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Abstract

Natural visual systems have inspired scientists and engineers to mimic their intriguing
features for the development of advanced photonic devices that can provide better solutions
than conventional ones. Among various kinds of natural eyes, researchers have had intensive
interest in mammal eyes and compound eyes due to their advantages in optical properties such
as focal length tunability, high-resolution imaging, light intensity modulation, wide field of
view, high light sensitivity, and efficient light management. A variety of different approaches
in the broad field of science and technology have been tried and succeeded to duplicate the
functions of natural eyes and develop bioinspired photonic devices for various applications. In
this review, we present a comprehensive overview of bioinspired artificial eyes and photonic
devices that mimic functions of natural eyes. After we briefly introduce visual systems in
nature, we discuss optical components inspired by the mammal eyes, including tunable lenses
actuated with different mechanisms, curved image sensors with low aberration, and light
intensity modulators. Next, compound eye inspired photonic devices are presented, such as
microlenses and micromirror arrays, imaging sensor arrays on curved surfaces, self-written
waveguides with microlens arrays, and antireflective nanostructures (ARS). Subsequently,
compound eyes with focal length tunability, photosensitivity enhancers, and polarization
imaging sensors are described.
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1. Introduction

The eye is one of the most essential organs to those animals
that have eyes, owing to its ability to extract useful informa-
tion of objects or the surrounding environment from the light.
Whether the information is from a simple pit eye of a flatworm
with low-resolution vision or from a corneal lens eye of an eagle
with an acute vision, all kinds of information obtained from
their eyes can help the owners to plan their next behavior and
make critical decisions for their survival. Although the infor-
mation extracted from the eye is useful, all eye-possessing ani-
mals have different kinds and levels of vision systems because
their eyes have evolved depending on their demands, environ-
ment, visual information processing capacity, and usefulness
of the visual information in improving their behavior [1].
As a result, researchers have been mostly interested in mam-
mal eyes and compound eyes rather than other simpler ones
among the various types of eyes, for the more complicated
functions that these two categories of eyes can provide.

In the past decades, many researchers have studied mam-
mal eyes and compound eyes, and a variety of photonic devices
were inspired by these natural visual systems (figure 1). In
developing optical systems, scientists and engineers have only
spent centuries perfecting the glass-based optics; yet natural
eyes have been evolving for millions of years. Therefore, from
antireflection to image sensing, natural living organisms usu-
ally have better performance than those artificial approaches.
For example, the lens of the human eye is a natural miniatur-
ized tunable-focus lens with a wide focal range by changing
its shape, and the curved retina also significantly reduces the
aberration. Moreover, the human eye provides foveal vision
that sees a small field at much higher resolution than the rest
of the field of view (FoV). These specifications cannot be
achieved by the traditional refractive glass lenses and image
sensors. The compound eyes exhibit a wide FoV and great
sensitivity in an extremely small form factor. Furthermore,
antireflective nanostructures (ARS) of some compound eyes
effectively reduce the light reflectance on the surface of the
eye, which can improve the light sensitivity as well as reduce
the visibility of the owners to predators. These intriguing fea-
tures of the animal eyes have inspired researchers to develop
bioinspired artificial eyes and photonic devices for various
applications.

Thanks to the huge progress in micro- and nano-technolo-
gies as well as materials science, researchers have succeeded
in mimicking the key optical components of the mammal eyes
(the tunable lens, the retina, and the tunable iris) (figure 1(a))
and the compound eyes (microlens or micromirror arrays,
waveguides, photoreceptor cells, and ARS) (figure 1(b)). The
schematic illustrations in the boxes in figure 1 show repre-
sentative bioinspired photonic devices that mimic the key
optical components of natural eyes. Since most of the bioin-
spired photonic devices focus on reproducing the key func-
tions rather than anatomical structures of the natural eyes,
the dimensions or materials of the devices are not limited to
those of natural eyes. Hence, a wide spectrum of research has
been conducted to develop advanced photonic devices for
numerous different kinds of applications, including not only

imaging devices but also light intensity modulators, solar
cells, light-emitting diodes, and biomedical devices. Detailed
descriptions of these works will be presented in the following
sections in this review.

First, we introduce visual systems in nature, including
mammal eyes and compound eyes, in section 2. In the rest
of this article, we provide an overview of previous research
on bioinspired visual systems. The photonic devices includ-
ing tunable lenses, curved image sensors, and tunable irises
are described in section 3. Bioinspired compound eyes fab-
ricated on planar and curved substrates and integrated with
image sensors are presented in section 4. Other types of bioin-
spired visual systems including compound eyes with tunable
lenses, high-sensitive photodetectors, and polarization detec-
tors are introduced in section 5. Conclusions and perspectives
of bioinspired visual systems are given in section 6.

2. Visual systems in nature

2.1. Mammal eyes

The mammal eye is one of the most well-known natural visual
systems due to the research interest in its attractive optical
features as well as ophthalmology. The main optical features
of the mammal eye are focal length tunability (accommoda-
tion), high-resolution imaging with low aberration, and light
intensity modulation (adaptation).

The mammal eye can adjust focal length by changing the
curvature of the crystalline lens using ciliary muscles and
zonular fibres. When the ciliary muscles contract, the radial
tension of the zonular fibres is released, so that both the cur-
vature and the focal length of the crystalline lens decrease.
On the contrary, when the ciliary muscles relax, the zonular
fibres are stretched, so that the crystalline lens assumes a more
flattened shape that has longer focus. Studies of the human
eye have shown that the mean amplitude of accommodation
is about 15 dioptres (corresponding to an ability to focus from
about 7cm to infinity) at the ages 2—4 years [2] and the reac-
tion time of accommodation is about 300 ms [3]. Although the
amplitude of accommodation declines with age, the human
eye generally can offer a wide range of focal length adjust-
ment with fast response time.

The retina of the mammalian eye can produce high-res-
olution images with low aberration due to its curved image
surface. The resolution of the eye is related to the spacing
between the photoreceptor centres (s) and the focal length (f)
of the crystalline lens (the focal length is the distance from
the image to the nodal point where rays pass through with-
out refraction by the lens). As shown in figure 2(a), the eye
can resolve black and white parts of a grating if the period of
the image of the grating on the retina is 2s. Thus, the resolv-
able period of the grating is 2Ap = 2s/f, which is expressed
as an angle. In addition, the resolvable spatial frequency is
1/(2Ap) = f/2s. This equation indicates that the resolv-
able spatial frequency as well as the resolution of the eye
can be increased by increasing the focal length and/or reduc-
ing the spacing between the photoreceptors. Because of this
relationship, the human eye is relatively large and has small
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Figure 1. Schematic illustrations of natural eyes ((a) a mammal eye and (b) a compound eye) and bioinspired photonic devices that mimic

the key optical components of natural eyes.

photoreceptors (about 2 pm in diameter). The size of the pho-
toreceptors is not smaller than 2 pm because further reduced
size of the photoreceptors would cause light leakage.

The pupil of the mammal eyes can modulate the light
intensity by changing its size. The human pupil can change
its size from 2 to 8 mm in diameter, which modulates the
light intensity by a factor of roughly 16 [4]. The pupil con-
stricts in response to bright light in about 1sec and dilates in
response to darkness more slowly (several tens of seconds)
than constriction.

2.2. Compound eyes

2.2.1. Apposition compound eyes. A natural apposition
compound eye is composed of an array of optical units called
ommatidia. Each ommatidium consists of a facet lens, a
crystalline cone, a light-guiding rhabdom, and photorecep-
tor cells. The omnidirectional arrangement of the ommatidia
facilitates wide FoV detection. In addition, the compound eye
has opaque walls with pigment to prevent cross-talk between
adjacent ommatidia that would produce ghost images or con-
trast reduction.

Kirschfeld described the relation between the resolution
and the size of the compound eye by combining the following
three equations [5].

A
Ar=122 5 ey
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R

2

B A B Ar
T 2D 244

where Ar is the radius of Airy disk, A is the wavelength of
light, D is the diameter of the microlens, A® is the interom-
matidial angle, R is the radius of the compound eye, Ady is the
sampling interval. Equation (1) describes the diffraction limit
of the compound eye, (2) represents a geometric relationship
(figure 2(b)), and (3) states the optimal condition considering
optical and anatomical resolution. After combining the equa-
tions (1)—(3), Kirschfeld obtained
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This equation indicates that the resolution of the compound
eye increases only with the square root of the eye size, com-
pared to the resolution of the mammal eye, which increases
linearly with the eye size. Thus, the compound eye would
need about at least a 1 m diameter to achieve the same angular
resolution as the mammal eyes. Although the compound eye
cannot provide high-resolution images, it has other intriguing
features such as low aberration imaging, huge depth of field,
and high motion sensitivity [1, 6, 7].

2.2.2. Superposition compound eyes. A natural superposi-
tion compound eye has a clear zone between the photorecep-
tor cells and the optical structures that can refract or reflect the
incident light. Therefore, the light through the multiple optical
structures can be focused onto certain spots on the surface of
photoreceptor cells to form a single erect image (figure 2(c)).
Thanks to this anatomical difference from the apposition
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Figure 2. Visual systems in nature. (a) A mammal eye and the
finest grating that the mammal eye can resolve. The angular

period of the grating is 2A. N is the nodal point. fis the focal
length. s is the spacing between the photoreceptor centres. (b) An
apposition compound eye. A® is the interommatidial angle. D is
the diameter of the microlens. R is the radius of the compound eye.
(c) A superposition compound eye that has a clear zone between the
optical structures and receptors. The clear zone allows focusing of
the light through the multiple optical structures.

compound eye, which has optically isolated ommatidia, the
superposition compound eye has better light sensitivity than
the apposition one. Hence, unlike the apposition compound
eye that is found in most diurnal insects, the superposition
compound eye is commonly found in nocturnal insects and
deep-water crustaceans that live in dim environments.

3. Bioinspired mammal eyes

Image-forming eyes in mammals are one of the most delicate
and complicated organs, which may have been evolving for
millions of years since the first fossil of eye found to date
was from the early Cambrian (about 530 million years ago)
[1]. The many different components of the mammal eyes have
attracted scientists and physicians in the past centuries to study
their functions and how they came into existence. Among the
optical components of the mammal eyes, scientists and physi-
cians paid particular attention to first the crystalline lens (as
early as second century A.D.) and later on, the retina (start-
ing from sixteenth century B.C.), as the main components of
vision. Developing optical apparatus inspired by mammal eyes
has also been going on for centuries, starting from pin-hole
cameras (camera obscuras), then to photographic cameras.

The past decades witnessed tremendous improvement in cam-
era design and technology with the invention and evolvement
of semiconductor imaging sensors. With the recent advent of
tunable optical devices, including lenses and irises, as well
as curved imaging sensors, another era of enormous advance-
ment in camera technology is foreseeable.

3.1. Tunable lenses

3.1.1. Hydrogel actuators. Stimuli-responsive hydrogels have
enormous potential in many fields due to their properties of
large mechanical deformation, reversible volumetric change,
and responsiveness to various stimuli including temperature,
pH, light, pressure, electric field, and external chemicals. Tak-
ing advantage of the stimuli-responsive hydrogels, Jiang’s
group demonstrated many types of tunable liquid microlens
devices, using stimuli-responsive hydrogels as actuators
[8—15], inspired by ciliary muscles of human eye, to tune the
shape of curved liquid-liquid interfaces and hence focal length
of the resultant liquid microlenses.

Dong et al. first demonstrated a tunable liquid microlens
system using temperature- (NIPAAm, N-isopropylacrylamide)
and pH- (AA, acrylic acid; DMAEMA, 2-(dimethylamino)
ethyl methacrylate) responsive hydrogel [8]. This system,
shown in figure 3(a), consists of a hydrogel ring, microchan-
nels, glass plates, and an aperture slip. Water was injected
through the microchannels and a water droplet was confined
within the hydrogel ring. The whole structure was then cov-
ered with silicone oil. The water—oil meniscus, and as a result,
a liquid microlens, was thus formed by and pinned at a hydro-
philic-hydrophobic (H-H) boundary between the hydrophilic
bottom and sidewall surface of the aperture (‘ca’) and the
hydrophobic top surface (‘ts’). When the hydrogel ring was
activated by its stimulus, here temperature or pH, the volume
of the hydrogel ring underwent significant changes, and this
led to a volumetric change of the water droplet in the central
part of the ring. Such volumetric change in the water drop-
let in turn resulted in a change of the lens curvature due to
the H-H boundary and tuned the focal length of the micro-
lens. When the microlens was divergent and convergent, the
focal length was changed from —oco to —11.7mm and from
22.8 mm to +o00, respectively. The response time of the hydro-
gel actuators were a few to tens of seconds. Slow response
time is one of the important limiting issues of hydrogel actua-
tors to be addressed. Miniaturization of the hydrogel struc-
tures is one solution to improving the response time. Zeng
et al. studied the relationship between the response time and
different structures of hydrogel actuators [12]. They showed
that instead of the using one single hydrogel microactua-
tor, for example, a hydrogel ring, forming multiple smaller
hydrogel posts with similar total hydrogel volume had better
response time, because the diffusion time required for smaller
hydrogel structures is less.

