lens is changed, the elastic membrane deformed to form a biconvex or biconcave lens.
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liquid
membrane

biconvex biconcave

Fig. 1 Concept of membrane liquid lens

For a membrane liquid lens, the lens curvature depends on the elastic membrane, while the lens
refractive index is determined by the filling liquid. Thus the first step of designing a liquid lens was to
choose appropriate elastic membrane and filling liquid. An ideal membrane for the liquid lens should
have properties of high transparency, low dispersion, low stiffness, and proper yielding and tensile
strength. In addition to this, an ideal filling liquid should be transparent, stable, nontoxic,

low-volatility, and non-corrosive.

| searched for several common elastic films, including PVC film, PVDC film, silicon film, lab film,
vinyl glove, and latex glove. Those films were tested for their optical and tensile properties. The test
result of optical property was shown in Fig. 2, while the result of tensile property was in Fig. 3. These
films were then ranked based on their performances in each test. The ranking result was shown in Fig.

4. It concluded that the PVVC film was the ideal membrane for the liquid lens.

Hdispersion [transparency_ 100

6 — — = e
3T 180

1f <

o 1607%

%3 £

140=

2T =
o 120
0 : I I lab Ivinyl Ilatex I 0

air PVC PVDC _
film glove glove

Fig. 2 Optical properties for elastic films

silicor resin

60



Many liquids with proper refractive index were tested to determine the ideal filling liquid for the
liquid lens, including methanol, ethanol, propanol, benzene, ether, carbon disulfide, carbon
tetrachloride, trichloroethane, water, glycerol, turpentine, and olive oil. The results of optical and
chemical tests indicated that water and glycerol were the ideal filling liquid for the liquid lens.

Therefore, the PVC film and water or glycerol were used for the designed liquid lens for experiments

and analysis.

3. Lens design
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Fig. 3 Tensile properties for elastic films
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/ / —PVC
/ — silicon
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vinyl glove
o latex glove
Yielding Stiffness

Fig. 4 Ranking for elastic films

To design a liquid lens, the basic requirements are:

(1). the edge of membrane can be pressed firmly to prevent the filling liquid from leaking,

(2). the lens can be easily assembled and dissembled to change the membrane conveniently,
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(3). the membrane can be replaced easily and quickly,

(4). the size and weight of a lens are as small as possible.

Based on these requirements, | used O-rings inside the lens for sealing, and used screws to hold the
lens parts tightly. The initial design (Generation 1) and its improved version (Generation 2) of liquid
lens were shown in Fig. 5. Since the dimension of these two types of lens was large, | adopted module
design for the new lens (Generation 3) as in Fig. 6. This new design reduced the lens size and
simplified the lens structure. In the Generation 4 and 4.5 (Fig. 7), | further reduced the size of the lens,
and applied light material POM to significantly reduce its weight. The new lens weighted only 29 g
with aperture 25 mm and magnification rate 13. Besides, the technique of aberration reduction, which

is discussed in the later part of this research, was applied to this lens to make the image clear and less

Fig. 5 Designed liquid lens of Generation 1 (left) and 2 (right)

distorted.

-
. o)

Fig. 7 Designed liquid lens of Generation 4 (left) and 4.5 (right)
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If the liquid lens would be used in eyeglasses, it had to be even lighter. | tried many ways to make
the lens compact, and finally created a compact ring-type liquid lens. This type of liquid lens used an
O-ring as the lens body, and glued the films on the O-ring. Fig. 8 showed the ring-type liquid lens for
eyeglasses and for endoscope. Such a compact lens significantly reduced the lens weight to only 6 g,

which was 20% of the weight of the lens of Generation 4.5.

Fig. 8 Designed compact ring-type liquid lens for eyeglasses (left) and endoscope (right)

4. Theoretical analysis
In the membrane liquid lens, the curved membrane has a parabolic profile [5] which can be
approximated by a spherical shape with small error [6]. Thus the spherical profile of the membrane is

used for the following analysis.

Fig. 9 showed the geometric figure of a liquid lens. In order to control the focal length f by
adjusting the liquid volume A4q, the f - Aq relation must be known in advance. As in Fig. 9, the Aq was

a function of the membrane protrusion das in Eq. 1.

