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Focus-Tunable Microlens Arrays
Fabricated on Spherical Surfaces

Difeng Zhu, Xuefeng Zeng, Chenhui Li, and Hongrui Jiang, Senior Member, IEEE

Abstract—We present microlens arrays consisting of multiple
focus-tunable microlenses omnidirectionally fabricated on spher-
ical surfaces, to realize large field of view. Thin flexible polymer
bridges connecting adjacent microlenses are designed to reduce
the wrapping stress and deformation of the microlens array. Each
microlens, formed via water—oil interface, is individually tuned
by a thermo-responsive hydrogel actuator. The range of the focal
length of each microlens in this array varied from millimeters
to infinity. A prototype of optical imaging system based on such
a microlens array on a spherical surface, including a charged-
coupled device camera, a fiber bundle, and a 3-D rotational stage,
is demonstrated as well. [2010-0273]

Index Terms—Curvilinear surface, field of view (FOV), focus
tunable, microlens array.

1. INTRODUCTION

PTICAL imaging and microscopy have drawn consid-
O erable attention in biomedical, industrial, and military
fields in the past decade, as their applications intend to keep up
with the trend of device miniaturization [1]—[5]. Microlenses
have been extensively used recently in those systems, such
as photolithography [6], medical imaging [1], and optical
communications [7]. In particular, focus-tunable microlenses,
which eliminate the need for mechanical optical alignment or
scanning, are considered possessing great potential to extend
the current capability and applications [8]-[10]. However, tra-
ditional microlenses and microlens arrays suffer narrow field of
view (FOV), which largely limits their applications [11], [12].
Thus, it is desirable to make microlens arrays onto curvilinear
surfaces, like compound eyes of insects, in order to achieve
large FOV [11], [13]. Nevertheless, this curvilinear structure
could be difficult to realize due to the intrinsically planar nature
of established fabrication techniques [12]. Although there are
nonplanar fabrication processes developed, they are gener-
ally very complicated [12], [14], [15]. Furthermore, increased
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complexity in fabrication due to nonplanar geometry would
make it relatively hard to fabricate tunable-focus microlenses,
which would significantly restrict the optical information
acquired [5], [16].

To overcome these challenges, a liquid-based focus-tunable
microlens array omnidirectionally fabricated on a hemispher-
ical surface would realize both large FOV and high spatial
resolution. Preliminary results on the microlens array have
been reported in [S] and [16] by our group. Here, we present
more detailed studies on the fabrication of microlens arrays
on spherical surfaces. Each microlens in this microlens array
can be tuned in focal length individually, resulting in high
spatial resolution. The tuned focal lengths of the microlens
array range from millimeters to infinity. Thermo-responsive
hydrogel rings perform as actuators for tuning, which avoids the
requirement of complicated actuation systems [2], [17]-[19].
The adjacent microlenses are connected through thin polymer
bridge structures to reduce the stress generated by wrapping
on the spherical surfaces and, thus, the deformation in the
microlens array. The fabrication process is relatively simple.

An optical imaging system based on the focus-tunable mi-
crolens array on a spherical surface is also demonstrated. This
system consists of a microlens array on a transparent hemi-
spherical shell, a fiber bundle, positioned inside the hemispher-
ical shell, to capture images gathered from each microlens, a
charged-coupled device (CCD) camera, and a 3-D rotational
stage that is responsible of controlling the position of the fiber
bundle.

II. PRINCIPLE AND STRUCTURE

Fig. 1(a) shows the 3-D schematics of one liquid-base focus-
tunable microlens in an array fabricated on a spherical sur-
face. A cavity, formed by a polymer substrate, a polymer slip
that defines the aperture, and a hydrogel ring are filled with
water, which is covered by silicone oil to prevent evaporation
[5], [16]. Since the refractive index of silicone oil (1.48) is
higher than that of water (1.33), a curved oil-water interface
would form a lens. Surfaces of the polymer aperture slip are
naturally hydrophobic, and the sidewall of the aperture slip is
treated to be hydrophilic [17], [18]. Thus, a water—oil meniscus,
whose circumference is pinned by a hydrophobic—hydrophilic
(H-H) boundary at the top edge of the aperture, can be
formed. Thermo-responsive reversible N-isopropylacrylamide
(NIPAAm) hydrogel serves as the actuator to tune the focal
length of the microlens. As the temperature decreases (in-
creases), the hydrogel swells (contracts), regulating the curva-
ture of the water—oil meniscus.[4], [5]. The water—oil interface
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(a) Divergent

