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Abstract: Focus tunable, adaptive lenses provide several advantages over
traditional lens assemblies in terms of compactness, cost, efficiency, and
flexibility. To further improve the simplicity and compact nature of
adaptive lenses, we present an elastomer-liquid lens system which makes
use of an inline, transparent electroactive polymer actuator. The lens
requires only a minimal number of components: a frame, a passive
membrane, a dielectric elastomer actuator membrane, and a clear liquid.
The focal length variation was recorded to be greater than 100% with this
system, responding in less than one second. Through the analysis of
membrane deformation within geometrical constraints, it is shown that by
selecting appropriate lens dimensions, even larger focusing dynamic ranges
can be achieved.

©2013 Optical Society of America
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1. Introduction

Compact, adaptive focus lenses are attractive for imaging applications where space is at a
premium, including endoscopes, cell phone cameras, and machine vision apparatus. By
varying either the refractive index of the optical medium or the lens curvature, adaptive lenses
can supplant the bulky and expensive gears and electrical motor assemblies found in
traditional focus tunable lenses [1], [2]. Refractive index variation is typically limited to
specific liquid crystal materials which have inherent optical limitations, such as polarization
effects and relatively slow response times [2]. Lens curvature variation makes use of either
electrowetting principles to alter the position of two immiscible liquids of different refractive
index or deform flexible membranes encapsulating a liquid [1]. Within this second category of
flexible membrane lenses, the lens shape is altered in one of two ways: internal volume
change through liquid mass transfer [3], [4] or lens periphery actuation to induce deformation
in the optical path, either in the thickness or radial direction [2], [5-9]. A variety of actuation
mechanisms are used to drive the deformation of these tunable lenses, including electric
motors, rotating screws, piezoelectric elements, or dielectric elastomer actuators (DEAS).
However, each of these existing adaptive lens configurations locates the actuator outside the
optical path. The consequence of placing the actuator outside the optical path is that a
significant fraction of the lens’ lateral area is occupied by the actuating mechanism, reducing
the usable optical area [2].

The recent demonstration of compliant, highly transparent, and electrically conductive
electrodes in combination with dielectric elastomers affords the opportunity to use an
electrical signal to alter the shape of a liquid lens without external actuation [11]. The high
optical transparency of the electrodes, liquid, and elastomer permits the construction of
simple, self-contained adaptive lenses suitable for space-constrained tasks. The use of
transparent DEAs for lenses was recently demonstrated, but as the lens consists of a buckling
solid elastomer membrane, it only operates as a diverging optic [10]. The purpose of this
communication is to describe a self-contained tunable lens with an integrated electrical

actuator in the optical path of the lens. A detailed description of the design, materials, and



fabrication of the lens are presented in the following sections. Additionally, an analysis of the

membrane deformation and optical properties of the lens will be discussed.
2. Lens design

The lens is constructed from a stiff frame, a transparent liquid of fixed volume, and two
elastomeric membranes, one passive and the other electroactive, as shown in Fig. 1. The
electroactive membrane is a transparent dielectric elastomer coated with transparent compliant
electrodes on both sides; in this case, the dielectric elastomer is a commercially available
acrylic elastomer and the electrodes are single walled carbon nanotube (SWCNT) mats. The
focal length and the numerical aperture of the lens in the rest state are determined by both the
refractive index of the liquid and the extent of the membrane bulging. The latter is controlled
by the volume of the liquid placed in inside the cavity; more liquid reduces the focal length
and increases the numerical aperture of the lens. The focal length of the lens can be designed
to increase or decrease upon actuation depending on the location of the electroactive
membrane, i.e., as the larger or smaller diameter membrane, respectively. Consequently, if
both membranes are electroactive, the focal length of the lens can increase or decrease relative
to the rest state, depending on which membrane is actuated. However, the transparency of the
lens with two electroactive membranes will suffer from the presence of an additional electrode
pair. Since the diameter of each membrane is constant, the actuation will also change the

numerical aperture of the lens, which is inversely proportional to the focal length.