Xt =h 2

Ag, . = J?Z’(I‘-Z—XZ)-dXIE-—5i Glir?,i=12 Q)
i(mm?) ! 23
Xo

where ry is the radius of lens aperture. From the ray optics, the theoretical focal length of a lens with

lens body thickness h was as in Eq. 2. The lens magnification was also shown as in Eq. 3.

fi:(n—l){l—l+n_l

el (h+51+52)} S =r—yri-r?, i=12 (2
th 1 2 12
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250

[ (3)

Combining the Egs. 1 and 2, the relation between f, and Aq was obtained as in Eq. 4 for

2 2
— <<,
3

n-1
== 1){ (80 +80,) -0 AgAg, - (n+-2, (Aqﬁqu))} @
Moreover, Egs. 5 and 6 showed the experimental Aqg-o6 and fep-Aq relations for a 25mme-aperture

lens. | found that the theoretical f, and experimental fey, were close to each other as in Fig. 10.

Sopi 238 Ay, =12 (5)

exp,i

1 - Aqtota(ml)

6
fom 38 ©)
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Fig. 9 Geometric figure of a biconvex liquid lens
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Fig.10 The theoretical and experimental focal lengths
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Aberration Reduction for the Liquid Lens
1. Aberration
For the original liquid lens I designed, | found that the image around the edge of lens was distorted
and blurred (Fig. 11). I checked the referenced book [7] for this phenomenon and knew it as aberration.
Aberration is an imperfection in image formation by an optical system. There are 7 kinds of

aberrations, and the spherical aberration (SA) has more impact to liquid lens.

~

Fig. 11 The lens image with spherical aberration

Spherical aberration creates a poor image quality, which happens when the light rays transmitting
through an optical lens do not converge into a single point (Fig. 12). Reducing the aberration to get

clear images is an important issue for the liquid lens.

LM ~N [7) 7 ... |

iy
o

(ww) whiay
[6)]

lens axis

uolnelaqge

10F

Fig. 12 The lens optics for spherical aberration

There are four approaches to correct the aberration for solid (glass or plastic) lens. They are:
a. Compound lenses: to combine two or many lenses which have positive or negative spherical

aberrations together to reduce the total aberration.
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b. Aspheric surface: to ground one or two lens surfaces into aspheric surfaces to complete eliminate
the aberration.

c. Angle equalizing (AE): to make the incident angle equal to the refractive angle to reduce the
aberration.

d. Lens shaping (LS): to choose appropriate lens shape to get a minimum of aberration.

The Compound lenses approach would not be discussed here because the study focused on reducing
aberration for one single liquid lens. The conventional techniques from the other three approaches
applied to the solid lens require the lens to have a special fixed lens shape, which does not work for
the variable focus liquid lens. A new technique of aberration reduction was developed uniquely for the

variable focus liquid lens.

2. New technique for aberration reduction

In this research, | developed a new technique to correct the aberration. Applying the principles of
Angle Equalizing approach and Lens Shaping approach, | used different lens membrane curvatures for
the right and left lens sides of the liquid lens to fit those two approaches for aberration reduction,
instead of grounding the lens surface for solid lens. It meant that the right side and left side of the

liquid lens would have different protrusions when filling liquid was squeezed into the lens.

The extent of membrane protrusion depends on the membrane ductility, which is stiffness-related.
Membranes with the same optical property but different stiffness constants were used for both lens
sides. Therefore, the individual stiffness constant for each membrane was found first. In the technique,
for a certain magnification I checked all possible radius pairs (ry, r,) to select the radius pair which
met the requirement of Angle Equalizing approach or Lens Shaping approach. The detailed procedure

was expressed in the followings.
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3. Procedure of aberration reduction

| wrote a lens simulation program to simulate the lens optics and aberration. The application
software Matlab was used for this simulation program because of its easy use of matrix operation and
plotting. Fig. 13 showed one simulated result by my simulation program. The procedure of aberration

reduction was in Fig. 14.