After demonstrating the liquid microlens system using
the ring-shaped hydrogel actuator and a fixed lens aperture,
Dong et al. showed another design concept of liquid micro-
lens using pH-responsive hydrogel microposts actuated in
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Figure 3. Hydrogel-actuator based tunable lenses. (a) Schematic diagrams of a liquid microlens actuated by ring-shaped stimuli-responsive
hydrogels. Hydrophilic surface (‘ca’) and hydrophobic surface (‘ts’) of the aperture slip pin a water—oil interface along the contact line.
Expansion and contraction of the hydrogel ring lead to a change in the curvature of the water—oil meniscus. Reprinted by permission

from Springer Nature Customer Service Centre GmbH: Nature. [8] © 2006 (b) Working mechanism of a tunable microlens which uses
pH-responsive hydrogel microposts and a flexible slip. Reprinted from [10], with the permission of AIP Publishing. (c) A tunable liquid
microlens tuned by IR light-responsive hydrogel actuators. Reprinted from Zeng (2008) [11], with permission from American Institute

of Physics and authors. (d) A fibre endoscope integrated with an IR-responsive tunable microlens system. © 2011 IEEE. Reprinted, with

permission, from [13].

the perpendicular direction to the lens aperture and a flex-
ible aperture slip (figure 3(b)) [10]. This liquid microlens
system also used pinned H-H boundary to form a water—oil
meniscus; however, the actuation mechanism is different from
utilizing the hydrogel rings. The schematic diagrams of the
working mechanism in figure 3(b) show the tuning of the cur-
vature of the liquid microlens. When the hydrogel microposts
were activated by the change in the pH value in the surround-
ings, the hydrogel microposts bent the flexible aperture slip
upward by expansion or restored its position by contraction.
Correspondingly, the water droplet could be in either concave
or convex shape. Therefore, the hydrogel microposts with a
flexible aperture slip could tune the focal length of the micro-
lens. The focal length was varied from —oo to —7.6 mm when
the microlens was divergent and from 8.5 mm to +00 when the
microlens was convergent. It is worth noting that the capillary
length is many times longer than the lens aperture, so we can
neglect the effect of gravity. For example, in the case of sili-
cone oil and water, the densities of liquids are matched within
1%, which leads to a capillary length of around 27 mm, more
than one order of magnitude bigger than the lens aperture.
Using thermally driven NIPAAm hydrogel synthesized with
gold (Au) nanoparticles that have a strong absorption of the
infrared (IR) light and high heat efficiency, Zeng et al. devel-
oped a tunable liquid microlens tuned by IR light-responsive

hydrogel actuators (figure 3(c)) [11]. This tunable microlens
system has the same mechanism as the previous systems but
instead utilized a different stimulus to actuate the hydrogel.
The IR light-responsive hydrogel microposts were photopat-
terned in a water container to actuate the microlens under IR
light irradiation. The Au nanoparticles in the NIPAAm hydro-
gel absorbed the IR light and generated heat. The hydrogel
then contracted in response to the heat. When the IR stimu-
lus disappeared, the hydrogel expanded back to its original
volume with the heat dissipated to the surrounding fluid. The
volumetric change could tune the curvature of the pinned
water—oil meniscus as in the previous microlens systems.
Therefore, the focal length of the liquid microlens was con-
trolled by the IR light. The tunable range of the focal length
was from —oo to —17.4mm (divergent) and from 8.0 mm to
+00 (convergent). This IR-responsive tunable microlens sys-
tem has advantages in integration into other systems com-
pared with other types of hydrogel actuators because it can
be activated by light. As an example, it was integrated with a
fibre endoscope and showed potential clinical benefit by inte-
gration in fibre endoscopes and provided clinically relevant
images (figure 3(d)) [13].

Other research groups have also demonstrated different
types of tunable lenses actuated by hydrogels. Duan et al.
used bilayer hydrogels that possess swelling/deswelling
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behaviors to fabricate a tunable lens [16]. The tunable lens
fabricated by bilayer hydrogels could adjust the focal length
by changing the pH conditions. Under high pH conditions, the
lens-shaped hydrogels were in the contracted state, whereas
the hydrogel disk formed between two lens-shaped hydro-
gels expanded, leading to an increased focal length. On the
contrary, under low pH conditions, the lens-shaped hydro-
gels swelled, whereas the hydrogel disk shrunk, resulting in
a decreased the focal length. The focal length of the tunable
lens varied from 30.00 mm to 59.45 mm when the pH changed
from 1 to 7. Wirthl et al. bonded transparent hydrogel sheets
on both sides of a fluid-filled elastomeric lens to fabricate a
tunable lens [17]. When applying a DC voltage to the hydro-
gel sheets, the lens was flattened and the focal length of the
lens was increased by up to 110% compared to that without
the applied voltage. The tunable lens showed relatively fast
response time (in the 300 ms range) compared to other tunable
lenses actuated by hydrogels.

3.1.2. Thermopneumatic actuators. In a thermopneumatic
microlens, a gas-filled heat engine is used to drive the micro-
lens [18-21]. A small air bubble in a sealed chamber is heated.
In response to the temperature change, the air bubble expands
and pushes the liquid onto a flexible membrane, as shown in
figure 4. As a result, the flexible membrane bulges out, which
changes the curvature of the diaphragm that is holding the lig-
uid inside the lens chamber.

The fabrication of these microlenses are relatively straight-
forward. However, they generally suffer from a slow response
time of around 2min in the cool-down cycle [21]. The main
factor that hinders agility of these microlenses is that they rely
on natural convection to dissipate the heat.

3.1.3. Thermoelectric actuators. In the abovementioned
microlens actuation, buoyancy forces acts on the bubble
inside the lens chamber due to a large difference between
the densities of the gas and the surrounding liquid. This in
turn results in a microlens that is prone to vibration-induced
aberration. Further, as mentioned above, these microlens
actuators are inherently slow during the cool-down cycle,
which makes them not quite practical in many applications.
To tackle these two issues, a fully liquid, thermoelectrically
driven microlens was proposed [22, 23]. In this design, as
seen in figure 5, no air bubble is used and the actuation comes
from a change in the density of the working fluid as a func-
tion of its temperature. Furthermore, this actuator has a very
low aspect ratio; i.e. the depth of the actuation chamber is
very small compared to the width and length of the device,
which makes it faster as we will discuss later. Finally, since
the device is equipped with a closed-loop controlled thermo-
electric (TE) element, the temperature adjustment in both
cooling and heating cycles can be fine-tuned to be made agile
and stable at the same time.

The purely liquid-driven lens described above uses a TE
element to control the temperature of the working fluid, in this
case, water. Compared to using a resistive heater, the use of TE
provides the benefit of temperature tuning in a bi-directional
way; i.e. both increasing and decreasing. This essentially
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----- _—
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Figure 4. Schematic of a thermopneumatic tunable liquid lens.
Reprinted from [23], with the permission of AIP Publishing.

circumvents issues related to slow cooling time of the heat
engine of the device. The cross section is shown in figure 5.
The device is laid on top of a glass slide, and multiple lay-
ers of photo-defined poly(isobornyl acrylate) (Poly-IBA) are
laid to define device cavities. From the right, water is injected,
passing through microfluidic channels, fills the heat engine in
the middle, and then passes from another channel to reach the
left side of the device. Water is pinned at the opening on the
left. On top of that, a silicone oil (Dow Corning 550) drop-
let is injected into the shallow chamber on top of the water
meniscus. This chamber and the water injection opening on
the left are sealed with a thermoplastic polymer resin (poly-
ethylene terephthalate, or PET) cap. When current passes
through the TE element, depending on the current direction,
the water either expands in volume when heated or shrinks
when cooled. Since water can be assumed nearly incompress-
ible in this device, the net result of this volume change in the
working fluid is then reflected as a change in the shape of
the pinned water meniscus, which in turn creates a tunable
microlens. The optical performance of this device is shown
in figure 6. As can be seen, the resulting device functions as a
thermally controlled tunable microlens.

3.14. Electrohydrodynamic  actuators. Thermopneumatic
and hydrogel-based actuation mechanisms that are described
in prior sections rely on the external (out of the lens) environ-
ment to cool down. A thermally actuated microlens inherently
needs a heatsink to reject the heat generated when not needed.
It is thus a challenge for these two driving methods to be har-
nessed in a micro-packaged device. If the miniaturization of
the optical system is a must, one needs to look for an encapsu-
lated actuation mechanism.

Electrohydrodynamically actuated microlens is a category
of microlenses that solely rely on solid/liquid/electrostatic
field interaction to alter the curvature of the microlens. In
these drivers, an electrostatic field is generated via electrodes
embedded in the microlens structure [24-29]. This field would
in turn interact with two immiscible liquids and the resulting
energy balance will define the shape of the liquid microlens.
These types of microlenses can be further divided into elec-
trowetting and dielectrophoretic (DEP) types based on the
subtle differences in the driving mechanisms.

Electrowetting driven tunable microlenses are among the
most well-known and widely studied types of liquid lenses.
In typical applications, a conductive droplet is placed on an
insulator, which in turn is placed on top of an electrode. This
arrangement is usually called electrowetting on dielectric
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Figure 5. The cross section of a thermoelectrically driven tunable
liquid microlens. On the left side, a small aperture pins a water
meniscus. A water—oil meniscus is subsequently formed inside

an oil chamber. This meniscus consisting of two materials with
different refractive indices forms the microlens. An air gap between
the heat engine and the substrate provides extra thermal insulation.
Reprinted from Ousati Ashtiani [23], with permission from
American Institute of Physics and authors.

(EWOD) [25]. A schematic view of an electrowetting driven
microlens is shown in figure 7.

In an EWOD device, the conductive liquid and the elec-
trode constitute a capacitor. By applying a voltage, charge
is accumulated between the conductive liquid and the elec-
trode. This charge accumulation at the insulator/liquid inter-
face modulates the surface tension. Thus, the contact angle of
a droplet on top of the solid surface varies accordingly. The
relationship between the contact angle and the voltage follows
the modified Young equation [30]:

€0&d
cos = cos by + TUWUZ' 5)

In equation (5), 6 is the contact angle at an applied volt-
age U, 0y the contact angle at zero voltage, 4 the dielectric
constant of the insulator, €0 the vacuum permittivity, d the
thickness of the insulator, and oy, the liquid/vapor surface
tension. Since the volume of the droplet is constant, the
change of the contact angle will induce a change in shape of
the liquid droplet. Consequently, the curvature of the droplet
will change and the focal length of the tunable microlens
is altered. These flat electrode designs, although simple,
does not provide any centring mechanism for the droplet to
stay in the position during the actuation process. Therefore,
other means of droplet centring must be incorporated into
the device.

Based on the EWOD principle, various microlens structures
have been proposed [25-28]. In almost all designs, the con-
ductive liquid is surrounded by an immiscible and insulating
liquid. This serves two purposes: (i) it prevents evaporation of
the conductive liquid and (ii) it substantially reduces buoyancy
forces that act upon the liquid droplet. As a result, gravity and
other acceleration forces will not affect the shape of the droplet
and the dominant force will be the surface tension. Ultimately,
this results in a spherical shape of the liquid droplet.

In another embodiment of EWOD microlenses, a 3D struc-
ture is used [31]. As can be seen in figure 8, instead of having
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Figure 6. The back focal length of a thermally controlled tunable
microlens as a function of temperature. The back focal length has
negative values since the microlens has a convex water-into-the-oil
meniscus shape that forms a diverging microlens. The microlens
shows a slight hysteresis, similar to electrowetting driven and some
other liquid microlenses. Reprinted from [23], with the permission
of AIP Publishing.

a flat electrode, this design exploits conductive walls that are
covered with an insulator. Such a 3D structure has the inherent
advantage of liquid centring, since the droplet is physically
confined in the middle of the chamber.

The robustness, simple construction, low power and good
optical quality make this variable-focus microlens especially
suitable for mobile applications. A potential drawback is,
however, the complicated 3D structure of the device is poorly
compatible with mass production in readily available fabrica-
tion facilities that are optimized for surface micromachining.
Therefore, various planar structures have been proposed to
tackle the difficulty in manufacturing.

As mentioned above, One of the main hurdles in fabricat-
ing an EWOD liquid tunable microlens with a centred optical
axis comes from their complicated 3D structure. From the
perspective of mass production, planar surface micromachin-
ing is preferred. Hence, it is highly desired to come up with
a design that incorporates simple surface micromachining to
create a self-centring, EWOD liquid tunable microlens. One
such design is called areal density modulated electrode [32].
In this design, electrodes are arranged in such a way that pro-
vides a naturally favourable droplet position at the centre.
In other words, the electrostatic actuation centres the drop-
let while at the same time tunes the curvature of the liquid
microlens. The device structure is shown in figure 9(a) and
the electrode arrangement in figure 9(b). An insulating liquid
is placed on a micro-stage to define the initial droplet shape.
When a voltage is applied to the interdigitated electrodes, the
surrounding conductive liquid squeezes the central insulating
liquid inward, thus changing its shape and creating a tunable
microlens. The interdigitated electrode arrangement of this
design has a varying gap as a function of radius; i.e. the far-
ther from the centre, the smaller the gap becomes. For a given
droplet diameter, any lateral movement of the droplet from
the centre will result in an increase of the capacitance seen
from the electrical circuit, and thus an increase in energy, due
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Figure 7. (a) A microlens based on EWOD. A conductive liquid is placed on top of an insulator that covers an electrode. By applying a
voltage, solid/liquid surface tension is changed and as a result, the contact angle is tuned. This in turn will alter the shape (and thus the radius
of curvature) of the liquid droplet placed on top of a dielectric layer, forming a tunable lens. (b) The optical power of the fabricated microlens
as a function of applied voltage. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature. [24] © 2000.
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Figure 8. (a) Schematic cross section of a liquid-based variable lens in a cylindrical housing. (b) Under the application of a voltage charge
accumulates in the wall electrode whereas opposite charge is induced in the conducting liquid near the solid/liquid interface. (c) Photograph
of a 6mm diameter electrowetting lens without a voltage applied and (d) with a voltage applied. [31] 2005 © Springer Nature Switzerland

AG. With permission of Springer.

to abovementioned radially varying gap between electrodes.
Therefore, the droplet tends to be self-centred to maintain a
lower energy state.

The self-centring mechanism of the areal density modulated
electrodes is shown in figures 9(c)—(e). As seen, by increas-
ing the voltage, the insulating liquid is squeezed towards the
middle and thus the liquid droplet curvature increases, while
remaining at the centre of the device. The back focal length of
the resulting microlens was measured and shown to vary from
10.2mm to 5.8 mm when the voltage changed from 0 to 100 V.