Convergent

Fig. 1. (a) Schematics of one liquid-based focus-tunable microlens in diver-
gent and convergent statuses, respectively. A water container is defined by a
polymer slip, a hydrogel actuator, and the underlying polymer substrate. The
sidewalls of the aperture are chemically treated to be hydrophilic by corona
plasma discharge, while the top surfaces are naturally hydrophobic. An H-H
boundary is generated to pin a meniscus, a curved interface between water and
oil, which serves as a lens. The lens is divergent as the meniscus protrudes
upward, while it turns convergent with the meniscus bulging downward.
(b) Photoimages of a microlens in the two statuses: divergent and convergent.
The (divergent) left image is taken at around 30 °C; the (convergent) right
image is taken at about 50 °C. The scale bar is 2 mm. (c) Pictures of the
side profiles of the water menisci of a three-element microlens array taken at
different temperatures by a goniometer (without oil for visualization). Hydrogel
actuators are below the lenses (not visible here). The left picture is taken at
30 °C, while the right one is taken at 45 °C. The scale bar is 4 mm.

protrudes upward at low temperatures (divergent) and bulges
downward at high temperatures (convergent), as shown in
Fig. 1(a). Therefore, the focal length of this liquid-base mi-
crolens is varied. Fig. 1(b) shows photoimages of a microlens
in two statuses: divergent and convergent. Side profiles of the
water menisci of the microlens structures on a curved surface
can be observed via a goniometer (OCA 15+, DataPhysics
Instruments, Inc., Germany), as shown in Fig. 1(c). Remarkable
change in the radius of curvature of the water—air meniscus can
be seen, corresponding to different temperatures. Note that the
oil was not applied for visualization of the water menisci under
the goniometer.

During the fabrication, the focus-tunable microlens array
is first made planar. Then, to reach large FOV, the planar
microlens array could be wrapped and fixed onto a curvilinear
surface [5], [16]. As shown in Fig. 2(a), a six-element microlens
array is wrapped onto a hemispherical acrylate shell with a
diameter of 20 mm. When a planar substrate is wrapped onto a
hemispherical surface, a resultant wrapping stress is generated,
and the structure on the substrate would suffer severe deforma-
tion, degrading the optical performance of the microlens array.
In order to reduce the wrapping stress and deformation, elastic
polymer bridges [12] are used to connect each microlens struc-
ture, as indicated in the 3-D schematic in Fig. 2(b). The polymer
bridges are around 200 pm in thickness, and the microlenses

Fig. 2. (a) Six-element microlens array wrapped onto a hemispherical acrylate
shell with a diameter of 20 mm. Each microlens element is connected with the
adjacent one by elastic polymer bridges. Every lens is labeled with a number.
The scale bar is 5 mm. (b) Schematic of the elastic polymer bridges, which
connect adjacent microlens element. (c) Six-element microlens array folded at
the edge of a desk.

structure is 450 pm thick. Owing to the difference in thickness,
most wrapping stress is distributed in the polymer bridges, and
thus, the deformation of the microlenses is reduced. Owing to
the bridge structure, not only could this focus-tunable microlens
array be wrapped onto a spherical surface with more ease, but
it could also be bent or folded onto many other different kinds
of nonplanar surfaces without noticeable deformation. Fig. 2(c)
shows the six-element microlens array folded at the edge of
a desk across two bridges. There is no visible damage to the
microlenses even with such severe bending of the structure. Be-
yond its inherent planar nature, the capability of the microlens
array is enhanced.

