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Abstract: We report on a method to fabricate a varifocal microlens array that employs a
dielectric elastomer (DE) sandwiched between two electrodes as the lens material. The
microlens array is patterned on the electrode plates, and when the electrodes are subjected to a
controllable operating voltage, the DE material is “squeezed” by the Maxwell force to deform
the lens array pattern, thus resulting in curvature deformation yielding a tunable lens profile.
The tunable focal length performance ranges from 950 mm to infinity. When compared with
liquid-filled lenses, solid-based varifocal lenses are more robust to thermal expansion,
gravity, and vibrational motion. Our approach can be utilized in applications such as machine
vision systems.
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1. Introduction

Lenses are essential components of many optical systems, and they are commonly used to
transmit and/or bend light beams. Traditional lenses are constructed of solid materials such as
glass and plastic. In order to realize zoom or focus functions, the conventional approach is to
employ two or more lenses, which are mechanically moved over specific distances. Recent
years have seen the prevalence of compact optical systems based on a variable-focus
(“varifocal”) lens, which is a single lens whose focal length can be changed dynamically.

The focal length of a lens is defined by the curvature of the refractive surface and the
media on both sides, and a varifocal lens can be realized if at least one of these factors can be
controlled [1,2]. In this regard, a liquid crystal (LC) lens forms a graded refractive index
distribution via changing the orientations of the directors under the application of an
inhomogeneous electric field, thereby controlling the focal length [3—6]. Another approach
involves the manipulation of the physical deformation of the refractive surface of a liquid-
filled lens. The mechanism of the focal length change is controlled by pumping a liquid into
or out of a chamber. The classic operation mechanism utilizes a pumping system such as a
syringe pump or a high-speed piezoelectric actuator to control the fluid pressure and the
liquid volume so as to change the curvature of the lens profile [7—13]. The operation
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mechanism is simple but an extra actuator is necessary. Along a different line of research,
based on the principles of electrowetting phenomena, the curvature of an interface between an
insulating liquid and a conducting liquid can be varied with the application of a controllable
voltage, since the contacting angle is a function of the applied voltage [14-16]. Further, the
interface angle of a high-dielectric liquid and a low-dielectric liquid can be controlled
according to the dielectric force resulting from the application of an operating voltage
[17,18]. Electrowetting devices and dielectrophoresis devices both use external voltage and
can be driven silently, but they suffer from the problems of Joule heating and microbubble
formation over long operating times [18]. Although two immiscible liquids with high
transparency, equal density, and a large refractive index difference are considered to be ideal
for this type of lens, it is difficult to prepare liquids with the same density at any temperature
owing to thermal expansion [19]. In this regard, smart materials such as photopolymers [20]
and dielectric elastomers (DEs) [21-23] have been employed to seal liquids in a chamber, and
such systems when driven by blue-light irradiation or an operation voltage can reshape the
lens profile, thereby resulting in change in the focal length. Various driving approaches based
on fluidic pressure [24-26], acoustic radiation [27], electrochemistry [28], thermal effects
[29,30], environmentally adaptive hydrogel [31], and other methods are currently available.

When compared with liquid-filled lenses, such solid-based varifocal lenses are more
robust to thermal expansion, gravity, and vibrational motion, which makes the lenses ideal for
practical applications. To the best of our knowledge, this area has attracted very little
research. In a previous study, mechanical actuation by a rigid ring was designed to squeeze a
transparent rubber in order to deform the lens profile [32]. Further, a soft
polydimethylsiloxane (PDMS) lens was reportedly stretched by a surrounding muscle-like
shape memory alloy (SMA) actuator [33]. Along similar lines, a combination lens system
made of DE polymer and a PDMS lens with a translational movement along the vertical
direction under application of various sinusoidal voltage signals has also been demonstrated
[34].

Against this backdrop, in contrast to the abovementioned types of varifocal lenses, this
research proposes a method to fabricate a varifocal microlens array based on a DE polymer,
wherein the focal length of the system is changed by application of voltage. The proposed
lens medium is a soft and controllable elastomer, as opposed to the approach of sealing
optical liquid(s) within a chamber. Our proposed lens array exhibits a satisfactory varifocal
performance.

