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Abstract: We demonstrated a liquid lens whose focal length can be
controlled by a servo motor. The lens cell is composed of elastic membrane,
planar glass plate, a periphery sealing ring, and a liquid with afixed volume
in the lens chamber. Part of the periphery sealing ring is excavated to form a
hollow chamber which functions as a reservoir. This hollowed periphery is
surrounded by an exterior rubber membrane. The arm of a servo motor is
used to deform the elastic rubber. Squeezing the liquid contained in the
reservoir into the lens chamber. Excess liquid in the lens chamber will push
the lens membrane to outward, resulting in a lens shape change. Due to the
compact gtructure and easy operation, this liquid lens has potential
applications in zoom lenses, auto beam steering, and eyeglasses.
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1. Introduction

Adaptive lenses are useful for auto beam steering, cell phone cameras, eyeglasses, and other
optical signal processing applications. Two mechanisms have been widely employed for
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making an adaptive lens: shape change and refractive index change. To mimic a human eye,
the shape change leads to a large optical path-length change and therefore a large diopter.
Compared with liquid-crystal lenses which focus light based on refractive index change [1-4],
adaptive liquid lenses present the highest quality performances [5-14]. Moreover, the liquid
lens can exhibit a high lens power a alarge aperture size and its focal length can be adjusted
at a wide range because of the change of the surface curvature. According to the operation
mechanism, liquid lenses can be classified into two types. The first type is the electrowetting
lens [5-7]. By applying a voltage the liquid lens can go through continuous focus change and
its response time is fast. However, an electrowetting lens requires a relatively high voltage
(~100V). Moreover, making a larger aperture electrowetting lens remains a challenging task.
The second type is the mechanical lens [8-14]. By pumping liquid infout of the lens chamber
or moving the periphery of the lens forward and backward along the lens axis, the liquid
inside the lens chamber is redistributed such that the curvature of the elastic membrane is
changed. Both of the liquid lenses can present a high lens power without changing the lens
aperture size. However, the operating systems for tuning the focus are complicated.

Recently, we developed a mechanically tunable liquid lens by changing aperture using an
iris diaphragm [15]. This kind of lens can be easily fabricated and the focal length can be
varied easily. The drawback of this lens is the sacrifice of its aperture for higher focusing
power. Moreover, the employment of the iris diaphragm made the lens complicated.

In this paper, we report an adaptive liquid lens whose focal length is controlled using a
servo motor. In the lens cell, part of the peripheral sealing ring is excavated to form a hollow
cavity. This cavity is covered by a thin rubber membrane and used as a reservoir. To operate
the liquid lens, we use a voltage controlled servo motor to deform the exterior rubber
membrane and force liquid from the reservoir to the lens chamber. The redistributed liquid
pushes on the membrane and forms a lens-shape. In comparison with other liquid lenses, this
liquid lens has several advantages such as automatic operation, compact structure, no size
limitation, and low cost.

2. Lensstructure and oper ation mechanism

Figure 1 depicts the structure of the liquid lens. The left shows the lens at no focusing state
and the right shows the lens at focusing state. It is composed of an annular sealing ring (1),
exterior rubber membrane (2), a glass plate (3), an elastic membrane (4), liquid as a reservoir
(5), and a channel (6). The outboard of the annular sealing ring is wrapped using an elastic
rubber membrane to confine the liquid. The elastic membrane is adhesively sealed on the
upper side of the sealing ring and the glass plate is fixed tightly on the bottom side of the
sealing ring. When no force is acting on the dastic rubber membrane, the elastic membrane is
flat. Thusthe liquid lens has no focus effect, as shown in Fig. 1(a).