III. FABRICATION

The fabrication process is based on a soft lithography process
[20], [21] without clean room environment. In the whole pro-
cedure, four masked ultraviolet (UV) exposures are performed.
The first two UV exposures define the geometry of the structure
and the bridges of the microlens array, while the third UV
exposure determines the geometry of the aperture slip. The
liquid-base microlens array structure is realized by transferring
from polymer molds. The last UV exposure is used to shape the
thermal-responsive hydrogels as actuators.

A. Equipment and Materials

Photopolymerization procedures were carried out using a
desktop EXFO Acticure 4000 (EXFO Photonic Solutions, Inc.,
Missisauge, ON, Canada) UV light source. Photomasks used
were printed in high-resolution films (3000 dpi, Imagesetter,
Inc., Madison, WI, USA). Oxygen plasma treatments were
carried out using a corona plasma discharge.

There were three kinds of polymers used in this fabrication
process: molds, structural polymer, and stimuli-responsive hy-
drogel. The detailed recipe can be found in previous publica-
tions [20]-[23]. The photopolymerizable prepolymer mixture
solution [isobornylacrylate (IBA)] acts as molds. It is similar
to negative photoresist. Exposure to a UV light source without
air makes IBA crosslink and the prepolymer mixture solution
solidify (called poly-IBA). Polydimethylsiloxane (PDMS), as
the structural polymer, forms substrates, bridges, and apertures
from the IBA molds. In our experiments, PDMS was cured
from its original mixture state. The thermal-responsive hydro-
gel, serving as actuators, is responsible for the focus-tunable
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Fig. 3. Fabrication process flow of a six-element tunable-focus microlens
array fabricated on a hemisphere. (a) IBA layer is initially photopatterned on
a glass slide with Mask I. The right picture is the top view of the first layer
of IBA mold. (b) Another IBA layer is photopatterned on the original IBA
mold with Mask II. Mask II is aligned with the IBA substrate by three small
circles on the edge, which could be seen from the top view on the right. By
heightening certain part of the IBA layer in the second lithography, molds for
bridge structure are realized. (c) PDMS mixture is poured onto the heightened
IBA layer, serving as the substrate and bridges. Top view of the geometry of the
PDMS is shown in the right picture. (d) Another IBA mold is photopatterned
on the second glass slide with Mask III. (e) PDMS mixture is partially filled in
the IBA mold, serving as the aperture layer of the microlens structure. (f) After
being fully cured on hot plates, two PDMS layers are stripped from their molds.
Corona plasma treatment is performed on their surfaces. The microlens cavities
are formed by bonding together two PDMS layers treated to be hydrophilic.
(g) NIPAAm precursor is injected into six cavities. (h) NIPAAm hydrogel rings
are photopatterned in the cavities as actuators with Mask I'V. The sidewall of the
aperture slip is treated from hydrophobic to hydrophilic. (i) Water—oil interface
is formed at the edge of each aperture slip due to the surface tension at the H-H
boundary, serving as a lens. The microlens array is wrapped onto a hemispher-
ical base and is distributed on a cap. 0 is defined as the angle that this cap sub-
tends. A separately fabricated round PDMS barrier (similar fabrication process
but is not shown here) is placed onto each microlens to keep oil in the package.

ability of each microlens. Here, thermal-responsive hydrogel
N-isopropylacrylamide (NIPAAm) is utilized for thermal con-
trol of the focus-tunable microlens. It can be solidified under
UV radiance, like negative photoresist. Ring-shaped NIPAAm
hydrogel actuators were photopatterned under the aperture
slip in our experiment, which would vary the pressure to the
menisci, thus changing the curvature of the water—oil interfaces.

B. Fabrication Process

The fabrication process is illustrated in Fig. 3. First, IBA sub-
strate mold was formed in a polycarbonate cartridge well (40 x
22 mm, HybriWells, Grace Bio-Labs, Inc., Bend, OR, USA).
The cartridge well consists of top cartridge plates and bottom
liner plates adhered together by a 250-um-thick spacer (double-
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Fig. 4. (a) Schematic of testing the focal length tunability of each microlens
in the six-element microlens array. Focal length of each microlens at different
temperature is measured by determining the position of the optically minimum
focused point of a collimated input light beam along the optical axis. A thermal
resistor heater and a thermometer are positioned under the microlens in order
to control and measure the in situ surrounding temperature, while the focused
point of a microlens is recorded. (b) Dynamic change in the focal length of
each microlens, labeled in Fig. 2(a), at different temperatures. The focal length
ranges from several millimeters to infinity, as the temperature varies from
25°Cto 53 °C.