2. Design principle and fabrication process
2.1 Design principle

A DE is a transparent smart material that can transform electrical energy into mechanical
movement. When a voltage is applied to a DE, the electric field induces an effective
compressive Maxwell stress across the elastomer. The resulting electrostatic pressure
“squeezes” the DE material, thereby resulting in a decrease in its thickness and an increase in
its area [35-37]. The DE is squeezed owing to electromechanical pressure P, , which can be

expressed as

2

—7 (M

P, =¢,€, 7

eq
where ¢, represents the vacuum permittivity, € the dielectric constant of the DE material,

d the thickness of the DE, and U the applied voltage. We assume that the refractive index
does not change although the activated area is compressed and expands to the surrounding
area.
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When two electrode plates with a symmetric microlens array pattern are attached to the
top and bottom of the DE elastomer and connected to a programmable voltage supply, a
gradient voltage distribution is formed on the lens aperture zones. The zones with higher
voltages, which are mainly on or close to the electrode plates, are subject to a greater
electromechanical pressure; however, the zones within the apertures of the lens array are
subject to lower voltage and consequently relatively less pressure. Since the DE material is
soft, its squeezing leads to reshaping of the aperture zones. Each aperture cell on the lens
array forms a lens profile. The focal length of the lens cell can thus be changed by controlling
the applied voltage (Fig. 1).

Power OFF

B Dielectric Elastomer o
Bl Electrode Plate Power ON I

Fig. 1. Schematic of the varifocal microlens array based on dielectric elastomer (DE). The
green color represents the DE material, and the blue color the electrode. Under the OFF state
(no applied voltage), there is no deformation. In the ON state, the upper and lower electrodes
squeeze the DE material via Maxwell stress, thereby resulting in curvature deformation of the
“exposed” microlens array cells.

In the study, we first developed a model 3 x 3 microlens array using the COMSOL
simulation software. A 10-mm-diameter DE material was chosen, and a 3 x 3 array with 1.5-
mm-aperture cells was patterned on two (top and bottom) electrode plates, with each aperture
being 1.5 mm in size. Polyacrylate was utilized as the DE material (dielectric constant ~4.7,
density ~960 kg/m’, Young’s modulus ~220 KPa, Poisson’s ratio ~4.9). Figure 2 shows the
voltage distribution obtained with the application of 5 kV between the top and bottom
electrodes. While the electrode zone experienced the full voltage, the aperture was subjected
to a relatively low voltage. The electromechanical pressure P, , which was calculated

according to Eq. (1), was applied to the model. The deformation was confirmed by the
simulation result, as shown in Fig. 2(C). Because the electromechanical pressure is a function
of the voltage, the circular aperture portion of each cell (containing the “exposed DE”) will
suffer a lower pressure and a smaller deformation, and would subsequently be reshaped as a
lens profile.
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Fig. 2. Simulation result of voltage distribution of proposed dielectric elastomer (DE) upon
application of 5 kV. Circularly shaped polyacrylate with a diameter of 10 mm was employed
as the DE material. Two electrodes patterned with a 3 x 3 array with 1.5-mm-aperture cells
were affixed to the DE top and bottom surfaces. (a) Simulated model, (b) voltage distribution,
and (c) displacement distribution.

2.2 Device fabrication

Based on our simulation results, we decided to develop an actual prototype of the proposed
microlens array. We chose a soft DE material to fabricate our proposed varifocal microlens.
The fabrication procedure is described below.

* First, we fabricated an insulating plastic frame with dimensions of 40 X 40 mm and
thickness of 1 mm, as shown in Fig. 3(a). An inner circular hole with a diameter of
30 mm was designed to fix the electrode plate.

* Stainless steel (SUS 303) was used as the plate material, shaped as a circular plate with
a diameter of 30 mm. A 9 X 9 aperture pattern was designed, with the aperture size
of each cell being 1 mm in diameter. The plate was affixed to the insulated plastic
frame, as shown in Fig. 3(b). We chose the electrode to be circular because we
determined that electrical discharge occurred with square-shaped electrodes.

* In the third step, as shown in Fig. 3(c), we used a 40 x 40 mm square-shaped, 1-mm-
thick acrylic elastomer (3M, VHB 4910) as the DE material. The DE elastomer
could be pasted on the electrode plates because VHB 4910 was originally designed
as a double-sided adhesive tape.

* A second insulating plastic frame and electrode plate were fabricated and positioned on
the top of the DE, as shown in Fig. 3(d).