5 -
6
3
@

(b)

Fig. 1. Side view of theliquid lens cell: (a) without and (b) with convex lens profile. 1-annular
sealing ring, 2-rubber membrane, 3-glass plate, 4-elastic membrane, 5-liquid, and 6-a hole

When the wrapped rubber membrane is pressed in, as shown in Fig. 1(b), liquid stored in
the reservoir is forced into the lens chamber. Assuming the volume of the liquid is not
constringent and the glass plate is strictly rigid, the changed volume of the exterior membrane
isequal to that of the displaced liquid. Because the elastic membrane is much easier to deform
than that of the exterior rubber membrane, liquid is redistributed in lens chamber, causing the
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elastic membrane to swell outward. Under such a circumstance, the cell behaves like a convex
lens. The changed curvature of the elastic membrane will change the focal length of the lens.
To deform the rubber membrane, a servo system was used as shown in Fig. 2. The position of
theliquid lensisfixed. A thin string is used to wrap the exterior elastic rubber. One end of the
string is fixed and the other end is tied on the arm of the servo motor. To control the servo, a
pulse width modulation scheme was implemented with a digita potentiometer and a
bidirectional momentary switch. In the original state the string touching the periphery of the
liquid lens gently without squeezing the rubber membrane, therefore the lens has no focusing
effect. If a voltage is applied to the servo system and the servo motors stator is rotated
counterclockwise, the rubber membrane of the liquid lens is deformed, thus causing a
focusing effect.
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Fig. 2. Structure of a servo system
3. Lensfabrication

To demonstrate our liquid lens, we fabricated an annular sealing ring with a cross-section
similar to the structure shown in Fig. 1. The effective aperture of the ring is r=15 mm. The
diameter of the periphery ring is ~28 mm. The thickness of the liquid layer in the planar state
is 6 mm. A circular glass plate was adhesively sealed tightly on one side of the sealing ring.
The opposite side was sealed using a polydimethylsiloxane (PDMS) elastomeric membrane.
We chose PDMS as the lens elastic membrane because of its good optical properties with
large elongation and bio-compatibility. As a lens material, PDMS is highly transparent (over
96%) in the range of visible wavelength. Its refractive index is nppus=1.410. In this research,
PDM S membrane was prepared by coating SYLGARD 184 Silicone Elastomer (91 wt% base
plus 9% curing agent) on a planar glass substrate. After baking at 150°C for 30 minutes, the
membrane was peeled off the glass substrate. The thickness of the PDMS membrane was
measured to be ~60 um. The periphery of the sealing ring was wrapped using transparent
rubber membrane. A small hole was drilled on the border of the annular sealing ring (not
shown in Fig. 1) to alow a liquid, such as water, to be injected into the lens chamber. After
the lens chamber was full, the hole was plugged using a screw.

4.Lensprofileand focal length in theory

According to Fig. 1, when the exterior elastic membrane is pushed in, a convex lens profile is
formed. Usually, the surface configuration of the liquid lens is alike a paraboloid, as depicted
using the solid curve in Fig. 3. If we use a spherical profile (dashed curve) substitute the
parabolic-like profile (R is the radius of the spherical curvature) and suppose they have the
same maximum displacement h, and the same base radius ro, then the maximum error in
displacement can be expressed as[8]:
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AZpgy < h(h/2rg)? (1)

In comparison with the aperture of the lens, if the altitude of the lens satisfies the following
condition:

h << 2rg, 2

then the error may be negligible. For example, if aliquid lens has a fixed aperture 2r,=15 mm
and maximum displacement of h=0.2 mm, then according to Eg. (1), the maximum error in
displacement is Azm <0.036 um. Such a value is quite small, thus one can apply standard
spherical lens equations when dealing with the liquid lens.
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Fig. 3. Approximation of lens profile by a spherical shape.

The operating mechanism of our liquid lens, which works by pressing the exterior
membrane, is similar to the pumping-in method. In our lens, when the reservoir is squeezed,
the volume change (AV) in the effective lens chamber will force the PDMS membrane to
bulge outward. The radius of lens curvature (R) and AV have the following relationship

AV :%z(sz —1Z —2RJR? —12)(2R+/R? —12) (3)

where ry is the radius of the lens aperture. If ry=7.5 mm and the influence of the PDMSfilm
on the liquid lensis negligible, then the relationship of R and AV are shownin Fig. 4.
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Fig. 4. Volume change versus lens curvature (left) and membrane displacement (right).
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Fig. 5. Focal length versus volume change. Red: thin lens, blue: thick lens, and green:
experimental measurement. The black is the error bar.