sided adhesive tape; 3M Corporate Headquarters, St. Paul, MN)
at the edge. IBA-based prepolymer mixture solution was flowed
into the well using transfer pipettes. The first film photomask
(Mask I) was positioned on top of the cartridge plate and was
exposed to UV light source (intensity, UV = 9 mW/cm?; time,
t =20 s) to form the poly-IBA aperture array, as shown in
Fig. 3(a) (top view on the right). The bottom liner plate was
then peeled off. Unpolymerized prepolymer solution was rinsed
away with ethanol. Then, another layer of IBA polymer was
formed onto the patterned structures under UV radiance (inten-
sity, I =9 mW/cm? ; time, ¢ = 20 s) with Mask II to increase
the height of selected areas with the same methods, correspond-
ing to the ultimate bridge structures, as shown in Fig. 3(b). A
200-pm-thick spacer was positioned between the top cartridge
plate and the patterned IBA mold in order to determine the
height of bridges. Mask II was aligned on the second cartridge
with the patterned IBA mold utilizing three small circles at the
edge, as shown in the right picture (top view) of Fig. 3(b). A
similar procedure was executed on a glass slide to form another
mold, whose height was around 120 pm, for the fabrication of
the aperture slip, as shown in Fig. 3(d). Then, both IBA molds
were transferred to PDMS to serve as the substrate and aperture
slip, respectively, as shown in Fig. 3(c) and (e). The liquid level



392 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 20, NO. 2, APRIL 2011

of the PDMS mixture was lower than the IBA mold to form
through the holes as the apertures. PDMS mixture was then
cured on a hot plate at 65 °C for 4 h. Next, two fully cured
PDMS layers were peeled off from the respective molds.

After the inner surfaces of the cavities were treated from
hydrophobic to hydrophilic by corona plasma discharge, two
PDMS layers were bonded together [24], as shown in Fig. 3(f),
to form the structure. Then, the bonded PDMS structure was
pressed by 20-1b loads for two days, in order to prevent leakage
between bonded layers.

Next, NIPAAm precursor was injected into the cavities, as
shown in Fig. 3(g), and was photopatterned under UV light
(intensity [ = 13.5 mW/cm?; time t = 8.5 s), with Mask IV
aligned with the aperture slip. Noncrosslinked hydrogel precur-
sor was flushed away by ethanol, and NIPAAm hydrogel rings
were formed in the cavities. The sidewall of the aperture slip
was treated by corona plasma discharge to be hydrophilic to
pin the water—oil menisci, as shown in Fig. 3(h).

Then, this planar microlens array with soft PDMS substrate
was wrapped onto a hemispherical base. Finally, each cavity
was filled with water and covered by silicone oil, forming the
water—oil interface, as shown in Fig. 3(i). Separately fabricated
PDMS barriers were used to keep the oil in the package. The
fabrication procedure of these PDMS barriers is not shown in
the figure.

The diameter of each microlens was 1.8 mm. Each cavity was
250 pm in depth and 4 mm in diameter. The bridge was around
200 pm thick, 0.8 mm wide, and 0.8 mm long. The shape of
the original water—oil interface was determined by the volume
of water filled.

IV. EXPERIMENTS AND RESULTS

A. Focal Length, Tunability, FOV, and Wrapping
Stress Analysis

As shown in Fig. 4(a), the focal length of each microlens
in the array was initially measured before wrapping on a
hemispherical base, as a way of determining the position of
the optically minimum focused point of a collimated input light
beam along the optical axis [25]. A small thermal resistor heater
and the tip of a thermometer were placed under the target mi-
crolens in order to control and measure the in situ surrounding
temperature, while the focused point of a microlens was being
recorded. The dynamic focal lengths of the six microlenses
at different temperatures ranging from 53 °C to 25 °C were
obtained, as plotted in Fig. 4(b). The positive focal lengths of
the six microlenses varied from (1) 9.5, (2) 18, (3) 7, (4) 12.5,
(5) 21.5, and 22 mm (6), respectively, to infinity. The number
of each microlens was labeled in Fig. 2(a). Due to the nonuni-
formity in patterning the hydrogel actuators with our exposure
system and various volume of water injected into the individual
cavity, nonuniformity was manifested in Fig. 4(b). The average
depth of focus was measured to be around 4.5 mm.