The lens’ adaptive capability is driven by the relative difference in curvature of each
membrane as a function of the internal liquid pressure. This capability is accomplished by
making the diameters of the membrane windows, D1 and D2, unequal, allowing the curvature
change to be different in the two membranes. As shown below, the percent change in focal
length as well as the absolute focal range depends on the geometrical configuration of the
assembly, the liquid volume, and the mechanical properties of the elastomer membranes. The
internal liquid pressure is controlled by the actuation of the DEA membrane. When a voltage
is applied to the DEA, the Coulombic attraction between the charges generates a Maxwell
stress over the membrane’s thickness and subsequently displaces volume in the plane of the
electrodes. As the DEA deforms, the tension in the membrane decreases causing a
concomitant decrease in liquid pressure, altering the DEA and passive membrane curvature

and thus the focal length of the lens.
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Figure 1. (a) Construction of the tunable lens, consisting of 3 main parts: dielectric elastomer
actuator membrane (part 1), frame (parts 2 and 3), and passive elastomer membrane (part 4).
The aperture of the lens is defined by the smallest diameter of the frame cavity or D1. (b) 3-D
cross-section of a fully assembled lens. (c) Optical photograph of the tunable lens as viewed
along the optical axis and against a black background grid (1 mm grid spacing). The lens
aperture (A) and transparent electrode terminals (E) are shown; electrode terminals are
identified by blue circles drawn in marker on the device. (d) Schematic of the lens at the rest
state (subscripted as ‘0’) and (e) during actuation (subscripted as ‘a’), showing a change in
focal length. D, h, and R are the diameter, height, membrane curvature, respectively. Suffix 1
and 2 refer to the passive and the electroactive membranes, respectively. The frame thickness,
t, and the lens focal length, f, are also depicted.

To analyze the lens design’s focal tunability, a MATLAB script was written to calculate
the maximum focal length change at the maximum actuation as a function of D2/D1 and
initial membrane height, h1,/D1 (see Fig. 1(d, €)). This calculation has several assumptions.
Spherical approximation is assumed, permitting use of the thick lens equation. As shown later,
the spherical approximation requires that bulging be relatively small (h1/D1 < 0.15, h2/D2 <
0.15). Additionally, the initial height, h2,, is arbitrarily defined as 2.5% of D2.
Consequently, when D2 is larger than D1, membrane 2 is chosen to be stiffer than membrane
1 in order to ensure high curvature of D1 relative to D2 at rest. In practice, the membrane
stiffness can be achieved by choosing a combination of various pre-stretch, thickness, or
material (elastic constant) values. Gravitational effects are neglected and positive pressure,
thus convex membrane shapes, is assumed.

The resulting calculation is shown in Fig. 2. When D2 and D1 are equal, the increase
in one membrane’s curvature during constant volume actuation is compensated by a reduction
in curvature of the other membrane, resulting in zero focal length change, shown by the white

area at D2/D1 ~ 1. In general, increasing the initial membrane height, h1,/D1, and increasing



the refractive index of the liquid decreases the initial focal length. However, the refractive

index does not affect the relative focal length change.
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Figure 2. Calculated maximum focal length change (color coded) with respect to the initial
focal length, as a function of the membrane diameter ratio, D2/D1, and initial membrane 1
height, h1,/D1. Black dots represent lens prototypes whose actuation is characterized in Fig. 4.

Figure 2 can be divided into two regions. In the first, where D2/D1 < 1, the focal
length change is negative, indicating that the focal length decreases with actuation. In the
second region, where D2/D1 >1, the focal length change is positive, indicating that the focal
length increases with actuation. In this second region, above 10% initial height h1,/D1, the
maximum focal length change increases with increasing membrane diameter difference.
However, at relatively low initial h1,/D1 values (< 0.01), higher D2/D1 does not increase the
maximum focal length change. This is mainly attributable to the limited actuation achievable
while maintaining positive liquid pressure. The large actuation strain of the dielectric
elastomer can only be utilized fully at high initial h1,/D1 values, where enough cap volume is

available for displacement through actuation.

In Fig. 2, the maximum focal length change in the first region occurs at the opposite
corner from that of the second region, i.e., upper right and lower left corners, respectively. To
optimize the lens geometry for maximum focal length change, the active and passive
membranes should initially possess low and high curvature, respectively, as the DEA
membrane can only increase in curvature. Therefore, in order to maximize the focal length



change when D2/D1 > 1, the passive membrane, D1, is at high curvature in the rest state,
which corresponds to the upper right corner of Fig. 2. Alternatively, when D2/D1 < 1, the

configuration for maximum focal length change corresponds to the lower left corner of Fig. 2.