DEP forces present another driving method for tuning lig-
uid microlenses [26, 29]. In these devices, two immiscible

liquids have substantially different dielectric constants. When
exposed to an electrostatic field, the liquids will change their
shapes to minimize the potential energy stored in the elec-
trohydrodynamic system [29]. The DEP mechanism used to
deform the droplet can be described using the Kelvin polariza-
tion volume force density f as:

1 2
f=-5V[ (- E]. ©)
In equation (6), £, and € are the permittivity of the droplet

and the sealing liquid, respectively, and E denotes the inten-
sity of the electric field.
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Figure 9. (a) The cross section of a liquid microlens with areal density modulated electrodes. The insulating liquid (here, silicone oil),
is placed on a predefined SU-8 micro-stage. The rest of the chamber is filled with a water based conductive liquid. By applying a voltage
to the electrodes, the silicone oil droplet is radially pushed inward (shown by the dotted red line), and its curvature changes, resulting in
a change of the focal length of the microlens. A variable capacitance is seen from the electrodes. It consists of a water based conductive
liquid as a floating electrode that moves on top of the insulated electrodes. (b) Top view of a section of electrode design. A plurality of
interdigitated electrode and counter electrode pairs (shown in dark and light grey) are connected to a voltage source. The lateral gap
between electrodes (highlighted by arrows) decreases as it goes farther radially. (c) Top view of the microlens at different actuation
voltages. The scale bar is 1.5 mm. The dashed circle highlights the edge of the droplet. Initially at O V, the droplet is pinned at the edge
of the micro-stage. (d) The centred droplet at 60 V. (e) The centred droplet at 100 V. Adapted from [32]. © IOP Publishing Ltd. All rights

reserved.

In the configuration shown in figure 10, a plurality of annu-
lar, interdigitated rings are placed on a substrate. By applying
a voltage, the high-dielectric liquid squeezes the low-dielectric
liquid towards the centre. The centre droplet is usually pinned
at the electrode rings; thus this design provides a centring
mechanism. Compared to EWOD, this design does not need
a conductive liquid, and dielectric liquids usually are more
stable and have a lower vapour pressure. Furthermore, DEP
microlenses do not suffer from possible bubble formation
known to aqueous based EWOD microlenses [33]. However,
due to the digitized nature of the electrodes, the resulting tun-
able focal length will be discretized and the microlens lacks a
continuous tunable focal range.

3.1.5. Electroactive polymer actuators. Electroactive poly-
mers (EAPs) are among the emerging actuators for tuning
membrane-based liquid tunable microlenses. One advan-
tage of EAPs comes from their large strains under electrical
stimulation that can be an order of magnitude greater than
those produced by, for instance, piezoelectric devices, while
at the same time can produce forces that are higher than
conventional electrostatic  MEMS (Microelectromechani-
cal system) actuators. Recently, poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)]
and poly(vinylidene fluoridetrifluoroethylene-chlorotriflu-
oroethylene) [P(VDF-TrFECTFE)] polymers demonstrated

glass

0.5mm

=~ _dielectric forces
,"\E

Figure 10. A cross section of a DEP microlens. The droplet shrinks
to a new state (dashed line) due to the dielectric force. Reproduced
from [42]. CC BY 3.0.

electrostrictive strain of more than 5% [34, 35]. Nonetheless,
P(VDF-TrFE-CFE) or P(VDEF-TrFECTFE) thick (greater than
20 pm) actuators require operating voltages greater than 1kV
[36], which is considered impractical for smaller electronic
devices. Rather, polymer actuators consisting of multi-layered
thin films of polymers sandwiched between conductors can be
fabricated to possess similar a performance under much lower
actuation voltage [37]. Such a tunable microlens with an EAP
actuator is shown in figure 11(a). In this device, actuators are
arranged at four corners of a liquid filled chamber. Fomblin
perfluoropolyether (PFPE) M03 was used as the optical lig-
uid. Its viscosity and refractive index are 54 cP at 20 °C and
1.29, respectively. The chamber is made from two silicon (Si)
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Figure 11. Tunable lenses with electroactive polymer (EAP) actuators. (a) The schematic design of a varifocal microlens suitable for
wafer-scale microfabrication, utilizing an EAP. The focal length of the liquid-filled microlens varies owing to the deformation of the
transparent elastomer membrane under hydraulic pressure tailored by the EAP actuator. The varifocal microlens was combined with a
commercial fixed-focus five-megapixel phone camera. Reproduced with permission from [37]. © The Optical Society (OSA). (b) Analogy
between the tuning mechanisms of (i) and (ii) the bioinspired tunable lens system actuated by a DE film and (iii) and (iv) the human eye
system. Both systems have a flattened lens shape in (i) and (iii) the rest state and a rounded lens shape in (ii) and (iv) the activated state.
The annular DE actuator functions as the combined ciliary muscle and zonular fibres. Adapted with permission from [38] John Wiley

& Sons. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (¢) An electroactive liquid lens driven by an annular
dielectric membrane, which can tune the focal length of the liquid lens by changing the fluid volume of the circular reservoir. Reproduced
with permission from [40]. © The Optical Society (OSA). (d) A tunable liquid lens using a DE film with a through hole. Reproduced with
permission from [41]. © (2016) COPYRIGHT Society of Photo-Optical Instrumentation Engineers (SPIE). (e) A tunable lens system using

transparent DE actuators. Reproduced from [42]. CC BY 3.0.

wafers that are bonded together to create a sealed microflu-
idic-based liquid microlens. By applying a voltage between
the parallel-plate multi-layered electrodes (not shown in here),
a strain is induced that deforms these 4 membranes, bulging
them inwards. This results in a liquid flow towards the centre
of the device, where the liquid lens membrane with an aper-
ture of 2.4 mm resides, thus pushing the membrane outward,
altering the radius of curvature of the microlens, and induces
a change in the focal length. In [37], an EAP actuator mem-
brane showed a deflection of 9 pm under a voltage of just 40
V, while the centre membrane exhibited a movement of 37
pm, which resulted in an optical power of 50 diopters.

Carpi et al. demonstrated a bioinspired tunable lens made
by an annular dielectric elastomer (DE) actuator functioning
as the artificial muscle, as shown in figure 11(b) [38]. This
tunable lens system consists of a fluid-filled elastomeric lens
combined with an annular DE actuator, which is function-
ally analogous to the ciliary muscle and zonular fibres of the
human eye. When the DE actuator is electrically activated,
the annular region of the DE membranes is compressed in
thickness and deformed and expanded in plane as a result of
Maxwell stress. This deformation reduces the lens diameter
and increases the lens thickness due to the constant volume
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of the fluid filled in the lens; as a result, the DE actuation
reduces the lens curvature and its focal length. In the human
eye system, the crystalline lens has a flattened shape when the
zonular fibres are stretched and the ciliary muscles are relaxed
in the rest state. When the ciliary muscles contract, the radial
tension of the zonular fibres is released, so that both the curva-
ture and the focal length of the crystalline lens are decreased
in the activated state. Therefore, the DE actuators successfully
mimicked the lens actuation of the human eye system from the
functional point of view. A few years afterward from the first
demonstration of such a bioinspired tunable lens, Maffli et al.
developed an improved DE actuator for an ultrafast tunable
lens by using low-loss silicone elastomers [39]. This silicone-
based tunable lens showed very short optical settling time
(shorter than 175 us) and good mechanical stability.

In addition to the tunable lens designs described above, a
few different tunable lens systems using DE actuators have
been demonstrated in recent years. Wei et al. developed an
electroactive fluidic lens using an annular DE actuator, which
can induce a deformation of the lens membrane and the tuning
of the focal length by transporting the fluid between the lens
part and the actuation part (figure 11(c)) [40]. The DE actua-
tor proposed in this work eliminated the pre-straining process
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and required lower voltage (less than 1kV) for stable opera-
tion. Jin et al. presented a simple type of tunable liquid lens
using a DE film that has a through hole (figure 11(d)) [41].
A liquid droplet was trapped in the hole of the DE film; the
curvature and the resultant focal length of the liquid lens was
tuned by varying the size of the hole. Unlike the other types
of DE actuator-based tunable lenses, Shian et al. developed
a tunable lens system using transparent DE actuators (figure
11(e)) [42]. In this tunable lens system, the lens curvature and
the focal length can be tuned by actuating the transparent DE
films that act as the lens surfaces themselves. Hence, this sys-
tem can remove the separate space set aside for the actuators
to adjust the lens curvature, and thus improve the system sim-
plicity and compactness.

3.1.6. Magnetic actuators. Magnetic force is one of the most
widely used actuation mechanism in various industrial appli-
cations. In microdevices, however, it is not as favored mostly
due to ohmic loss. Nonetheless, when large displacements in
actuations are needed, when designed properly, magnetically
actuated devices may become more favorable. An example
of relatively large-displacement-actuator that was used to
drive a tunable microlens was presented in [43]. The device
structure is shown in figure 12. Au wires are integrated into a
polydimethylsiloxane (PDMS) membrane. A pair of perma-
nent magnets (not shown) are placed to create a magnetic field
that is perpendicular to the wires, and parallel to the PDMS
membrane. When current passes through the wires, Lorentz
force is induced on the wires, which in turn exerts a force on
the deformable PDMS membrane. A deformation of 51.4 ym
was reported for a 30 mA actuation current. Since the PDMS
membrane encapsulates an incompressible liquid (glycerol),
the liquid is moved from one side of the device to the other.
In the optical part of the device, the deforming PDMS due to
this liquid movement creates a curved surface with a refrac-
tive index higher than that of the air, thus acting as a tunable
microlens.

3.2. Curved image sensors

More than a hundred years ago, Joseph Petzval described in
his optical aberration theorem, namely Petzval field curva-
ture, that even thin lenses would cause image planes to curve
[44]. In the traditional camera systems with flat image sen-
sors, this aberration can partially be compensated by bulky
and expensive multiple-lens systems that consist both positive
and negative surfaces. The natural eye (e.g. human eye) only
has positive surfaces, thus producing significant field curva-
ture, but can effectively compensate the aberration by curv-
ing its retina [45]. Studies have been conducted to explore
the potentially dramatic improvements in performance with
curved sensor surfaces [46-50], including improvements such
as 7 x reductions in length and 37 X in weight of lenses, and
significantly better modulation transfer function (MTF) and
relative illumination, especially at the edges of the image
field. Currently, the first practical application of the curved
focal plane was achieved in Kepler photometer, in which 42

1

Incompressible liquid

PDMS membrane

Actuating PDMS membrane
(a)

..

(b) bl Rl |

Figure 12. (a) The schematic view of a magnetically actuated
microlens. (b) The working principle: forces are induced on the
wires as a result of a current passing through the parallel wires. The
incompressible liquid is then pushed, bulging out from the other
side of PDMS membrane, forming a tunable microlens. Reprinted
from [43], with the permission of AIP Publishing.

mosaics of flat charge-coupled devices (CCDs) imaging sen-
sors were assembled on a curved substrate. Because integra-
tion of these flat CCDs onto a curved surface requires bulky
components and intrinsically generates ‘dead zones’ between
sensors, such configuration has limited applications, espe-
cially in commercial-grade imaging devices. Owning to the
mainstream planar semiconductor processing technologies,
fabrication of monolithic truly curved digital image sensor is
still challenging. In the past decade, efforts have been made
to develop novel technologies that can fabricate curved image
sensors, and a few prototypes have been demonstrated. Based
on the fabrication process and substrate materials, these
prototypes can be generally categorized into image sensors
on fixed curved surfaces and deformable curved surfaces,
respectively.

The ability to transfer a flat, thin-film-based electronic
and optoelectronic systems onto elastomer substrates opens
up many applications in flexible electronics and wearable
devices, and also provides a promising strategy to realize
curved image sensors. Such a concept was demonstrated
by Lee and co-workers at the University of California at
Berkeley [51]. An array of Si micro-squares connected with
S-shaped suspensions was fabricated on a PDMS membrane,
and configured into a hemispherical shape by a pneumatic
pump, as shown in figure 13(a). In their work, the S-shaped
suspensions as shown in figure 13(b) were made of silicon
dioxide with a thickness of 1 pm. The suspensions would
provide spring constants of 7.3N m~! in the direction
perpendicular to the membrane and 424N m~! along the
stretching axis. In this manner, the Si micro-squares would
not be broken during the stretching of the PDMS membrane.
By coating a thin layer of Cr/Au, resistance of the S-shaped



Rep. Prog. Phys. 83 (2020) 047101

Review

Figure 13. Scanning electron microscope (SEM) images of a fabricated array of Si micro-squares connection with S-shaped suspensions.
(a) and (b) The device and S-shaped suspensions on a flat membrane. There is no pressure applied to the membrane (c) and (d). SEM
images of the device and S-shaped suspensions on a hemispherical shape, which was bended by a 50 kPa of applied pressure. Reprinted

from [51], with the permission of AIP Publishing.

suspensions across the PDMS membrane were measured
under different pneumatic-pumping pressures, confirming
electrical connections under the membrane deflection. Such
design shows the feasibility to fabricate image sensors on
large-curvature surfaces without breaking the metal connec-
tions between pixels.

The first functional image sensor on a curved elastomer
substrate was demonstrated by Rogers et al. at the University
of Illinois at Urbana-Champaign, as shown in figure 14 [52].
They introduced an electronic eye imager that used well-estab-
lished electronic materials and planar processing approaches
to create optoelectronic systems on a flat surface in unusual
designs enabled to be geometrically transformed to nearly
arbitrary curvilinear shapes. Figure 14(a) illustrates the fab-
rication process. In general, a hemispherical dome of PDMS
substrate is transformed into the planar shape of a ‘drumhead’
by a biaxial tension produced by ten independent paddle arms.
Meanwhile, conventional planar processing forms a passive
matrix focal plane array on a Si-on-insulator (SOI) wafer. The
focal plane array was then transferred onto the planar ‘drum-
head’ PDMS substrate. Moving the paddle arms to their initial
positions causes the elastomer to relax back, approximately,
to its initial hemispherical shape but with a slightly (10% for
the systems investigated) larger radius of curvature, as shown
in figure 14(b). A critical design feature in this device is the
use of thin, narrow lines to connect nearest-neighbor pixel
elements (see figure 14(c)), which enables elastic compress-
ibility in the system. Figure 14(d) demonstrates the electronic
eye camera by integrating the curved focal plane with a lens.
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Grayscale images were successfully captured by this proto-
type with 16-by-16 pixels, as shown in figure 14(e). Because
adjacent pixels in the camera eye need to be connected through
soft ‘bridges’ so that the focal plane can be wrapped onto a
hemispherical surface, the density of pixels would be lower
than the conventional flat image sensors. To obtain images
with fine spatial features, rapid scanning of the whole image
plane by eccentrically rotating the camera eye was needed to
reconstruct the final image with higher resolution.