The tunable-focus microlens array would be wrapped on a
hemispherical dome and a hemispherical shell with a diameter
of 18 and 20 mm, respectively, for testing. The FOV analysis
was first performed here. The FOV of each lens was measured

Outer Lens Area

Fig. 5. (a) Microlens array with bridge structures and a hemispherical base.
One-sixth of the structure is built in ANSYS as Model 1. Geometric parameters
for Model 1: diameter and thickness of one chamber where water—oil interface
resides: 1.5 and 0.25 mm; diameter and thickness of the complete circular
polymer structure: 3 and 0.5 mm; bridges: 3 mm by 3 mm by 0.25 mm.
(b) Meshed polymer structure of Model 1 after loads. (c) Deformed polymer
structure and the stress distribution of Model 1. (d) Microlens array without
bridge structure and a hemispherical base. One-sixth of the structure is built
in ANSYS as Model 2. Geometric parameters for Model 2: diameter of the
polymer structure without bridge: 12 mm; diameter and thickness of one
chamber where microlens resides: 1.5 and 0.25 mm; thickness of the substrate
under the microlens: 0.25 mm. (e) Meshed polymer structure of Model 2 after
loads. (f) Deformed polymer structure and the stress distribution corresponding
to the load for Model 2.

to be from 77° to 128°, depending on the focal length of the lens
[26]. In the microlens array fabricated on the 18-mm-diameter
dome, lenses were distributed on a spherical cap with an angle 0
of about 116° [0 is defined in Fig. 3(i)]. For the microlens array
distributed on the 20-mm-diameter shell, 6 is 113°.

Quantitative stress analysis on how the bridge structure
absorbs stress in the wrapping process was next performed
using commercial software ANSYS (ANSYS 12.1 Release,
ANSYS, Inc.). Due to axial symmetry, one sixth of the six-
element microlens array on a hemispherical base was sampled
in ANSYS for simplicity. Symmetric boundary conditions were
applied to corresponding surfaces to improve the accuracy. The
polymer structure with bridges was built in ANSYS as Model 1,
while a polymer structure without bridges was also established
as Model 2 to be a control, as shown in Fig. 5(a) and (d).

Parameters set for Model 1 were as follows: structural ma-
terial (PDMS): Young’s modulus of 750 kPa; Poisson’s Ra-
tio of 0.49; diameter and thickness of one complete circular
polymer structure representing the fringe and the substrate of a
microlens: 3 and 0.5 mm, respectively; diameter and thickness
of a chamber where the microlens (water—oil interface) resides:
1.5 and 0.25 mm, respectively; and bridge structure: 3 mm by
3 mm by 0.25 mm. Multiple displacements were loaded on the
polymer structure in order to make it bend as if it was contacted
with a hemispherical base. The meshed structure after the loads
of Model 1 is illustrated in Fig. 5(b), and the deformed structure
and stress distribution is illustrated in Fig. 5(c). As can be
seen, intense stress (over 30 kPa) is concentrated in the bridge
area. The circular areas where the liquid microlenses reside
only experience stress less than 15 kPa. Compared to the area
with the bridges, the lens areas could be considered immune to
the stress during the wrapping process. There would be little
deformation at those areas based on the simulation.