The electrode plates were firmly affixed to the DE elastomer to ensure that they could
squeeze the soft DE material via Maxwell forces upon application of the active voltage. Since
the inner side of the aperture area (facing away from the electrode) is not subjected to high
voltage, it “stores” the deformation and reshapes the profile of the DE material. The curvature
of the DE material within the microlens aperture can be controlled according to the applied
voltage on the electrode plates.
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(a) Fabrication of insulating plastic frame. (b) Affixing of electrode plate with 1-mm
aperture array to the frame.

P4
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(c) Positioning of DE polymer on the plate. (d) Affixing a second electrode plate with array
and plastic frame.
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Fig. 3. Fabrication process of the dielectric elastomer (DE) microlens array device. (a) A 40 x
40 mm square-shaped, 1-mm-thick insulating plastic plate with a 30-mm circular hole in the
center is fabricated. (b) A circular stainless steel plate with 30-mm diameter forms the
(bottom) electrode plate, and it is affixed to the plastic frame. A 9 x 9 array is patterned on the
plate, with each aperture size being set to 1 mm. (¢) A 40 x 40 mm, 1-mm-thickness acrylic
elastomer (3M, VHB 4910) is employed as the DE material. The top and bottom electrode
plates are pasted onto this DE material. (d) A second (top) electrode plate with an insulating
plastic frame and electrode plate is affixed to the top surface of the DE material.

3. Experiment and discussion
3.1 Experiment setup

To confirm the varifocal properties of our proposed microlens array system, we positioned
our lens system between a camera and a target with depth information. Here, we recall that
focal plane shifting is expected to occur when different voltages are applied to the lens
system. Figure 4(a) illustrates our experimental setup. The target with depth information
(Edmund Optics, DOF 5-15 Depth of Field Target) was positioned on one side of the test
microlens array prototype, which is shown in Fig. 4(c). A camera (Edmund Optics, EO-
1312C) was set on the opposite side, and a microlens kit (Edmund Optics, EO-39686 and EO-
55359) was mounted on the camera for observation. In order to evaluate the varifocal
performance of a single lens cell, a black occluder with an aperture that was slightly larger
than the diameter of the microlens cell was positioned atop the test prototype, as shown in
Fig. 4(b). A video clip of our experiment is linked with Fig. 4(d) (Visualization 1), which
shows that the focal plane shifts from left to right of the target when the applied voltage is
increased from zero to 5 kV. In our experiment, the applied voltage was increased in steps of
0.5kV.
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Fig. 4. (a) Experimental layout to determine varifocal lens performance. The microlens array is
positioned in between a camera mounted with a lens kit and a target with depth information.
(b) A black occluder with an aperture is positioned atop the lens prototype in order to evaluate
the varifocal performance of a single lens cell. (c) Photograph of the microlens array prototype.
(d) Visualization 1 linked to a video clip showing the focus changing with the applied voltage.
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3.2 Results and discussion

When no voltage was applied to the electrodes, there was no deformation of the DE material,
and the image of the target with depth information was captured as shown in the upper left
panel of Fig. 5. In contrast, the image corresponding to the application of 5 kV to the lens is
shown in the lower left panel of Fig. 5.

Each of the photographs in the left panel shows a series of black and white lines
(corresponding to the target). The photograph resolution was 1024 x 1280 pixels. Considering
the image as a matrix, the gradient of the change in the focal length was calculated as

OF ~ OF ~

VF=—i+—/]. 2
axl+ay] 2

The above expression returns the x and y components of the 2D numerical gradient.
Parameter FX corresponds to dF/dx , the difference in focus along the x (horizontal)-

direction, while FY corresponds to dF/dy, the difference in focus along the y (vertical)-

direction. The gradient was calculated along the red line shown in the left-panel images in
Fig. 5. The gradient results were calculated with the use of MATLAB; the right panels of Fig.
5 show the corresponding gradient plots. A higher amplitude value indicates the area in focus.