After realizing their first camera eye with functional curved
image sensor, Rogers and co-workers made further improve-
ment of the camera systems. For example, to overcome the
limitation induced by the fixed detector curvature that could be
incompatible with changes in the Petzval surface of the varia-
ble zoom lenses, a dynamically tunable electronic camera eye
was developed based on a curved focal plane with adjustable
curvature [53]. In addition, hexagonal arrangement of the pix-
els was also demonstrated, which could improve the density
of the pixels as well as the coverage area [54]. Several other
research groups have also been studying on the fabrication of
optoelectronics on deformable polymer substrates for curved
image sensors. However, all these works are at the proof-of-
concept stage and far from commercial maturity. Furthermore,
these approaches share some limitations, including low pixel
density due to the substrate stretching, incompatibility with
sophisticated active pixel complementary metal-oxide—sem-
iconductor (CMOS) or CCD arrays, and the inability to scale
to small pixel pitches (e.g. <10 pum) due to the processing
limitations.
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In order to improve the pixel density of the curved imag-
ing sensors, research has been focusing on fabricating the sen-
sor array directly on Si substrates. Jin et al. at University of
Ilinois shown their early attempt on fabricating an array of
«-Si: H photoconductive sensors on a spherical glass substrate
by a soft-lithography patterning process followed by a depo-
sition of «-Si and metal thin structures [55]. Because such
fabrication process is not well compatible with the standard
semiconductor manufacturing techniques, and the deposited
Si layer has much lower performance in photoconductivity,
to date no results of this approach are reported to produce
a working imaging sensors. An alternative approach to the
curved imaging sensors on Si substrates is the fabrication of
the sensor array on a flat Si by the standard semiconductor
manufacturing techniques, and then bended it into curved
shapes. It has been proven that by thinning the Si to tens of
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micrometres, bending it to a relatively small curvature could
be achieved. However, due to the mechanical properties of the
material, a principal trade-off between the fundamental ques-
tions, (1) can required curvature be demonstrated on large-
size imaging sensors and (2) how well the sensors perform
electro-optically after the bending, always exists and become
the most interesting topic in this research field.

Dinyari et al. [56] and Rim et al. [46] introduced a spring
structure between the individual pixel islands, increasing the
flexibility during the bending. A curved Si structure (with size
1 x 1cm? and curvature radius of 1cm) was fabricated based
on such design, as shown in figure 15. Fabrication of such
curved Si die requires expensive SOI substrates. To further
decrease the cost of fabrication, mechanical and chemical
thinning process was utilized to produce thin Si structures
from regular Si wafers. In addition, pressures were applied
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Figure 15. (a) Photo of a fabricated curved Si die. (b) Details of the curved die at an off-axis location, showing the spring structures
between the pixel islands. (¢) SEM image of the pixel islands and the spring structures. Reproduced from [46]. CC BY 3.0.

to bend the thin Si into curved structure without introduc-
ing complicated and fragile spring structures. For example,
Olaf Iwert [57] and co-workers at University of Arizona and
European Southern Observatory (ESO) demonstrated a bend-
ing process by the negative vacuum pressure. Both working
convex and concave frontside-illuminated imaging sensors
with size of 6 x 6cm? and curvature radius of 50cm were
demonstrated, as shown in figures 16(a) and (b). Dumas et al.
[58] demonstrated a bending process by a mechanical pres-
sure, and a 10 x 10mm? CCD with curvature radius of 40 mm
was fabricated. The CCD sensor was integrated in a camera,
and an image in near-infrared (NIR) spectrum was obtained.

Although these bending process shown possibility to pro-
duce working curved imaging sensors, the curvature of the
sensor is limited and the yield is still low due to the damages
of the thin Si induced by the pressures. As described in Olaf
Iwert’s work, the fabrication process needs to be strictly con-
trolled and the material has to be carefully selected to avoid
the cracking or damage of the device during the bending pro-
cess [57]. To address these problems, researchers at Microsoft
[59] improved the bending process, and demonstrated a work-
ing curved CMOS imager with curvature of 26.7° as shown in
figure 17(a), comparing to <20° curvatures of previous works.
As demonstrated in figure 17(b), in the conventional bending
process to produce curved imaging sensors, the edges of the
thinned Si membranes (red line) were fixed while pressure or
vacuum is applied, and the deformation is resisted by radial
in-plane tensile loads that grow nonlinearly with increasing
deflection. By comparison, the improved approach forms an
unconstrained die through pressurized flexible membrane
(blue line) that leaves the edges free to translate, thus largely
eliminating radial tensile forces and reducing the strain energy
density.

Although there exists various unsolved problems such
as low yield and limited bending curvatures, deformation
of a thinned Si membrane with pixel array into the curved
shapes has been proven to be the most promising technol-
ogy to fabricate commercialization viable curved imaging
sensors. In 2014, Sony has released their first prototype of
the curved imaging sensor fabricated by this method, and
demonstrated a significant improvement of the imaging per-
formance compared to the flat sensors [60]. Compared to the
other approaches to the curved sensors, the wafer thinning
and bending process can be completely integrated into the
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Figure 16. Photos of convex (a) and concave (b) imaging sensors.
Reproduced with permission from [57]. © (2012) COPYRIGHT
Society of Photo-Optical Instrumentation Engineers (SPIE).

existing semiconductor processing, and thus largely reduce
the cost of manufacturing and duration of the R&D circle. In
addition, this approach demonstrated the capability of fab-
ricating 100% fill-factor imaging sensors with comparable
electro-optical properties. As for transferring the sensor array
onto flexible polymer substrates, the research will focus on
those low-resolution imaging applications that requires tun-
able field-of-view.

3.8. Tunable irises

Tunable irises of mammal eyes can control the amount of light
passing through the lenses by varying the size of the iris open-
ing depending on the ambient light intensity. This simple and
effective mechanism has been used to develop artificial irises.
Several different types of tunable liquid irises have been
developed to be utilized in micro-optical systems [61-64].
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Figure 17. (a) Photo of a highly curved imaging sensor. The curvature of the shown sensor is 26.7°. (b) Comparison between the
conventional (upper image) and the improved bending process (lower image). In the improved bending process, the edges of the Si
membrane (blue line) are free to translate. Reproduced from [59]. CC BY 3.0.

The tunable liquid irises were utilized for not only modulating
light intensity but also adjusting the f-number and depth of
field, preventing scattering light, and reducing spherical aber-
ration. In addition to liquid irises, wearable or implantable
artificial irises have been demonstrated, which can self-adap-
tively control the amount of light through the irises by sensing
or reacting to the ambient light intensity. These self-adaptive
artificial irises could be helpful to patients of aniridia, albi-
nism, iris coloboma, and trauma-induced iris defect [65-67].

3.3.1 Tunable liquid irises. Miiller et al. proposed a tunable
liquid iris that used microfluidic structures and capillary force
[61]. The optofluidic device was constructed by photolitho-
graphically defined multilevel resist structures, fluid ports
drilled utilizing an ultraviolet (UV) laser, and injection of an
opaque liquid that controlled the aperture diameter and light
transmittance. Since the capillary pressure depended on the
height of the chamber, the meniscus was pinned at each step
of the chamber. Thus, the opaque liquid was filled at the outer
ring first and subsequently moved inward towards the centre
of the chamber (figure 18(a)). The research group compared
the optical performance of a mechanical diaphragm and the
optofluidic iris by capturing images with different f-num-
bers of the system. The optofluidic iris successfully tuned the
Jf-number and provided comparable imaging quality at high
Jf-number but reduced contrast at low f-number.

In addition to the optofluidic iris using microfluidic struc-
tures and capillary pressure, other approaches have been dem-
onstrated for tunable liquid irises that used dielectrophoresis
[62], electrowetting [63], and electromagnetic [64] effects,
which can manipulate the opaque liquid filled in fluidic chan-
nels. As a result, the devices could tune the aperture diameter.

3.3.2. Liquid crystal rings. Polymer-dispersed liquid crystals
(PDLCs) were used to develop an artificial iris [65], which
consisted of eight PDLC rings that can change its states from
opaque to transparent by applying a bias voltage (figure 18(b)).
The reason of using PDLC in this work is its higher light
transmittance (as high as 70%) compared to the aligned pure
LCs whose transmittance is limited to 50% due to the neces-
sity of a polarizer. The PDLC rings controlled the intensity of
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transmitted light depending on the ambient light intensity by
using an integrated control circuit with a photodiode. When
the artificial iris was tested under ambient light intensities
from 0 lux to 2500 lux, it could effectively modulate the light
intensity. The maximum value of the modulated light intensity
was 720.5 lux at the ambient light intensity of 1375 lux. This
artificial iris can potentially be utilized for robotic vision.

3.3.3. Photo-reactive materials. Arttificial irises with self-
regulating light transmission were developed by using photo-
reactive materials [66, 67]. Na et al. demonstrated an artificial
iris that had spoke patterns mimicking the iris frill of a human
eye and could control the light transmission by spiropyran dyes
embedded in a transparent polymer (figure 18(c)). Although
the dynamic response of the artificial iris was relatively slow
(tens of seconds) compared with the human iris (on the order
of ms), the artificial iris effectively attenuated the light trans-
mission as the intensity of incident light increased. Thanks to
the resemblance to the human iris and self-regulating char-
acteristics, this proposed device has a potential to be used in
contact lenses or as implantable artificial irises.

4. Bioinspired compound eyes

4.1. Artificial compound eyes on planar substrates

A number of artificial compound eyes (ACEs) have been
developed and fabricated on planar substrates owing to the
readily available fabrication processes and ease of integration
with conventional image sensors. The optical designs are rela-
tively straightforward to develop camera modules by integrat-
ing these ACEs with the image sensors. Although wide FoV is
not achieved due to the flatness of the devices, the ACEs can
provide sufficiently thin imaging systems.

4.1.1. Artificial apposition compound eyes. Duparré et al.
developed artificial apposition compound eyes on planar sub-
strates that can be easily integrated with conventional image
sensors [68, 69]. The optical device consists of a microlens
array (MLA) on a glass substrate and a pinhole array at the
bottom of the substrate (figure 19). Each microlens generates
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Figure 18. Artificial irises. (a) Optical images of a tunable liquid
iris with microfluidic structures. The tunable liquid iris is optically
opened and closed through liquid actuation (bottom). © 2010
IEEE. Adapted with permission, from [61]. (b) Optical images of
the artificial iris with all opaque (left) and all transparent (right)
PDLC rings. Adapted from [65], Copyright (2011), with permission
from Elsevier. (¢) An illustration of an artificial eye composed of a
pupil part and an iris part that resemble the iris frills of the human
eye (left). A schematic of the artificial eye (right). In contrast with
the human iris, the artificial iris controls the light transmittance

by using a reversible photoreactive material without change in the
pupil size. Reprinted from [67], Copyright (2013), with permission
from Elsevier.

a small subimage of the object. The imaging system obtained
a magnified Moiré image by adjusting the difference in pitch
between the MLA and the pinhole array, AP = P — Pp. The
difference in pitch determines the viewing directions of each
optical channel. If the pitch of the pinhole array is smaller than
that of the MLA, the optical axes of the channels are directed
outward. Accordingly, an upright Moiré image results. If the
pitch of the pinhole array is larger than that of the MLA, the
image is inverted. The difference in pitch also affects the
interommatidial angle of the artificial apposition compound
eye, A® =tan~'(AP/f), and the Moiré magnification,
Pp/AP. The overall image size of the device is determined
by the Moiré magnification, hence the thickness of the device
is completely independent of the image size. This arrange-
ment delivers a much thinner device than a classical objective
lens with the same magnification. The acceptance angle Ay
is one of the key parameters of the device for determination of
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Figure 19. Principle of an artificial apposition compound eye
on a planar substrate. A planar artificial compound eye consists
of an MLA with a diameter D, a focal length f, and a pitch

Py on the front side of a spacing structure, and a pinhole array
with pinhole diametersd and a pitch Pp on the focal plane of the
microlenses. The channel directions of view are pointing outward
because of the difference in pitch, Pr. — Pp, of the microlens and
pinhole arrays, which results in an interommatidial angle A®.
The acceptance angle A of a channel is determined by the ratio
of the pinhole diameter d and the focal length f, and diffraction
effects of the microlenses are determined by A/D, where A is the
wavelength of light. Optical isolation between adjacent channels
must be implemented to prevent crosstalk and ghost images.
Reproduced with permission from [69]. © The Optical Society
(OSA).

resolution and sensitivity. The trade-off lies in that it has to be
small for high resolution and large for high sensitivity.