In contrast, meshed structure of Model 2 of the polymer
microlens array without bridges and deformed structure and the
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Fig. 6. (a) Three-dimensional schematics of testing the imaging of the mi-

crolens array on the glass hemisphere with a diameter of 18 mm. A transparency
film with a logo of “UW” (1 mm in size) is placed 40 mm below the mi-
crolens array. A CCD-coupled stereoscope is responsible for recording images.
(b) Frame sequence of the focused images from one typical microlens
(number 4) in this microlens array in one scan. The microlens is initially conver-
gent, and real images are obtained. Then, the focal length of the microlens grad-
ually increases as the hydrogel actuator expands with thermal dissipation. As a
result, the real images are magnified with time. Then, the microlens switches
to the divergent status after around 80 s; thus, the images are inverted as
virtual images after being refocused. As the temperature further cools down, the
negative focal length keeps increasing, resulting in the increase in size of virtual
images. The change in size of one microlens (number 4) is consistent with the
dynamic change in focal length indicated in Fig. 4(b). The scale bar is 1 mm.

stress distribution after displacements are shown in Fig. 5(e)
and (f), respectively. Corresponding parameters were as fol-
lows: structural material (PDMS) with Young’s modulus of
750 kPa and a Poisson’s ratio of 0.49, respectively; diameter
and thickness of the polymer structure without bridge: 12 and
0.5 mm, respectively; and the diameter and thickness of the
chamber where the microlens would reside: 1.5 and 0.25 mm,
respectively. Similar boundary conditions and loads were ex-
erted. Unlike disproportionate stress distribution in Model 1,
as shown in Fig. 5(c), the stress in Model 2 is distributed
relatively uniformly on the whole polymer structure. The stress
near the outer lens area is far over 50 kPa and that near the
central area is over 40 kPa, about five times of the stress in
Model 1 at the similar position. Such stress would deform the
water—oil interface and thus degrade the optical performance of
the microlens.

By comparing the two cases, it can be concluded that the
bridge structure could effectively reduce the wrapping stress,
therefore minimizing the unwanted deformation of the liquid
microlens structure.

The setup to test the imaging of the fabricated tunable-
focus microlens array on a transparent dome with a diameter
of 18 mm is shown in Fig. 6(a). An object plane with a logo
of “UW” (1 mm in size) was positioned 40 mm below this
microlens array (including the underlying hemispherical glass
dome). A CCD-coupled stereoscope was positioned above this
microlens array to monitor and capture images obtained from
the microlenses. The microlens array wrapped on the dome was
initially heated to 55 °C on a hot plate. Next, the microlens
array was removed from the heat and placed under the stere-
oscope. As the device was cooled down to room temperature
(23 °C) by thermal dissipation, images from the microlenses
were recorded. The frame sequence from the recorded video
of one typical microlens (number 4) is shown in Fig. 6(c). The
magnification and inversion of the focused images are observed.
Note that the hemispherical glass dome also contributes to the
ultimate images.
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Fig. 7. (a) Schematic of a simple optical imaging system demonstrated based
on the curvilinear focus-tunable microlens array. This system consists of a six-
element microlens array on a hemispherical acrylate shell with a diameter of
20 mm, an optical fiber bundle, a rotational stage, and a CCD camera that con-
nects with a PC. A transparency film with a logo “W” (1 mm in size) is placed
around 20 mm above the microlens array. (b) Photo of this prototype system.

After the removal of the device from the hot plate, the
microlens was initially convergent. Due to thermal dissipa-
tion, hydrogel actuators gradually expanded, bulging up the
water—oil meniscus, thus flattened the interface. Therefore, the
focal length increased from several millimeters to infinity, and
as a result, the image was magnified in this process. With fur-
ther decreasing temperature, the hydrogel kept swelling so that
the water—oil interface bulged up. Thus, the microlens switched
from convergent to divergent at around 80 s; the inverted virtual
images were obtained at another point of the optical axis. As
the temperature kept going down, the inverted images gradually
shrunk, indicating an increase in the negative focal length.
During the whole recording process, the stereoscope was fine
tuned to keep the images clear.