One can see that as the displaced volume increases the radius of the lens curvature decreases.
The variable maximum displacements of the convex lens are also given in Fig. 4. If the safely
squeezed volume is 15 mm?®, then the maximum displacement is calculated to be ~0.17 mm.
From Eq.(1), the maximum error in displacement is ~0.022 um. Therefore, we can use the
standard spherical lens equation to deal with the liquid lens.

If our liquid lens is considered as a thin lens, then the effective focal length of the lens
can be calculated using the following equation:

N 4)

Miguid —1

where njqig i the refractive index of the liquid. To describe the focal property of the lens, the
effective focal length of the lens was calculated using Eq. (4). If pure water is used as the lens
liquid, according to Fig. 4, the focal length versus the volume change is calculated and the
results are shown in Fig. 5in red color.

As the displaced volume increases, the foca length of the lens has the tendency to be
decreased. If we care about all the parameters of the liquid lens, then the lensis not areal thin
lens. So we recalculated the effective focal length of liquid lens while considering all of the
parameters of the liquid lens using Code-V. The parameters of the lens are the refractive index
Nyater ~1.333, water chromatic dispersion Vy ~64.21, the thickness of water in the planar

state d~6 mm, and thickness of glass plate (BK-7) ~0.7 mm. The influence of PDMS on the
lensis negligible. The field stop is set right behind the position of glass plate. Using Code-V,
one can get two different focal lengths: the effective focal length and the back focal Iength.
The calculated effective focal length is shown in Fig. 5 in blue color. If the changed volume is
the same, the thin lens has a little longer foca length than that of the thick lens. However one
can see that the data matches well and the small error is negligible. So the liquid lens can be
treated as athin lens.

5. Focal length measurement and lens quality evaluation

To measure the focal length, we expanded and collimated a He-Ne laser beam (A=633 nm) to
~15 mm in diameter and let it normally pass through the liquid lens. The liquid lenswas set in
vertical direction. A screen was placed behind the lens for detecting the foca point. The
measured focal length versus the volume change of the lensis shown in Fig. 5 in green color.
When no liquid is pushed into the lens chamber, the focal length is at infinity. As the
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displaced volume of the water increases, the focal length decreases significantly. From Fig.5,
the theoretically calculated results and the experimental measurement results match well.

To evaluate the image quality of our liquid lens under white light environment, we use a
resolution target bar as the object. The object was set right behind the lens at ~7 cm. To test
the gravity effect of the liquid on the membrane curvature, we intentionally set the lens in
vertical direction. A digital camera was fixed right before the liquid lens at ~11 cm. Figure 6
shows two photos of the water lens in (a) planar state and (b) focusing state. In planar state,
the PDM S membrane is flat and the observed image through the lens is the same size as the
object. By pushing the water into the lens chamber, the image is enlarged. The more water
squeezed, the larger image can be observed. Although the lens was set in vertical direction
and the lens is a little thick, the observed aberration is not obvious and the enlarged image is
highly clear. Visually, we are able to resolve better than 25 [p/mm clearly.
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Fig. 6. Focusing behavior of the liquid lens in (a) planar state and (b) focusing state. The
aperture of thelensis 15 mm and the lens thickness is 6 mm.

Although we use water for feasibility demonstration, it has two shortcomings: high
density and low refractive index. To improve the focusing power of the liquid lens and
decrease the lens aberrations caused by gravity, it is better to use a high index liquid but with
relatively low density, such as microscope immersion oil (n=1.51), dimethyl silicon oil
(n=1.60) or liquid polymer (Norland optical adhesive 81, n, ~1.56) [16]. To reduce the lens
weight and improve the optical quality, we could increase the aperture ratio and decrease the
lens thickness. The present liquid lens is operated using a servo motor system which is
controlled electrically. For practical applications, the electrically tunable liquid lens would be
more attractive for use in cellular phones, cameras, eyeglasses, and other machine visions.
The eectrically tunable liquid lenses have promising applications.

6. Conclusion

We have demonstrated a tunable-focus liquid lens by shrinking its elastic periphery without
changing the aperture. The prototyped lens is a converging lens whose focal length can be
tuned continuously by pushing the liquid into its lens chamber. Such aliquid lensis simple to
fabricate, easy to operate, compact, and low cost. By choosing a proper electrically-
controllable actuator, the liquid lens can be operated electrically rather than mechanically.
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