The artificial apposition compound eyes were fabricated
by wafer-scale lithography processes. Two different types
of artificial apposition compound eyes were demonstrated,
depending on whether the device had opaque walls or not.
The device without opaque walls used a thin 4-inch glass
wafer as a spacing structure between MLAs and pinhole
arrays. The master patterns for the MLAs were fabricated on
a Si wafer using photolithography with reflow process. The
MLAs were replicated by moulding into UV curable poly-
mer on the front side of the glass wafer. The pinhole arrays
were constructed on the backside of the glass wafer by pat-
terning a thin metal film. The wafers were diced and directly
mounted onto the detector array to capture images. However,
this device cannot avoid the crosstalk between adjacent
channels. To avoid ghost images from crosstalk, opaque
walls were added between channels. The device with opaque
walls used an SU-8 photopolymer and a highly absorbing
polymer as a spacer. High-aspect-ratio SU-8 columns were
fabricated to make transparent channels, and gaps between
SU-8 columns were filled with a highly absorptive polymer
to form the opaque walls. Microlens and pinhole arrays were
formed by the same fabrication procedures. Since the spac-
ing structure was formed on the thick supporting substrate,
the device with opaque walls cannot be directly mounted
onto the detector array device. For characterization, the cap-
tured images of the device with opaque walls were relayed
onto a CCD camera.
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Radial star and line patterns were imaged to measure the
optical performance of the artificial apposition compound eye.
The achieved resolution of the device was 1.5 line pairs per
degree (LP/°) with 2 pm pinholes. The opaque walls effec-
tively eliminated ghost images that were caused by cross talk.

After the demonstration of this artificial apposition com-
pound eye, the same research group developed another arti-
ficial compound eye inspired by neural superposition eye of
insects to resolve a problem of the artificial apposition com-
pound eye, which is the intrinsic trade-off between resolution
and sensitivity, as previously pointed out [70]. If other param-
eters are fixed, the sensitivity of the device is increased along
with an increasing pinhole size, which decreases the resolu-
tion of the device. Unlike in the previous artificial apposition
compound eye, the solution was using a multi-channel imag-
ing system and redundant sampling to increase the sensitivity
without sacrificing the resolution. This artificial neural super-
position eye also suppressed temporal noise and provided
color image by adding a color filter in each channel.

As natural compound eyes, the planar type of artificial
apposition compound eyes employs spherically shaped micro-
lenses, which is not an optimized design to achieve wide FoV.
To solve this problem, Li et al. designed and fabricated a
freeform MLA that can be directly mounted to a commercial
image sensor [71]. They fabricated the freeform MLA using
diamond broaching to first make a metal mould and microin-
jection moulding to produce lenses at a low cost. The freeform
MLA has an FoV of 48° x 48°. To minimize crosstalk among
adjacent channels, a micro aperture array was added between
the freeform MLA and an image sensor. The measured result
showed that the freeform MLA was able to form the images
and to provide wide FoV as expected by the design.

4.1.2. Artificial superposition compound eyes. Superposition
compound eyes have better sensitivity than apposition com-
pound eyes because the effective pupil size is larger than the
size of a single channel. This is the reason why most noctur-
nal insects and marine crustaceans that live in dim environ-
ments possess superposition compound eyes, whereas diurnal
insects have the apposition compound eyes. Furthermore, the
resolution of the superposition eye type can be almost as good
as the diffraction limit allows. Therefore, this eye type can
solve a problem of the apposition eye type, which is the trade-
off between resolution and sensitivity. However, the super-
position compound eyes need a clear zone, which requires a
longer optical system.

In 1940, Dennis Gabor described an optical system that
could be seen as an artificial counterpart of the superposition
compound eyes, known as ‘Gabor Superlens’ [72]. After this
invention, Hembd-Sdlner et al. reported the first experimental
demonstration of Gabor Superlens [73]. The manufactured
superlenses succeeded to confirm Gabor’s theoretical analy-
sis, but it had relatively high system thickness due to the long
focal length. Stollberg et al. significantly reduced the size of
the Gabor Superlens and improved its optical performance
such as FoV and resolution by micro-optics technology [74].

The miniaturized Gabor Superlens consists of two separate
components that have three MLAs and four aperture layers
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Figure 20. Schematic diagram of an optimized Gabor Superlens
and ray-tracing at zero-degree incident angle. The optimized Gabor
Superlens consists of two separate components that have three
microlens arrays and four aperture layers. Reproduced from [74].
CCBY 3.0.
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(figure 20). Unlike the Gabor Superlens that has two MLAs,
one more MLA, the field MLA, is added between the first
and second MLAs to reduce vignetting and increase FoV and
contrast of the image by reducing the stray light from adjacent
channels. Four aperture layers also suppress the inter-channel
crosstalk and ghost images. The aperture stop limits the cone
of light and the vignetting stop further controls the crosstalk
between adjacent channels. The light sensitivity of the super-
lens is determined by the field stop because it controls the
amount of channels contributing to an image point. The sec-
ond MLA stop blocks the light that passes through the gaps
between the microlenses of the second MLA.

The diameter of the field stop is related to the resolution
and sensitivity of the Gabor Superlens. The larger diameter of
the field-stop ensures that more channels can focus light onto
a single image point, hence higher sensitivity of the optical
system. In contrast, since more contributing channels gather
light from outer channels that bring forth aberrated rays, the
size of the focused spot increases and the resolution decreases.

The two components of the Gabor Superlens were carefully
aligned (accuracy better than 1 pym with active alignment) in
front of a CCD sensor to measure the optical performance.
The optical performance of the fabricated Gabor Superlens
matched well with simulated results. The fabricated Gabor
Superlens had larger effective pupil diameter (864 + 38 um)
and higher resolution (2.0 LP/°) than previous artificial appo-
sition compound eyes. On the contrary, the Gabor superlens
was thicker than the artificial apposition compound eye due to
its higher number of components and complexity.

4.1.3. Cluster eyes. A research group at the Fraunhofer
Institute developed several thin imaging systems inspired by
natural compound eyes. However, both artificial apposition
and superposition compound eyes have a low image resolu-
tion. To overcome this issue, the same group found a solu-
tion from the compound eye of Xenos Peckii, a wasp parasite.
Unlike the apposition compound eye that has one photorecep-
tor corresponding to each lens, Xenos Peckii has more than
one hundred photoreceptor cells on the retina of each eyelet,
which detects a partial image within the overall FoV, and the
partial images are then combined to form a high-resolution
image (figure 21(a)). Briickner et al. developed a microoptical
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Figure 21. Schematic diagrams of the compound eye of Xenos Peckii and the electronic cluster eye (eCley). (a) Each separate eyelet
detects different part of the object space and the partial images are combined to form a real image of the object space in the lamina.

(b) Each microlens in an eCley forms a partial image on the attached CMOS image sensor and multiple diaphragm arrays prevent crosstalk
among the adjacent channels. The partial images are stitched by image processing to achieve a high-resolution image. Reproduced from

[75]. CCBY 3.0.

imaging device called an electronic cluster eye (eCley),
which consists of a MLA and several diaphragm arrays and
is directly mounted on an image sensor (figure 21(b)) [75].
Thanks to the small lens sags of the eCley, the MLA were
fabricated by wafer-level technologies such as photolithog-
raphy, thermal photoresist reflow, and UV moulding. Three
horizontal diaphragm arrays were placed under the MLA
to minimize optical crosstalk among adjacent channels. In
each optical channel, the eCley captured different part of the
whole FoV. Subsequently, these partial images were stitched
together digitally to form a high-resolution image of the full
FoV and close to VGA resolution (700 x 550 pixels) could be
achieved with a 1.4 mm device thickness, which is about half
of that of a comparable single-lens imaging system. The dist-
ortion of each partial image was corrected by image process-
ing; thus, the final image could be reconstructed with minimal
distortion.

A freeform MLA design was suggested to improve the spa-
tial resolution of the eCley imaging system [76—78]. In order
to overcome the limitation of the fabrication method utilizing
photoresist-reflow-based microlens, Dunkel et al. developed a
new fabrication method to fabricate freeform MLAs by using
the combination of diamond machining and a step-and-repeat
micro imprint process [77, 78]. The optical module consists
of two freeform MLAs and three aperture layers containing
15 x 9 channels. To avoid crosstalk among adjacent imaging
channels, three layers of apertures were fabricated by bond-
ing two glass wafers with lithographically structured aper-
tures. The eCley imaging system achieved a high-resolution
image in the 720p format (1280 x 720 pixels) after a stitching
process.

The Fraunhofer Institute research group also developed
a different type of a cluster eye called an optical cluster eye
(oCLEY), which consists of multiple MLAs and aperture
arrays [79, 80]. The oCLEY can achieve a high resolution
image by combining partial images, the same as the eCley.
Since the optics of the oCLEY can optically stitch all partial
images and reconstruct a final image at the image sensor with-
out any overlap of the partial images, the oCLEY does not
require a post-processing for stitching the partial images to
achieve a final image, in contrast with the eCley.
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In addition to the cluster eyes developed by the Fraunhofer
Institute research group, a group at the Korea Advanced
Institute of Science and Technology (KAIST) recently
reported an ultrathin digital camera inspired by the Xenos
Peckii eye [81]. The ultrathin digital camera has a microprism
array to achieve wide FoV by refracting light from a large
viewing angle, a light absorbing structure and apertures to pre-
vent optical crosstalk between adjacent channels, and a MLA
to focus light onto the CMOS image sensor (figure 22(a)).
Featured components of this ultrathin digital camera are the
concave microprism array and the light absorbing structure,
compared with previous devices (figures 22(b) and (c)). These
are the key components for the realization of wide FoV and
high spatial resolution. The concave microprism array was
fabricated by a ball lens imprinting process to define the
curved shape and backside lithography that can reduce align-
ment error between the microprism array and the aperture.
The light absorbing structure was fabricated through capillary
filling of black SU-8. Thanks to the microprism array, the total
FoV of the ultrathin digital camera is 68 degrees with a device
thickness of 1.4 mm.

For higher resolution, the images captured from the micro-
prism array were reconstructed utilizing a super-resolution
approach. The measured MTF50 was 154 cycles/mm for
the single channel and 181 cycles/mm for the reconstructed
image. The MTF50 was not improved much by the recon-
struction process. However, the MTF values in high the spa-
tial frequency of the reconstructed image were significantly
increased compared to the single channel image, meaning that
the reconstruction process improved the edge sharpness of the
image.

4.1.4. Thin observation module by bound optics (TOMBO). In
2001, Tanida et al. first demonstrated a compact image system
called thin observation module by bound optics (TOMBO)
[82]. The architecture of the TOMBO system is relatively sim-
ple compared with the other planar ACEs. Multiple identical
optical units formed the TOMBO system and each optical unit
consisted of a microlens, a separation structure, and a pho-
todetector (figure 23). A low resolution image was acquired
from each optical unit first, and then a high resolution image
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Figure 22. An ultrathin digital camera inspired by a Xenos Peckii eye. (a) Schematic diagram and optical path of an ultrathin digital
camera that consists of a light-absorbing polymer, concave microprisms, microlenses, aperture layers, and an image sensor. SEM images of
the concave microprism array (b) before and (c) after filling with the light-absorbing polymer. Reproduced from [81]. CC BY 3.0.

was reconstructed by image sampling and a backprojection
method. Unlike the approaches taken for the other ACEs,
the researchers of the TOMBO system especially focused on
developing various reconstruction process. Kitamura et al.
improved the image resolution by developing a pixel rear-
rangement method [83]. Nitta er al. further developed another
image reconstruction process called iterative backprojection
and combined it with the pixel rearrangement method to
improve the image resolution and signal to noise ratio [84].

4.1.5. Planar emulation of compound eyes. Most of the pla-
nar type ACEs were developed to achieve high resolution
optical images in a small form factor. Keum et al. developed
a new method that emulates the cross-sectional anatomical
structures of the natural compound eyes on a 2D plane [85].
This method can be utilized to better understand the visual
principles of natural compound eyes and help with the design
of ACEs. Fluorescent dye (Rhodamine 6G) doped photoresist
(SU-8) was used for the visualization of the light propagation
inside the emulated compound eyes and the measurement of
the angular sensitivities. Since the anatomical structures were
fabricated via photolithography, this method can easily emu-
late ten different types of natural compound eyes by changing
the design of the masks. In this work, the researchers emulated
two representative compound eye types, i.e. a simple apposi-
tion type and a reflecting superposition one, among ten differ-
ent types of natural compound eyes.

The emulated compound eyes fabricated with Rhodamine
6G doped photoresist clearly showed light propagation inside
the individual ommatidium (figure 24). Both emulated sim-
ple apposition eye and reflecting superposition eye showed
light propagation comparable with that of natural compound
eyes. In the case of the emulated simple apposition eye, only
a few of the ommatidia allowed the light to propagate through
the waveguides, when the direction of the illuminated light
is within an accepted angle. The intensity of the off-axis
light was significantly decreased due to the multiple reflec-
tion on the sidewall of the conical structure. In the case of the
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Figure 23. The architecture of the TOMBO system that consists

of a microlens array, a separation layer, and a photodetector array.
Each sub-optical unit provides a low resolution image, and an
image reconstruction process combines the low resolution images
and reconstructs a high resolution one. Reproduced with permission
from [82]. © The Optical Society (OSA).

emulated reflecting superposition eye, illuminated light was
internally reflected inside of the conical structures and super-
posed at the end of the clear zone. The direction of reflected
light in the clear zone can be determined depending on odd or
even number of reflections. The incident light with odd num-
ber of reflections was focused on one single spot while the
light with even number of reflections directed away from the
focus.

To measure the angular sensitivity function (ASF) that
determines the angular resolution of the compound eyes, the
researchers used fluorescence photodetector arrays (FPDA)
fabricated with Rhodamine 6G doped photoresist. The FPDA
were embedded at the ends of the waveguides for the simple
apposition type or in the clear zone for the reflecting superpo-
sition type for the detection of the directional light through the
microlenses. The measured ASFs for the simple apposition
type and the reflecting superposition type showed a uniform
acceptance angle of 3.0 = 0.2degrees and 3.1 £ 0.2 degrees,
respectively. The results successfully demonstrated that both
emulated compound eyes have comparable acceptance angle
with those of natural compound eyes.
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Figure 24. Visualization of light propagation through emulated
compound eyes on a 2D plane. (a) Light propagation through

an emulated simple apposition eye. (b) An enlarged view of the
microlenses and waveguides. The amount of coupled light into the
waveguides of the ommatidium depends on the angle between the
incident direction of the illuminated light and the orientation of the
ommatidium. (c) Light propagation through an emulated reflecting
superposition eye. (d) An enlarged view of the conical structures and
clear zone. Reflected light through the conical structures propagates
in two different directions, depending on the number of reflections
on the conical structure. Scale bars are 200 pm in (a) and (c), 25 ym
in (b), and 50 pm in (d). Adapted with permission from [85] John
Wiley & Sons. Copyright © 2012 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

4.2. Artificial compound eyes on curved surfaces

Conventionally, the ACEs are achieved on flat substrates
due to tremendous challenges of fabricating optical units on
curved surfaces. Limited by the planar configuration, it is dif-
ficult to achieve the wide FoV larger than 90° on these flat
ACE:s. To mimic the natural compound eyes with omnidirec-
tionally arranged optics and wide FoV, several micro-fabrica-
tion techniques have been developed in the past two decades,
and curved optics for both apposition and superposition com-
pound eyes were realized.