B. Prototype of Optical Imaging System

The liquid-based focus-tunable microlens array could be
integrated with many optical imaging systems. A proto-
type optical imaging system is demonstrated here, including
the microlens array on a spherical surface, a fiber bundle
(Milliscopell, Zibra Corporation, Westport, MA, USA), ro-
tational stage, and a CCD camera. Fig. 7(a) illustrates the
schematic of this detection system. A six-element microlens
array on an acrylate hemispherical shell with a diameter of
20 mm was positioned on a plate. An optical fiber bundle,
connected with a CCD camera, was inserted into the shell so
as to capture images obtained from each microlens. The fiber
bundle was attached to a 3-D rotational stage. Owing to that,
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Fig. 8. (a) Frame sequence of the focused images captured by the simple
optical system in Fig. 7. The images are obtained from one microlens (lens
number 5: top of the shell) in this microlens array in one scan. Owing to thermal
dissipation, the focal length of the microlens gradually increases, and thus, the
real images are magnified with time. The scale bar is 2 mm. (b) Magnified photo
of lens number 5 at 5 s. Pixels can be observed. The image quality is restricted
by the relatively low resolution of the optical fiber bundle. The scale bar
is 1 mm.

the fiber bundle could move forward or backward and rotate
at a certain angle as well. As a result, it could receive optical
information from different microlenses in the array and record
images while the focal length of the target microlens is tuned.
An object plane with a logo of “W” (1 mm in size) is positioned
20 mm above this microlens array. A photo of this prototype
system is shown in Fig. 7(b).

The testing procedure was similar to focal length tunability
test shown in Section IV-A. The microlens array wrapped on
the shell was also initially heated to 55 °C and then cooled
down to room temperature (23 °C) by thermal dissipation. As
the temperature of hydrogel actuators gradually approaches
room temperature, images obtained from the microlenses were
transmitted through the fiber bundle and captured by the CCD
camera. The typical frame sequence from the recorded images
of one microlens (number 5) is shown in Fig. 8(a). Magnifi-
cation of the focused images was observed as well, indicating
the variance in focal length of the microlens. Note that the
image quality is limited by the resolution of the optical fiber
bundle. Pixelization of the image—each pixel corresponding to
one fiber in the bundle can be observed in Fig. 8(b). Moreover,
the fiber bundle is a commercial product fully packaged. In our
experiments, when inserting the fiber bundle into the acrylate
shell, we have limited capability to accurately adjust the posi-
tion and angle of the fiber bundle. This also limited the image
quality obtained.

V. CONCLUSION

In summary, we have demonstrated focus-tunable microlens
arrays with six elements on spherical surfaces. Liquid-based
microlenses were omnidirectionally fabricated on transparent
hemispherical bases with diameters of 18 or 20 mm, respec-
tively, in order to realize large FOV. The microlenses were
distributed on a cap subtending an angle of 113° (20-mm-
diameter base) or 116° (18-mm-diameter base). Thin flexible
PDMS bridges connecting each adjacent microlens are de-
signed to reduce the wrapping stress and deformation of the mi-

crolens array. Each microlens is individually tuned by a thermo-
responsive hydrogel actuator fabricated around it. The range of
the focal length of each microlens in this array varied from
millimeters to infinity. A prototype of optical imaging system
based on this focus-tunable microlens array has been demon-
strated as well. A CCD camera, connected with a fiber bun-
dle, which was inserted into the hemispherical shell, captured
images obtained from each microlens. This system provides a
prototype for many potential applications, such as endoscopes
in medical imaging [1] and surveillance systems [27].

In future studies, the uniformity of the microlenses in the ar-
ray would be improved through better lithography systems and
precise control of the volume of the water filled into the cavity.
A larger FOV is expected by covering a whole sphere with mi-
crolens arrays with more lens elements [28], and thus, a distrib-
uted angle approaching 360° could be realized. The microlens
array will be developed on arbitrary curvilinear surfaces. Ray
aberration of the curvilinear microlens would be characterized.
Metal resistive microheaters and thermal coupling microsen-
sors could be fabricated below each single hydrogel actuator
to control the temperature locally. A thermal insulating layer
would be utilized to reduce the crosstalk among the hydrogel
actuators. The prototype of the optical system based on this
microlens array will be further improved. Multiple wave guides
could be introduced to transmit information obtained from
different microlenses simultaneously [13]. Flexible optoelec-
tronics could be integrated to widen its applications [12].
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