We note from the figure that when the applied voltage is zero, the left portion of the image
is in focus. Here, we also note that the horizontal axis of the gradient plot represents the pixel
location along the red line, and thus, the top image confirms that the original focal point was
in the near-field. When we gradually increased the applied voltage, the focal point
dynamically moved from left to right (as reflected by the shift in the maximum amplitude
from left to right in the plot), which meant that the focal point dynamically shifted from the
left portion of the image to the right. Therefore, our results confirmed a change in the focal
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length of the array with a change in the voltage applied to the DE material, thereby exhibiting
agreement with our analysis in section 3.
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b \

20 a0 50 00 1000 1200 1500

Fig. 5. Evaluation of varifocal performance of proposed microlens array. (a) Photograph of
target with no applied voltage. The left portion of the image is in focus. (b) Photograph of
target with application of 5 kV. The right portion of the image is in focus. To analyze the
change in the focal plane, we calculated the focal change gradient using MATLAB. The
gradient was calculated along the red line in (a) and (b). (¢) and (d) Gradient plots
corresponding to (a) and (b), respectively. The higher-amplitude region in the plot corresponds
to the area in focus. The black box in (c) indicates that the image region corresponding to this
box was defocused when the applied voltage was zero. In (d), the change in amplitude
indicates the area being in focus with the application of 5 kV.
The distance between the camera lens system and the test lens was D =50 mm, with the

initial (no applied voltage) combined focus of the camera and test lens f, =S, =100 mm
[38,39]. When the operation voltage was zero, the focal length f, of a single cell of the

microlens array was infinity. The focal plane “moved” by S—S"=2.5 mm when 5 kV was
applied to the DE and the focal length was f; . The values of parameters with prime symbols

were updated after 5 kV voltage was applied. According to the focal plane movement and Eq.
(3) below corresponding to the overall focal length, the focal length f, was calculated to be

950 mm; the corresponding schematic is shown in Fig. 6.

. 3)
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Fig. 6. Schematic depicting the change in the focal length of the test lens. The focal length of
the test lens is f, . With change in f,, the combined focal plane shifts by a distance of §, .
The distance D between the camera lens and test lens is 50 mm, and with the initial combined
focal length being f =100 mm. When no voltage is applied to the DE, focal length f, is

infinity. When 5 kV is applied to the DE, the focal plane moves by S —S = 2.5 mm. The
tunable range of the test lens is calculated as 950 mm to infinity.

In our experiment, the applied voltage was increased from zero to 5 kV in steps of 0.5 kV.
When applying a higher voltage, electrical breakdowns occurred on the devices. The variation
of the focal length f, was calculated according to Eq. (3); the results are plotted in Fig. 7.

The tunable focal length range of the microlens system was 950 mm to infinity. A
monochrome camera (Mako-U130B, Allied Vision) was used, and a telecentric lens (TPCS-
40D, Tokyo Parts Center) with coaxial illumination (IMH-250, Sigma Koki) was mounted. A
1951 US Air Force resolution test chart was employed as an imaging target and placed in
front of the camera. The working distance from the lens to the target was 40 mm. The test
microlens array prototype was inserted between them, 35 mm away from the camera lens. A
black occluder with an aperture was positioned atop the test prototype so that one lens would
be evaluated. An image was captured through the lens cell when the test lens was in the
released state, as shown in the top right of Fig. 7. A resolution of 161.30 Ip/mm (Group 7,
Element 3) was achieved.

10000
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0 0.5 1 1.5 2 2.5 3 35 4 4.5 5

Applied Voltage (kV)

Fig. 7. Plot showing focal length changes at various voltages. In this experiment, the applied
voltage was increased from zero to 5 kV in steps of 0.5 kV. The tunable focal length range of
the microlens system was 950 mm to infinity. A 1951 USAF resolution test chart, shown in the
top right, was captured through one of the microlens arrays.
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4. Conclusions

In this study, we proposed a method to fabricate a varifocal microlens array and demonstrated
its varifocal performance. A dielectric elastomer (DE) was employed as the lens material, and
it was sandwiched between two electrode plates. The microlens array was patterned on the
electrode plates. When the electrode plates were subjected to a controlled voltage, the DE
material was squeezed by Maxwell forces to deform the lens array pattern, thereby resulting
in curvature deformation yielding a tunable lens profile. The tunable performance of the focal
length was confirmed and analyzed by extracting the gradient profile of the change in focal
length of a captured target photograph. The tunable range of the focal length was calculated to
be 950 mm to infinity. When compared with liquid-filled lenses, solid-based varifocal lenses
are more robust to thermal expansion, gravity, and vibrational motion. Our microlens array
can be utilized in applications such as such as machine vision systems.
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