4.2.1. Apposition compound eyes on curved surfaces. The
development of the laser direct writing technology provides a
promising method to fabricate 3D microstructures on curved
substrates. With a tight-focused femtosecond laser beam, fea-
tures at the nanometre-scale can be generated on polymers
by means of the two-photon polymerization process [86, 87],
which makes it possible to fabricate micro-optical units such
as microlenses with smooth surfaces. Wu et al. demonstrated
a curved MLA inspired by the apposition compound eyes uti-
lizing an improved femtosecond laser direct writing technol-
ogy [88], as shown in figure 25. Each lens has a hexagonal
shape with diameters on the order of 10 pum, which offers a
fill factor of 100%. The surface roughness of the microlenses
is about 2.5nm, which can provide high quality imaging and
light focusing properties. This technology has the potential
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to achieve curved micro-optics of apposition compound eyes
with an FoV beyond 90°. Nevertheless, the fabrication effi-
ciency of such laser direct writing process is intrinsically low
because the laser beam must be scanned to form the structure
point by point. Therefore, it is not practical to fabricate large-
area MLAs on curved surfaces through this type of fabrication
process. In addition, the two-photon polymerization process
can only be performed on photosensitive resists that might
have lower transmittance rate in visible-NIR spectral range
than other polymer and glass materials.

Chen and co-workers developed a high-efficiency fabrica-
tion process to generate large-area MLAs on glasses by combin-
ing the femtosecond laser irradiation with a chemical etching
process, namely femtosecond laser enhanced chemical etching
process [89]. Instead of scanning the laser beam to form the
microstructures, this method only requires a single shot of the
laser beam for each microlens, and the concave hemispheri-
cal microstructures with smooth surfaces can be fabricated by
the accompanying chemical etching process. This method can
significantly improve the efficiency of the fabrication process.
Tens of thousands of microlenses with diameters ranging from
a few micrometres to hundreds of micrometres can be fabri-
cated within 3h. Based on this approach, Liu et al. from the
same research group demonstrated an apposition ACE encom-
passing 7600 hexagon-shaped microlenses on a hemispherical
polymethylmethacrylate (PMMA) shell with a diameter of
3.55mm, and accomplished an FoV of 150°, as shown in fig-
ure 26 [90]. First, the concave MLA was fabricated on a glass
substrate by the femtosecond laser enhanced chemical etching
process. Then, a convex MLA was replicated on a flat PMMA
film. The flat film with the MLA was bent to the hemispheri-
cal shell with a heated glass ball (95 °C). The temperature of
the glass ball needed to be precisely controlled, so that the
microlenses would not be damaged during the bending pro-
cess. An alternative approach was developed by Bian et al. to
avoid the distortion of the microlenses during the bending pro-
cess [91]. The mould with concave microlenses were directly
fabricated on a concave hemispherical glass substrate, and the
apposition ACEs were reversely replicated on the polymers.
One advantage of the femtosecond laser enhanced chemical
etching process is that the shape, arrangement and curvature
of the microlenses can be flexibly adjusted by the laser param-
eters. This capability allows for fabrication of MLAs with
non-uniform shapes and lens densities. Chen’s group demon-
strated such MLA on a curved surface, mimicking the apposi-
tion compound eyes of dragonflies, which has the potential to
improve the resolving power of the ACE devices [92].

The laser based fabrication processes can achieve omni-
directionally-aligned microlenses equivalent to the facet
lenses of natural compound eyes. However, in natural apposi-
tion compound eyes, the facet lenses are usually connected
with photoreceptor cells by the crystalline cones, forming the
optically isolated ommatidia. Lee and co-workers demon-
strated a novel fabrication process based on soft lithography
followed by a self-writing process that could generate artifi-
cial light-guiding polymer cones connected with the micro-
lenses [93]. Such polymer cones are anatomically as well
as functionally close to their natural counterparts, as shown
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Figure 25. (a) SEM image of a microlens array on a curved surface. (b)—(d) The light spots focused by the microlenses when the incident
angle of the light source is at 0°, 30° and 45°, respectively. No distortions of the focused light spots are observed, showing excellent
focusing capability of the fabricated device. Scale bars: 10 ym. Reprinted from [90], with the permission of AIP Publishing.
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Figure 26. (a) An SEM image of the omnidirectional microlens array. The scale bar is 1 mm. (b) Enlarged SEM images of the microlenses
on top of the hemispherical shell. The scale bar is 100 ym. Inset: the microlenses on the outer ring of the hemispherical shell (the scale bar

is 100 pm). From [93]. Reprinted with permission from AAAS.

in figures 27(a)—(d), which can collect the light from the
microlenses to the photodetectors. The synthesis of artificial
polymer light-guiding cones was achieved by using a micro-
lens-assisted self-writing of waveguides and two cross-linking
mechanisms in a photosensitive polymer resin. UV light was
focused by the microlenses moulded by a photosensitive poly-
mer resin and was self-trapped after passing the focal plane
because of the refractive index change during the photopoly-
merization process, as shown in figures 27(e) and (f). The
light can be coupled into and propagate along the waveguides
through the microlenses, as demonstrated in figure 27(g).

Besides the laser-based fabrication processes to fabricate
artificial apposition compound eyes, several other technolo-
gies have also been developed. For example, Kuo et al. devel-
oped a technology to manufacture curved ML As by combining
the self-assembly of colloidal crystals, soft lithography and
thermo-pressing processes [94]. Wang et al. proposed a novel
hierarchic reflow method that involves multiple layers of pho-
toresists to fabricate MLAs on millimetre-scale photoresist
domes, which is compatible with the standard semiconductor
manufacturing process [95]. Zhao et al. developed a single-
step process for fabricating curved MLAs by injecting sol-gel
glass droplets onto curved substrates [96].

4.2.2. Superposition compound eyes on curved surfaces.
Owing to their unique structures and imaging mechanism,
compared with the apposition compound eyes, superposi-
tion compound eyes have several additional advantages. For
example, because each photoreceptor in the superposition
compound eye receives the light collected from multiple
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adjacent optical units, the photosensitivity of the eye could
be much higher than the apposition compound eyes whose
photoreceptor is connected to a single lenslet [1]. The reflect-
ing superposition compound eyes (RSCEs) in some decapods
(e.g. shrimps, lobsters and crayfish) are also known to possess
superior optical properties such as minimum chromatic aber-
ration and wide applicable spectral range due to their unique
lens-free, reflection-based imaging mechanism [97].

These fascinating characteristics, once implemented into
existing optical imaging devices and systems, could benefit
a wide variety of demanding applications in real-time motion
tracking, surveillance, medical imaging and astronomy.
However, the majority of research on RSCEs can only dem-
onstrate the incorporation of the principles of RSCEs into
large-scale apparatus such as astronomical telescopes and
inspection equipment only within the spectrum of x-ray wave-
lengths [98-100].

Up till now, life-sized, device-level artificial RSCE that
can form real, sharp images in the visible spectrum has only
been accomplished by Jiang and co-workers [101]. The results
of their RSCE device are shown in figure 28. The reflecting
mirrors on the RSCE were achieved by a 410 x 410 array of
high aspect-ratio Si micro-square tubes coated by a thin layer
of aluminium (Al) film with a thickness of 400nm (figures
28(a)—(c)), fabricated utilizing MEMS techniques. The Si
micro-square-tubes were then transferred onto a hemispher-
ical PDMS dome with a radius of curvature of 1.1cm (fig-
ure 28(d)), so that light from an object can be reflected and
focused by smoothened facets (figure 28(e)) of the adjacent
micro-square-tubes onto the image plane to form a real image.
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Figure 27. (a) An optical micrograph of a natural compound eye. (b) A schematic illustration of an optical unit in a natural compound eye.
(c) An SEM image of the fabricated artificial compound eye. (d) A schematic illustration of an artificial ommatidium. (e) Waveguide cores
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Verlag GmbH & Co. KGaA, Weinheim.

To fully characterize the performance of the artificial RSCE
in terms of focusing, imaging capabilities and image qual-
ity, real focused images were generated by a collimated laser
beam (figure 28(f)) and a non-collimated point source (e.g. a
laser beam diffused by a piece of ground glass) illuminated on
real objects (figures 28(g)—(i)). All the images shown in fig-
ure 28 were acquired without any post-image processing. The
intensity ratio between the focused image and the surrounding
cruciform pattern characteristic to RSCEs, a key factor associ-
ated with the overall image quality, was dictated by the aspect
ratio of each square-micro-tube. This ratio was 3, close to
that found in natural RSCEs (i.e. 2-3) [102]. One of the most
attractive features of RSCEs unmatched by existing refrac-
tion-based optical imaging devices is their ability to achieve
minimum chromatic aberrations in the focused images, which
can be demonstrated in figures 28(j) and (k) with a non-colli-
mated white light source. The focused image produced by the
artificial RSCE (figure 28(j)) showed no signs of chromatic
aberration while that produced by a conventional, commercial
plano-convex lens (figure 28(k)) clearly revealed strong chro-
matic aberration along the boundaries separating the bright
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and dark parts of the image (fringes of colors of purple and
yellow).

4.2.3. Curved artificial compound eyes with image sen-
sors. Pixel-to-pixel integration of a curved MLA with the
matching image sensor to form a curved artificial compound
eye is still a challenging task. Therefore, only a few works
have been demonstrated to achieve functional curved ACE:s.
Rogers and co-workers published the first artificial compound
eye that mimics the hemispherical, compound apposition lay-
outs of natural arthropod eyes [103]. Based on the concepts
of flexible photodetector arrays [52, 53] that they developed
and stretchable electronics [104], an artificial apposition com-
pound eye with a 16-by-16 convex MLA butt-coupled with
matching photodetectors was assembled into a nearly hemi-
spherical configuration with an FoV of 160°. Figure 29(a)
presents schematic illustrations of the two main subsystems
of the devices [103]. The first subsystem provides optical
imaging function with the microlenses fabricated on a PDMS
sheet. The second subsystem enables photo-detection and
electrical readout, which consists of a matching array of thin,
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Figure 28. Results of an artificial RSCE. (a)—(e) SEM images and photo of the artificial RSCE. The Si micro-tubes are fabricated and
transferred onto a hemispherical PDMS shell. The polishing process can generate smooth inner surface of the tubes than can reflect and
focus the light onto the imaging plane. (f) The focused laser point by the device. Multiple reflections of the light inside the tube form the
cross pattern. (g)—(i) Real images formed by the device. (j) and (k) Images of the logo of University of Wisconsin-Madison formed by a
refractive camera lens and the artificial RSCE, respectively. Chromatic aberrations can be observed in the image generated by the camera
lens. Adapted with permission from [101] John Wiley & Sons. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Si photodiodes and blocking diodes in an open mesh configu-
ration with the capability for matrix addressing. The hydrau-
lic actuation could accurately transform the planar layout, in
which these separate subsystems were constructed and bonded
together, into a fully hemispherical shape (figure 29(b)) with-
out any change in optical alignment or adverse effect on
electrical or optical performance. The complete device is
demonstrated in figure 29(c). In this proof-of-concept work,
the angular resolution of the compound eye was relatively low
due to the limited number of pixels of the device. In order to
capture high resolution images, a complete image reconstruc-
tion strategy was developed in both hardware and algorithm,
by scanning the device in two orthogonal directions with a
step of 1.1°. Figure 29(d) shows two reconstructed images of
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complicated patterns. The authors successfully demonstrated
the advantages of the hemispherical compound eye imaging
device in terms of wide FoV, low off-axis aberrations and
nearly infinite depth of field.

Aside from hemispherical ACEs based on flexible electron-
ics and optics, Floreano et al. proposed another approach to
the design and fabrication of curved ACEs, named CurvACE
[105]. The process is based on a planar fabrication technol-
ogy for an array of artificial ommatidia, followed by high-
precision cutting (dicing) of the rigid ommatidia layers to add
bendability. The design, fabrication process and the photo
of the fabricated device are demonstrated in figure 30. The
artificial ommatidia consist of three layers that are fabricated
on rigid printed circuit boards (PCB) employing standard
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Figure 29. Results of a hemispherical artificial compound eye. (a) Illustrations of an array of elastomeric microlens and their supporting
posts joined via a membrane (above) and a corresponding collection of Si photodiodes and blocking diodes interconnected by filamentary
serpentine wires and configured for matrix addressing (below). (b) Image of the device after deformation into the hemispherical shape. (c)
Photograph of the complete device mounted on a printed circuit board as an interface to external control electronics. (d) Pictures of line-art
illustrations of a fly and a ‘Horus eye’ captured with the device. Adapted with permission from Springer Nature Customer Service Centre

GmbH: Nature. [103] © 2013.

microengineering technologies. Next, the rigid optical and Therefore, the FoV of the artificial compound eye fabricated
photodetector layer stack is precisely separated in columns by this process can only be expanded in one direction.

of ommatidia with a chip dicing saw down to the flexible

intercgnn.ection layer, which remains intact. This approach 4.3. ARS on compound eyes

to artificial compound eye ensures accurate and reproduc-

ible alignment of the optical components and photodetec- Single- or multi-layer coatings have been conventionally
tors, enabling fabrication of high-resolution imaging device applied on optical surfaces to reduce light reflection and to
that is comparable to its natural counterparts. However, the make high performance photonic devices. However, the anti-
diced boards can only be bended in one direction, forming a  reflective coatings suffer several limitations such as narrow
semi-3D configuration of the device, as shown in figure 30(b).  wavelength range, limited angle of incident light to achieve
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Copyright © 2013 National Academy of Sciences.

antireflection, and lack of suitable materials. Because of
these reasons, moth eye nanostructures have garnered intense
research interest in recent decades due to its superior antire-
flection properties, both broadband and omnidirectional [106],
and wide applications in photonic devices. Starting from the
seminal work presented by Clapham et al. [107] that first suc-
ceeded in reproducing moth eye nanostructures, researchers
have developed many methods to fabricate moth-eye inspired
nanostructures on a variety of materials, and have realized
advanced materials that exhibit low reflection, high transmis-
sion, or high absorption properties. These advanced materials
have been used in many applications such as solar cells, imag-
ing lenses, and lighting devices.