=
o

(ww) wbiay
]

o

(&)

10

Fig. 13 One result of optics simulation

Select Select Calculate
lens size and different corresponding
refractive index magnifications lens curvature

Fig. 14 Procedure of reducing lens aberration

Find (rq, rp) pair
for AE approach
' Find (rq, rp) pair |

for LS approach

Find optimal film
extension ratio (dli/ 4ly)
and
thickness ratio (t2/t)

At first, for a certain lens with specified media refractive index, lens aperture and dimension, |
chose a value of magnification. Then | ran the simulation program to search all possible radii r, and r,
to meet this magnification value. For any one radius ry, there would be a matched radius r, to get such
a magnification. Then | calculated every corresponding angle difference A6 between &, and &, and
every corresponding distance As between the points F, and Fy. According to the simulated results, |
selected the pair of r, and r, which let 46 close to zero for the angle equalizing approach. | also

selected the radius pair to have a minimum A4s for the Lens Shaping approach.

This process was repeated again and again from low magnification to high magnification. Among
all selected radius pair (r1, ro) for all desired magnifications, an optimal radius pair (ry, r2)ep: and its

corresponding radius ratio r,/r, were then determined for each approach by their weighted average.

67



After the optimal radius ratio r,/r, was obtained, | used Eqgs. 7 and 8 to transfer this radius ratio
into some practical parameters of membrane. If a membrane was forced to protrude outward, it would

extend. The extension length was a function of membrane curvature radius as in Eq. 7.
Al =AB—AB=2-(rsin(r,/r)-r,), i=12 (7)
For the optimal radius ratio r,/r,, the corresponding extension ratio Al,/Al, could be calculated

from Eq. 7. Considering the stiffness and thickness of a membrane, the ratio Al /Al, could be

expressed as:

A K L (8)
Al, K,

where K was the membrane stiffness constant, and t was the film thickness. Therefore, an optimal

thickness ratio t, /t,was found according to the selected optimal radius ratio for each approach.

Fig. 15 showed the simulated results for some possible radius pairs (ry, r,) with their corresponding
A6 for magnification equal to 9. It was found that the pair (ry, r2) = (16.1 mm, 23.4 mm) had a

minimum A6 equal to 0.0015 degree. So, the pair (16.1, 23.4) mm) was the selected radius pair for

magnification equal to 9 for Angle Equalizing approach.

10.5

(6ap) oV

r1(mm)

Fig. 15 Radius pairs (ry, r2) and angle difference 46

Fig. 16 showed the simulated results for some possible radius pairs (ry, r2) with their corresponding

As for magnification equal to 9. It was found that the pair (ry, r) = (15.5 mm, 29.9 mm) had a

minimum A4s equal to 5.5 mm. So the pair (15.5, 29.9) was the selected radius pair for magnification

equal to 9 for Lens Shaping approach.
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Fig. 16 Radius pairs (ry, r2) and angle difference As

Among all selected radius pairs for different magnifications, an optimal radius ratio (r2 / ri)ep: Was
then determined by weighted average for both two approaches. So, the optimal extension ratio
Al /Al, (or the optimal thickness ratio t,/t;) for the liquid lens in research was equal to 3 for the

Angle Equalizing approach, and equal to 6 for the Lens Shaping approach.

4. Results of aberration reduction

Applying this new technique of aberration reduction, | made 3 liquid lenses with membrane
thickness ratios of 1, 3, and 6 respectively. Fig. 17 was the result of lens images for different
membrane thickness ratios. For the original lens on the left, both of its films had the same thickness.
The image showed that the edges were distorted and blurred. After applying the aberration reduction
technique, the right lens, whose two films had thickness ratio equal to 6, had very clear image. It is
obvious that the proposed aberration reduction technique could significantly correct the spherical

aberration for liquid lens.

Fig. 17 Lens without (t, /t, =1) and with (t, /t, = 6) aberration correction
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The lens images and related simulated aberrations for different aberration reduction approaches in a
1.5 mm square-net test were shown in Figs. 18~20. The original lens (Fig. 18) with film thickness
ratio equal to 1 had large spherical aberration (14.1 mm) and had distorted blurry edge image. The
lens with Angle Equalizing technique (Fig. 19) with the ratio equal to 3 had smaller aberration (6.6
mm), but still had unapparent distorted edge image. The image of the lens with Lens Shaping
technique (Fig. 20), whose thickness ratio was 6, was very clear, and its aberration was reduced to
only 5.5 mm. The images in Figs. 19 and 20 also proved that the Lens Shaping approach was better

for the liquid lens than the Angle Equalizing approach.
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Fig. 18 Lens image and its aberration of an original liquid lens
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Fig. 19 Lens image and its aberration of liquid lens applying AE approach
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Fig. 20 Lens image and its aberration of liquid lens applying LS approach
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Applications of variable focus liquid lens

To take the advantage of the variable focus liquid lens, | developed four beneficial and educational

applications of liquid lens. These applications were useful for optics teaching or daily lives.