3. Fabrication

A pair of lens frames was prepared from a cast polydimethylsiloxane (PDMS) sheet (Sylgard
184, Dow Corning) cut into a rectangular solid (25 mm x 25 mm x 2 mm). To define the
active diameter of the lens membranes, one frame was punched in the center with diameter D1
and the other with diameter D2. The passive elastomer membrane was made from 0.5 mm
thick acrylic elastomer (VHB 4905, 3M) biaxially pre-stretched with a linear strain of 100%,
while the electroactive elastomer membrane was made from 1 mm thick acrylic elastomer
(VHB 4910, 3M) biaxially pre-stretched with a linear strain of 300%. According to the
manufacturer’s datasheet, both membranes have a refractive index of 1.476. SWCNT
electrodes were deposited on both sides of the electroactive membrane using the filtration-
transfer method described previously [11]. These components were then bonded using
silicone adhesive (Silpoxy, Reynolds Manufacturing), as shown in Fig 1(a). After curing,
clear silicone oil (Dow Corning Liquid 200, 50cSt, refractive index 1.4022) was injected into
the lens cavity. Connections to the electrodes were made using wires punched through the
PDMS frame. One lens prototype is depicted in Fig. 1(c) against a square grid background,
illustrating that all materials, including the frame, are optically transparent; the frames can be
made opaque to prevent stray light if preferred. The curvature of the lens is evident in the
magnified image of the background square pattern. The lens focal length was measured with
the same setup shown in Fig. 3b, using the most distant object possible, located more than 75x
the longest focal length measured. Using a linear servo, the lens is translated along its optical
axis until the sharpest image on the sensor plane is obtained, determined by an edge detection
algorithm using LabVIEW software. The focal length is approximated by the distance from
the image sensor plane to the lens frame surface facing the sensor. The procedure is repeated

for various lens actuation states.

4. Results

In principle, the presented lens concept can be applied from sub-millimeter to centimeter lens
diameters depending on the membrane thickness and density of the liquid. However, for ease

of fabrication, we chose dimensions shown in Fig. 1(c) using commercially available



materials. Although the DEA membrane is made from an acrylic material and is not optimized
for optical transparency, it contributes only a small amount of absorption. Additionally, the
reflective light loss by the membrane surface can be significant in the absence of anti-
reflective coatings. The assembled lens has typical optical transmittance of 88% at 550 nm.

To qualitatively assess the optical performance of the lens, images of objects located
at different distances were projected through the lens onto a complementary metal oxide
semiconductor (CMOS) camera sensor. During testing, the lens was mounted at a fixed
distance from the camera and the actuation voltage was adjusted until the sharpest image of
each object was displayed, indicative of the focal plane. The experimental setup and captured
images are shown in Fig. 3. The lens can be seen to produce relatively sharp images of the
objects, showing minimal chromatic and astigmatism aberrations. The blurring of out-of-focus
objects in each frame illustrates a small depth of field, indicative of a relatively large
numerical aperture. The device numerical apertures are estimated to be 0.2 to 0.25 over the
entire imaging range, which are comparable to commercially available tunable lenses [2].
Higher numerical apertures can be achieved by decreasing the initial focal length.

Object Distance
b Image Lens
o Sensor 32cm 100 cm 770 cm

Control
Voltage

Figure 3. (a) Photographic images at various focal lengths as captured by a CMOS image
sensor demonstrating of the focusing capability of the lens. (b) A schematic of the
measurement setup used for image acquisition.

As the tunable lens changes shape, the membranes experience deformation, whose
magnitude generally depends on the curvature. The passive membrane, D1, is subjected to
hydrostatic pressure which exerts a uniform normal force. Because the membrane is
constrained at the edge, however, the local membrane deformation varies radially, reaching a
maximum at the membrane center. During actuation, the DEA membrane, D2, is under

combined hydrostatic pressure and Maxwell stress, oy, defined as
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where & V, and t are the dielectric permittivity, electrical potential, and elastomer thickness,
respectively. Since the membrane thickness varies along the radial distance, the local Maxwell
stress is inversely proportional to the square of the local thickness, resulting in a non-uniform

actuation strain generated radially when a constant voltage is applied.

To assess how the non-uniform Maxwell stress affects the optical properties of the
lens, the membrane curvature under various electrical fields needs to be analyzed. Wang et al.
developed an analytical model for hydrostatically coupled dielectric elastomer actuators [12]
similar to the present tunable lens configuration. In the model, the Maxwell stress is coupled
with the mechanical deformation of the elastomer membranes through a neo-Hookean hyper-
elastic material model. The analytical model was solved numerically and the resulting
deformation profiles of the dielectric elastomer membrane under various electrical fields were
compared to spherical profiles. We find that at relatively low membrane curvature, h/D <
0.15, the spherical cap geometry approximates the membrane shape well; the validity of the
spherical cap geometry is verified from the measurement of the lens profile. However, at
relatively high deformations, h/D > 0.15, the membrane shape becomes increasingly
parabolic, causing the center portion of the membrane to strain significantly more relative to
the area near the perimeter. In practice, the optically active area of the lens can be limited to
the area near the optical axis using a circular aperture, such that spherical curvature is
maintained within the smaller aperture and thus image distortion can be minimized at high

membrane deformation.