Researchers have been studying and optimizing antire-
flection properties in various materials from transparent ones
for high transmission to translucent or opaque ones for high
absorption.

4.3.1. High transmission of light. Replication methods using
diverse templates or etching techniques have been developed
to construct ARS on transparent polymer or glass substrates.
One of the representative works of ARS on transparent mat-
erials is credited to Choi et al. who demonstrated a highly
transparent polymer film that had parabolic nanostructures
[108]. For transparent substrates, reflections occur on both
sides of the substrate. Consequently, ARS were fabricated on
both sides of the substrate to maximize light transmission.
They used a multi-step anodization and etching method to
optimize the shapes of nanostructures on an anodized alu-
minium oxide (AAO) template and replicated the nanostruc-
tures to PMMA substrates. As shown in the SEM images of
figure 31(a), the shape of nanostructures was changed from
resembling pillars to parabola with increasing number of
anodization and etching steps. The film fabricated with 5-step
anodization and etching exhibited average transmittance of
99.4% in the wavelength range from 400nm to 800nm and
substantial improvement in the range of angle of incident light
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compared with the smooth surface film. Despite the superior
performance of ARS, though, their commercial implemen-
tation has been limited due to the low mechanical stability
and low productivity. The same research group improved the
mechanical stability and productivity by changing the struc-
tures from positive to negative ARS and developing a roll-to-
roll thermal imprinting process [109].

The other approach to making highly transparent sub-
strates is coating a film that has ARS on a target substrate
[110-115]. This approach has the advantages of easy fabrica-
tion and avoiding modification of the target substrate. Using
this approach, Raut et al. demonstrated an antireflective film
with superior mechanical, chemical, and thermal stability for
commercial applications [110]. They coated polyhedral oligo-
meric silsesquioxane-based (POSS) materials on both sides of
glass substrates and fabricated ARS on the POSS materials by
nanoimprint lithography. Figure 31(b) shows that ARS were
well constructed on both sides of the glass substrate and they
clearly suppress the light reflection on the glass substrate.

Etching, instead of replicating nanostructures from tem-
plates, is another technique to construct ARS on transparent
substrates. Researchers have achieved highly transparent glass
substrates by etching on both sides of the glass substrates
[116, 117]. Oh et al. not only demonstrated the improve-
ment of transmission, but also proposed other benefits, such
as signal improvement in fluorescence and surface enhanced
Raman scattering (SERS), and high contrast imaging by using
self-ARS [117]. In their work, double-side glass nanopillar
arrays (DS-GNA) served as self-ARS and silver (Ag) nanois-
lands were applied on GNA to make a plasmonic substrate
(figure 31(c)).

ARS possess other intriguing functions such as self-clean-
ing [118-121] and antifogging [122]. The ARS constructed
on hydrophobic materials or treated with hydrophobic mat-
erials exhibit super hydrophobicity and a self-cleaning effect
because water dropped on the super-hydrophobic surface can
easily roll off and collect particles in the process to clean the
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Figure 31. ARS for high transmission. (a) SEM images (left) of PMMA ARS replicated from AAO templates with a 1-step (top), 3-step
(middle), 5-step (bottom) anodization and etching process, respectively. Measured and calculated transmittance values (top right) of the Adapted
with permission from [108] John Wiley & Sons. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) An optical

image of a glass substrate with antireflective films and SEM images of ARS fabricated on both sides of the glass substrate (left). Optical images
of reflected light (right) from the glass without (top) and with (bottom) ARS. Adapted with [110] with permission of The Royal Society of
Chemistry. (c) Schematic diagram and SEM images of biophotonic surfaces with self-ARS (left). Glass nanopillar arrays (GNA) can increase
signals of fluorescence and SERS. Light reflection from a glass substrate with double-side GNA (DS-GNA) (top right) and a flat glass substrate
(bottom right). Adapted with permission from [117] John Wiley & Sons. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 32. ARS for high absorption. (a) An SEM image showing a cross-sectional view of Si nanotips (SiNTs) 1600nm long. Reproduced
with permission from Springer Nature Customer Service Centre GmbH: Nature Nanotechnology. [126] © 2013. (b) Absorption values of
Si substrates with (filled squares) and without (solid line) SiNTs in UV-VIS-NIR wavelength range. Reproduced with permission from
Springer Nature Customer Service Centre GmbH: Nature Nanotechnology. [126] © 2013. (c) An SEM image of Si nano-conical-frustum
(NCF) arrays integrated with PS nanoislands. Reproduced with permission from [123] John Wiley & Sons. Copyright © 2011 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Simulation results with two different thicknesses (50nm and 100nm) of antireflective
nanoislands on top of NCF arrays and without nanoislands (diop = 300nm, dyase = 500nm, A = 500nm). Reproduced with permission from
[123] John Wiley & Sons. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

surface. Especially for outdoor applications, this self-cleaning
function is crucial to maintain optical performance of pho-
tonic devices. The antifogging function can be achieved uti-
lizing ARS with hydrophilic materials or hydrophilic surface
treatment. This function enables clear view through the sub-
strate by avoiding light scattering of water droplets in moistur-
ized environment.

4.83.2. High absorption of light. Highly absorptive ARS have
been developed using various kinds of materials such as Si
[123-126], GaP [127], InP [128], ZnO [129], and GaAs [130]
over the past decades for highly efficient solar cells and other
photonic device applications. Among the previous works,
Huang er al. demonstrated outstanding performance of ARS
on a Si substrate. They fabricated Si nanotips (SiNTs) on a
large-area (6-inch diameter) Si substrate by high-density elec-
tron cyclotron resonance plasma etching (figure 32(a)) [126].
The SiNTs exhibited antireflection property in an extremely
wide range of wavelengths, roughly from 0.3 to 1000 pm. The
SiNTs 1.6 pum long showed high absorption values over the
UV to NIR regions (figure 32(b)). The same research group
also increased the length of SiNTs up to 16 um, realizing
antireflective property up to the terahertz region (THz, 200
to 1000 pm) from the SiNTs. The SiNTs showed not only
broadband antireflection, but also wide-angle and polarization
independent antireflective properties.

In contrast to the method using only tapered nanostructures
to achieve gradient index of refraction, Park et al. proposed
a combination of ARS and antireflection coating [123]. They
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fabricated Si nano-conical-frustum (NCF) arrays integrated
with antireflection nanoislands by colloidal lithography and
a single-step deep reactive ion etching (DRIE) process (fig-
ure 32(c)). This method can suppress the reflection of light in
the near-UV (NUYV, 300 to 400 nm) spectral range without the
need to fabricate nanostructures with sub-300 nm feature size
(figure 32(d)). The NUV spectral range is important for the
performance of Si solar cells because large portion of solar
energy available to Si solar cells is in the shorter wavelength
range (300 to 500nm). The research group demonstrated that
antireflection nanoislands on top of NCF arrays could effec-
tively reduce reflectance in the NUV region.

4.3.3. Solar cell application. Beyond developing fabrica-
tion methods of ARS and measuring their optical properties,
researchers have tried to implement the ARS in particular
applications. Improving the efficiency of solar cell is one of
the key applications of ARS, by enhancing the light transmis-
sion of the transparent substrate or the light absorption of the
active layer.

Heo et al. improved the efficiency of solid-state dye-
sensitized solar cells (ssDSSCs) by using moth-eye inspired
nanostructures [118]. The ARS were constructed on the flu-
orine-doped tin oxide (FTO) glass by soft lithography (figure
33(a)). PFPE was selected as a mould material to achieve good
pattern resolution, and ARS were replicated on a UV-curable
resin. The efficiency of ssDSSCs with ARS was 7.3% at 100
mW cm?, higher than that of ssDSSCs without ARS (6.6%).
Another research group also fabricated moth-eye inspired
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Figure 33. ARS in solar cells. (a) A schematic diagram of ssDSSCs with moth-eye inspired nanostructures fabricated on an FTO glass
substrate using the NOA 63 UV-curable resin and a PFPE mould. Reproduced with permission from [118] John Wiley & Sons. © 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) SEM images of nanocone (top left) and nanodome structures (top right). Scale
bar: 500nm. A schematic diagram of nanodome solar cells constructed by depositing multilayers of materials on nanocones. Reprinted with
permission from [120]. Copyright (2010) American Chemical Society. (c) A schematic diagram of a CPV device with moth-eye inspired
nanostructures (left) and the fabrication procedures (right). Reproduced from [132]. CC BY 3.0.

nanostructures on the glass substrate of their organic solar
cells (OSCs) by using a PFPE mould and enhanced the power
efficiency [131]. In contrast to the work of Heo et al., nano-
structures were also formed on the active layer, which made
further improvement in the power efficiency by light trapping
in the active layer of OSCs.

A research group at Stanford University developed nano-
dome structures to enhance the power efficiency of hydrogen-
ated amorphous Si (a-Si:H) solar cells [120]. The nanodome
solar cell was fabricated by depositing multilayers of mat-
erials consisting of Ag, transparent conducting oxide (TCO),
and a-Si:H, on a nanocone quartz substrate (figure 33(b)). As
in the moth-eye nanostructures, the shape of nanodome struc-
tures produces a graded refractive index profile that exhibits an
antireflective effect. In addition, the nanodome structures effi-
ciently coupled the incident light to and guided it in the a-Si:H
layer, while the TCO layer reduced the surface reflection due
to its lower refractive index than that of a-Si:H. Because of
these effects, the nanodome solar cell achieved 94% of light
absorption in the wavelength range of 400-800nm, much
higher than the flat film devices with 65% of light absorp-
tion. Furthermore, the power conversion efficiency of the
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nanodome solar cells was improved by 25% compared to the
flat film device.

A research group at Gwangju Institute of Science and
Technology (GIST) used moth-eye nanostructures to improve
the power efficiency of III-V based concentrated photovol-
taic (CPV) systems [132]. Moth-eye inspired nanostructures
were fabricated on a cover-glass substrate by forming ther-
mally dewetted Ag nanoislands as etch masks and etching the
glass substrate with inductively coupled plasma RIE (ICP-
RIE) (figure 33(c)). The constructed moth-eye nanostructures
exhibited broadband antireflection at wavelengths from 300 to
1800 nm, which is the light absorption range of III-V multi-
junction solar cells. Under both one-sun and concentrated
light conditions, the cover glass with moth-eye nanostructures
consistently showed enhanced power efficiency compared to
the flat cover glass. The maximum efficiency of the device
with moth-eye nanostructures was 42.16% at 196 suns, 7.41%
higher than that of a flat cover glass.

4.3.4. Imaging applications. Imaging lenses are one of the
main devices to implement antireflective coatings that can
provide higher image quality by reducing light reflection loss,
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improving image contrast, and eliminating ghost images. Sin-
gle- or multi-layer coatings are conventionally applied on a
lens surface. However, as mentioned above, a simple coating
method cannot achieve broadband high transmission in a vari-
ety of materials. ARS were a promising solution to this issue,
but a challenge is present to make nanostructures on a curved
surface. In the recent decade, researchers have been develop-
ing methods to fabricate ARS on lens surfaces.

To enhance light transmission of microlenses, Jung et al.
fabricated ARS on MLAs by oxygen plasma etching with
an Ag nanoisland mask [133]. Figure 34(a) shows the SEM
images of ARS on microlens surfaces and optical images of
MLAs without (top right) and with (bottom right) ARS that
clearly show that ARS can reduce light reflection on the
microlens surfaces. The reflectance of the MLA with optim-
ized ARS decreased to below 4% in a wide range from 490 nm
to 630 nm in wavelength. Furthermore, the imaging brightness
through the MLA with ARS was increased by 67% compared
with that without the ARS. In addition to this etching method,
other approaches have been developed to form ARS on MLAs.
For example, self-assembled polystyrene (PS) nanospheres on
polymer MLAs [134] and a combination of an AAO template
and a photoimprinting method [135] were used to construct
ARS on MLAs.

Thanks to the recent development of large-area nanofab-
rication technique on curved surfaces, ARS can now be fab-
ricated on millimetre-scale optical lenses. Yanagishita et al.
precisely machined Al blocks to form lens surfaces and ano-
dized the Al block to fabricate ARS. Polymer lenses with ARS
were then fabricated by nanoimprinting or injection moulding
[136]. Figure 34(b) shows that ARS are well replicated onto
a lens surface and are able to efficiently reduce light reflec-
tion. Lee et al. demonstrated an antireflective optical lens with
glass nanoholes [137]. They etched a glass layer with an Ag
nanohole mask by RIE and controlled the size of the holes
via further wet etching to fabricate antireflective glass nano-
holes. This method realized forming ARS on a commercial
optical lens. Optical images of letters through a bare lens and
a commercial optical lens with glass nanoholes are shown in
figure 34(c). The lens with glass nanoholes demonstrated less
light reflection and formed a clearer image compared with the
bare lens. Besides, glass nanoholes are 2.5 times higher in
hardness than nanopillars.