1. Optics teaching aids
For the optics teaching at school, lots of focus-fixed convex or concave glass lenses were needed to
observe the convergence or divergence of light rays conventionally. Since light is invisible, it is

uneasy for students to see the paths of light rays and understand the optic phenomenon.

| developed an optics teaching aid to solve these problems. The teaching aid (Fig. 21) had a light
source, a moveable liquid lens, and a moveable imaging screen. With tunable focus, one liquid lens
could show lots of foci. The light source could be 4-color LED light module or laser beam module
(Fig. 22). With the design of installing the lens and screen inside a sealed box, the light rays could be
visible when smoke was filled in the box (Fig. 23), which facilitated students to easily understand
optics by observing the changing path and convergence of light rays. | also designed a flexible sealing

curtain (Fig. 24) to prevent smoke leaking out from the box.

-
A AR T

screen _liquid lens

e ¥

light

Fig. 21 The optics teaching aid

LED module laser beam module

Fig. 22 Light source with 4-color LED light module (left) or laser beam module (right)
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Fig. 23 The light rays are visible Fig. 24 The flexible sealing curtain

2. Non-contact range finder
The variable focus liquid lens can be also used in non-contact distance measurement. The structure
of the designed non-contact range finder was shown in Fig. 25. There are liquid lens, dual-beam laser

module, liquid adjuster, a concave lens, battery and switch.

The procedure of operating this range finder was shown in Fig. 26. The first step was to aim the
laser rays at an object, and tuned the liquid adjuster to make the rays focus on the object. Then the
corresponding focal length followed by the change of liquid volume could be found from the relation
curve in Fig. 26. This focal length was just the distance between the lens and the object. Such a range

finder was low cost, easy to carry, and of fast measuring.
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Fig. 25 The non-contact range finder
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Fig. 26 The procedure of operating this range finder
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3. Small object observer

The designed variable focus lens can continuously change its magnification, so it was very easy to
focus on small object and to observe it at low or high magnification (Fig. 27). This observer (Fig. 28)
equipped with a micro LED light to provide clear object image (Fig. 29). Because of its high

magnification, high portability and low cost, it is beneficial for students to observe small objects.

tiny words on $1000 bill

Fig. 27 The small object observer is easy to focus and observe small object

Fig. 28 The small object observer

#e without LED

Fig. 29 The micro LED light can provide clear object image

4. Smart eyeglasses

Smart eyeglasses (Fig. 30) means a pair of eyeglasses with two or more lens foci in it. Usually the
elders have both problems of presbyopia and myopia. They need 2 pairs of eyeglasses, one for
presbyopia and one for myopia. The variable focus liquid lens is suitable to be used for smart
eyeglasses to provide 2 foci if its weight can be reduced and if it is able to quickly switch between
presbyopia focus and myopia focus.

| used the designed generation 5 ring-type liquid lens in a pair of eyeglasses to significantly reduce
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the weight of lens. | also designed a tunable dual-focus quick adjuster. Fig. 31 is the structure of this
adjuster. The quick adjuster was used to push the piston to squeeze in or withdraw the liquid. By
rotating the purple ring, the focus could be quickly changed between the long and short focal lengths.
Rotating the top yellow ring reset the value of short focal length, while rotating the bottom green ring
reset the value of long focal length. Therefore, this designed smart eyeglasses not only provided quick

presbyopia-myopia switching, but also offered adjustable high-low focal length.

low mag.
adjuster

2-mag.
switcher

high mag.
adjuster

Fig. 31 The tunable dual-focus quick adjuster

Conclusions
1. 1 used the PVC film and water to create a liquid lens, and made improvements to reduce the lens
size and weight. I also found the corresponding lens equations to have better control of the lens
focus.
2. Although the aberration was a big problem for liquid lenses, | found a simple but very effective

technique to reduce the lens aberration. By this technique, I successfully got a clear image of the

74



liquid lens.

3. I developed four applications to make the liquid lens more educational and beneficial to us.

4. My other application idea is using the concept of liquid lens to make a liquid concave mirror. This
liquid concave mirror can be used in vehicle headlights to switch between high beams and low

beams.
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