For a given lens dimensions D1 and D2, the initial focal length, f,, is determined by
the volume and refractive index, n, of the liquid. As the volume of liquid is increased, the lens
membranes bulge more, decreasing the f,. Using the aforementioned spherical curvature
approximation, the focal length of the lens can be calculated using the thick lens equation

l:(n_l){i—ier} )

f R, R, nRR,
We found that the calculated focal length agrees well with the observed focal length. For
example, the calculated and observed focal lengths for one of the fabricated lenses are 28.4
mm and 29+1 mm, respectively. During actuation, the electroactive membrane stretches,

decreasing R2 while increasing R1. The resulting net curvature change and the corresponding

change in the focal length originates from the relative difference in the diameter D2 with



respect to D1. As shown in Fig. 2, the relative difference D2/D1 plays an important role in the

amount of focal length change.
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Figure 4. Focal length variation as function of actuation voltage and initial focal length, f,. A
and B refer to the fabricated lenses with dimensions shown in Fig. 2.

Figure 4 depicts the change in lens focal length with actuation voltage for several
geometrical configurations, and illustrates that the maximum achievable focal length is
influenced by the membrane diameter ratio, D2/D1. At actuation voltages greater than 4900
V, the recorded images are degraded significantly due to non-concentric lens deformation,
thus defining the maximum usable actuation voltage. The liquid pressure inside the lens drops
monotonically with actuation strain [12], and at a critical strain, the holding pressure of the
membrane is overcome by gravitational forces acting on the liquid. Since the optical axis in
our lens is perpendicular to the gravitational force vector, the membrane curvature deforms
asymmetrically and distorts the image [4]. Such deformation is minimized if the lens optical
axis is parallel to the gravitational force, allowing for higher actuation strain and thus larger

focal length change than that of the perpendicular configuration.

The trend of focal length changes in lenses A and B agree with the calculated values
in Fig. 2. Fabricated lenses Al, A2, and A3 have different initial passive membrane heights,
but due to identical D2/D1 values, they have similar maximum focal length change values as
predicted by the calculation. Large D2/D1 values can be seen to increase the maximum
possible focal length change, as shown by comparing the maximum focal length change of
lenses B vs. A in Fig. 4, i.e., ~100% vs. ~45%. In the calculation, the final h1/D1 essentially
becomes zero at the maximum focal length change as the passive membrane becomes flush

with the frame. In practice, due to aforementioned gravitational effects, the pressure drop



within the lens at maximum actuation may deform membrane D2 non-concentrically, causing
image distortion. This gravity induced distortion is pronounced when the optical axis is
perpendicular to the gravitational vector, decreasing the effective maximum focal length
change. Such effects are observed in the fabricated lenses, where the measured maximum
focal length change is approximately half of the calculated value. For example, the observed
and the calculated maximum focal length change are 103% and 200%, respectively for lens
B2. Nevertheless, such a discrepancy is not as large as it may seem since the focal length
change is non-linear, i.e., the actuated focal length can be very large or approach infinity
within a small membrane height change. Although not directly addressed in this work, the
lens could theoretically be made small enough such that viscous and interfacial effects will

dominate over gravitational effects, ameliorating the non-concentric bulge concern.

The response time of the lens is determined by the amount of strain (i.e., the amount
of displaced liquid mass) and the DEA actuation power. The actuation power is proportional
to the rate of electrical charge delivered to the electrodes and the total electrical energy stored
within the DEA volume. While DEAs can exhibit relatively fast response times in comparison
to other electroactive polymer actuators [13], [14], the liquid’s inertia slows the response time
of the lens system; the more liquid being moved, the longer the response time. Our lenses
have response times of the order of tens to hundreds of milliseconds. Similar DEA
configurations reported in literature by Carpi et al. indicate that a relatively high frequency
response, in excess of one hundred hertz, is possible but at limited actuation strains [15].
Appropriate lens parameters, such as reduced lens dimensions, the use of low density and low
viscosity liquids, and elastomer membranes with high stiffness can be applied to further
optimize the system for improved actuation speed. Furthermore, improved dielectric
elastomer materials, with increased dielectric permittivity and reduced viscous losses, can

decrease the driving voltage for actuation and increase actuation speed, respectively.

7. Conclusions

Electrically tunable adaptive lenses have been demonstrated with a transparent actuator
located directly in the optical path. Lenses built using this concept yield focal length changes
of more than 100% at relatively fast response times (< 1 s). The lens performance is consistent
with the mechanics of elastomer deformation and relatively large focal length changes, of

hundreds of percent, can be achieved by choosing an appropriate lens geometry.
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