In addition to the works of ARS on lenses with fixed cur-
vature, a recent work demonstrated a tunable lens with ARS
for biomedical applications [138]. ARS were well replicated
onto a flexible membrane using a nanohole template. The lens
placed at the distal end of an endoscope could be tuned in
focal length by pressure control (Figure 34(d)). The tunable
lens with ARS exhibited higher transmittance and MTF 50
values than a tunable lens with a smooth surface across differ-
ent curvatures. The resolving power of the lens with ARS was
improved by up to 56%.

4.3.5. Lighting applications. In addition to the imaging or
solar cell applications, moth eye nanostructures can improve
light extraction efficiency of lighting elements such as light
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Figure 34. ARS for imaging applications. (a) SEM images of

ARS on a polymer microlens array (left). Scale bar: 500 nm, (inset)
10 pm. Microscopic images of polymer microlens arrays (right)
without (top) and with (bottom) ARS. Adapted with [133], with the
permission of AIP Publishing. (b) An SEM image (top) of ARS on
a lens and an optical image of a polymer lens without (1) and with
(2) ARS, respectively. Reprinted from [136], with the permission of
AIP Publishing. (c) Optical images of perspective views of a logo
through a bare lens (top) and a lens with antireflective nanoholes
(bottom). Reproduced from [137]. CC BY 3.0. (d) Optical images
of a laparoscope with an antireflective tunable lens and the enlarged
view of its distal end (left). Optical images of a USAF target through
tunable lenses without (top) and with (bottom) ARS. Adapted from
[138] with permission of The Royal Society of Chemistry.

emitting diodes (LEDs) or organic light emitting diodes
(OLEDs). Due to the high refractive index of materials of
LEDs or OLEDs, the generated light is trapped inside of the
materials owing to the total internal reflection (TIR) or the
Fresnel reflection. The moth eye nanostructures can resolve
these problems by reducing the Fresnel reflection or by out-
coupling the trapped light.
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Figure 35. ARS for light extraction efficiency enhancement. (a) An SEM image of micro/nanostructures inspired from compound eyes
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firefly light organ. Adapted with permission from [142]. Copyright © 2012 National Academy of Sciences. (d) An OLED device that has
hierarchical structures inspired from a firefly light organ. Reprinted with permission from [143]. Copyright (2016) American Chemical

Society.

Song et al. improved the power efficiency of AlGalnP-
based LEDs by using moth eye inspired micro/nanostructures
[139]. In this study, it was demonstrated that the microstruc-
tures could extract the trapped light due to TIR above the criti-
cal angle, and the nanostructures could significantly suppress
the Fresnel reflection below the critical angle by reducing the
mismatch in refractive indices between the GaP substrate and
the air. The micro/nanostructures were fabricated by RIE using
two different etch masks that were thermally reflowed photore-
sist patterns and Ag nanoislands (figure 35(a)). After fabricat-
ing tapered microstructures by the first RIE process, an Ag thin
film was deposited onto the microstructures and Ag nanois-
lands were formed by a dewetting process. The nanostructures
on the microstructures were defined by the second RIE using
Ag nanoislands as the etch mask. The light output power of
AlGalnP LEDs with micro/nanostructures was increased by
72.47% compared with that of AlGaInP LEDs on a flat surface.

Moth eye inspired nanostructures can also be used to
enhance the light extraction efficiency of OLEDs as well as
LEDs. Li et al. demonstrated a simple method to improve the
light extraction efficiency of white OLEDs by fabricating ARS
on the fused silica substrate [140]. This method can increase
the luminance efficiency of the OLED device by about 1.4
times in the normal direction compared with OLED device
without any ARS. This relatively simple and efficient method
can be applied to other OLEDs without modifying the design

30

or structures of OLEDs. In addition to this simple method,
Zhou et al. developed an alternative method to enhance the
light extraction efficiency of OLEDs by fabricating moth eye
inspired nanostructures on internal and external layers (figure
35(b)) [141]. The same structure with different active layer was
used to improve the efficiency of OSCs. The moth eye inspired
nanostructures were constructed on the poly(3,4-ethylene
dioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) and
ZnO for internal layers, and UV-curable resin for external lay-
ers by an imprinting process. The internal nanostructures of the
PEDQOT:PSS layer and the ZnO layer on an indium tin oxide
(ITO) layer were fabricated for OLEDs and OSCs, respec-
tively. The external nanostructures were fabricated on a glass
substrate using UV-curable resin. The internal and external
nanostructures can efficiently extract the trapped light by the
scattering effect and increased transmittance of the ITO glass
substrate. For the OLED with single electroluminescence (EL)
units, the internal and external nanostructures can enhance the
extraction quantum efficiency (EQE) by a factor of 1.69 and
1.77, respectively, compared with a conventional device. The
combined double-nanostructure layers on both sides of the
ITO glass substrate provide further enhancement of EQE by a
factor of 2.46 compared with an OLED device without nano-
structures. Furthermore, the OSCs with the moth eye inspired
nanostructures showed improved light trapping performance
compared with a flat substrate.
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To improve the extraction efficiency of lighting devices,
researchers tried to find a solution from bioluminescent light
organs, such as a firefly light organ. Two different research
groups at KAIST and the University of Namur, respec-
tively, found intriguing photonic structures on the cuticles
of firefly light organs. Interestingly, they found similar pho-
tonic structures in different species of fireflies. Kim et al. at
KAIST studied the photonic structures on the light organs of
two different species of fireflies including Luciola lateralis
Motschulsky [142] and Pyrocoelia rufa [143]. They found
longitudinal nanostructures from the light organ of Luciola
lateralis Motschulsky and revealed the optical role of the
nanostructures by both numerical analysis and experiment.
The optical role of cuticular nanostructures is improving the
light transmittance of the cuticle and enabling efficient light
communication between fireflies by reducing the refractive
index mismatch between the cuticle and the air. The bioin-
spired nanostructures were applied on an LED lens surface
to achieve highly efficient LED lighting (figure 35(c)). The
bioinspired LED lens can increase transmittance by up to 3%
in visible spectrum under optimal lens curvature conditions
compared with a smooth surface lens. The same research
group also found hierarchical structures, longitudinal nano-
structures on asymmetric microstructures, from the light organ
of Pyrocoelia rufa. To reveal the optical role and properties
of the hierarchical structures, they numerically analyzed and
mimicked the hierarchical structures using combined fabrica-
tion methods such as geometry-guided resist reflow, PDMS
oxidation, and replica moulding. The hierarchical structures
can enhance light extraction by suppressing the TIR and
Fresnel reflection. The asymmetric microstructures contribute
to the extraction of trapped light above the critical angle by
diffractive effect and changing the geometric conditions. The
longitudinal nanostructures can reduce the Fresnel reflection
by reducing the index mismatch and coupling out the trapped
light above the critical angle by subwavelength diffraction.
A bioinspired OLED panel was fabricated by combining
the hierarchical structures on a glass substrate of an OLED
device, which was in a similar configuration with a firefly
light organ (figure 35(d)). The bioinspired OLED showed sig-
nificant enhancement of EQE by up to 61% compared with an
OLED device without the bioinspired structures. Furthermore,
the bioinspired OLED have side-enhanced super-Lambertian
emission, indicating that the hierarchical structures contrib-
ute to the emission of strong light signal in over a wide-angle
range for efficient light communication between fireflies.

Another research group of University of Namur also found
similar photonic structures on the light organ of a different
species of firefly Photuris sp. (Lampyridae). They analyzed
the photonic structures and revealed that the inclined micro-
structures can enhance the light extraction by helping the
trapped light due to TIR escape [144]. They also fabricated
bioinspired microstructures on a surface of a GaN-based LED
and demonstrated improved extraction efficiency by up to
54% compared with a bare LED device [145].
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a) Divergent Convergent

Figure 36. (a) Schematics of one microlens structure in divergent
and convergent states, respectively. A round PDMS slip defining
the lens aperture, a hydrogel actuator and the underlying polymer
substrate form a water container. The sidewalls of the aperture

are chemically treated hydrophilic by corona plasma discharge,
while the top surfaces are naturally hydrophobic. A meniscus,
used as a microlens, is formed through a curved interface between
water and oil and is pinned by the hydrophilic—hydrophobic
boundary, protruding upward at high pressure (divergent) and
bulging downward at low pressure (convergent). (b) Photoimages
of a microlens in the two states: divergent and convergent. The
left image (divergent) is taken at around 50 °C; the right image
(convergent) is taken at about 30 °C. (c) An image of a six-element
microlens array on a dome with a diameter of 18 mm. Each
microlens is labelled with a number. Reprinted from [15], with the
permission of AIP Publishing.

5. Other visual systems

5.1. Inspired by both compound eyes and mammal eyes

The research described in section 4 mimicked the nature
apposition compound eyes that possess a fixed focal length
for each optical unit. Zhu et al. demonstrated an ACE device
with a performance beyond its natural counterparts [15], inte-
grating the capabilities of both compound eyes with wide FoV
and mammal eyes (e.g. human eyes) with tunable focal length.
As shown in figure 36, a six-element liquid-based MLA was
fabricated on a dome. The focal length of each microlens
could be individually tuned by a thermo-responsive hydrogel
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Figure 37. (a) Schematic illustrations of an artificial fish eye. (b)—(d) Photos of the artificial eye, its front view, and the BPE at the

rear, respectively. (e)-(g) SEM images of the BPE transferred onto a hemispherical PDMS membrane and that of an individual p-PC,
respectively. The scale bars in (e)—(g) are 200 pm, 100 pm and 50 pm, respectively. (h)—(j) A scanned logo as the object, images obtained
without and with BPE, respectively. (k)-(m) Another scanned logo with more complex structures, images acquired without and with the
BPE, respectively. Adapted with permission from [160]. Copyright © 2016 National Academy of Sciences.

actuator. The range of the focal length varied from millimetres
to infinity. The liquid microlenses were connected by PDMS
bridges, which can be easily bended and wrapped onto curved
surfaces. In their work, the six microlenses were arranged on
caps subtending an angle of 116° (18 mm diameter dome) and
113° (20 mm diameter dome). The FoV of each microlens can
be changed from 77° to 128°. Due to its broad potential appli-
cations in sensing, surveillance, security and military, this
insect-human-hybrid eyes have become an attractive research
topic. Several devices based on other actuation strategies have
been developed [146-149].

5.2. Bioinspired photosensitivity enhancer

Improving the photosensitivity for low-light imaging devices
is important for acquisition of visual information and is criti-
cal to many applications in medicine, military, security, and
astronomy [150—-154]. Current methods to improve photosen-
sitivity generally resort to enhanced electronics, including the
use of external image intensifiers or on-chip multiplication
gain technologies, or highly photosensitive imaging sensors
utilizing emerging photoactive materials [155-158]. These
electronic devices are able to increase the overall photosensi-
tivity of the imagers by several orders of magnitude; however,
they have inevitable physical and material limitations [159].
Jiang and co-workers developed an all-optical approach to
the improvement of the photosensitivity of imaging systems,
which was inspired by the retinal structure of elephant nose
fish [160]. In the retina of the elephant nose fish (Gnathonemus
petersii), the collection of light (wavelength A ~ 615nm) in
order to reach the photoreceptors is achieved by crystalline
micro-cups with reflecting photonic crystal sidewalls [161].
This focusing mechanism of guiding light rays through an
enclosed structure is much less prone to imperfection in optical
elements, and thus provides a viable solution to accomplishing
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superposition in man-made imagers. Figures 37(a)—(d) show
the schematic illustration and the photo of an artificial fish eye
for low-light vision. It consists of photosensitivity enhancer
with thousands (48-by-48) of microphotocollectors (u-PCs),
as shown in figures 37(e)—(g), which are anatomically equiva-
lent to the crystalline micro-cups in the retinae of the elephant
nose fish. A ball lens that is mounted at the central iris gen-
erates a hemispherical image plane onto the p-PCs that are
arranged on a curved PDMS membrane. Each u-PC is a glass
microstructure with two opposite facets enclosed by four par-
abolic sidewalls coated with high-reflectivity Al. The incom-
ing light from the large facet (input port, diameter D;, = 77
pm) is collected towards the small facet (output port, diam-
eter Doy, = 20 pum) by the parabolic sidewalls, consequently
increasing the light intensity. In this manner, the p-PCs real-
ize superposition of the incoming light to the pixels on the
imager. The resultant image can then be acquired by a match-
ing image sensor.

To demonstrate the imaging capabilities of the bioinspired
photosensitivity enhancer (BPE) that contained 48 x 48 u-
PCs, objects with a letter logo (figure 37(h)) and a more com-
plex pattern (figure 37(k)) were used. At the low illumination
condition (power intensity of light, P = 0.05 W cm~2), the
images acquired by the CCD without the BPE could not be
recognized (figures 37(i) and (1)). Much brighter images were
obtained with the BPE and were easily seen (figures 37(j)
and (m)). The spatial resolution of the eyes in the elephant-
nose fish is reduced by its unique retina anatomical structure
with crystalline microcups [161]. For the artificial device, a
complete set of hardware and software strategy based on a
super-resolution image reconstruction method was adopted
to recover the resolution of images. In the example in fig-
ure 37(m), the resolution (384 x 384) was improved by 4
times, able to show fine spatial features and sharp boundaries
of complex patterns.
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5.3. Bioinspired polarization imaging sensors

Traditional image sensors can only detect intensity and
wavelength of the light. There is a third characteristic of the
light, namely, the polarization. In nature, some animals such
as crustaceans, insects and aquatic creatures [162-164], can
detect and make use of polarization of light. Inspired by these
natural polarization-sensitive eyes, efforts have been made
to develop image sensors that can detect the polarization of
the incoming light. The earliest attempts to implement polar-
ization imagers were made by integrating dichroic polymer
thin films with orthogonal absorption axes on CMOS image
sensors [165-167]. Another approach used micro-polarizer
fabricated from a birefringent crystal deposited on top of the
imagers [168, 169], which showed higher efficiency in sepa-
rating orthogonal components of linearly polarized light than
the dichroic polymer thin films [170].

All the methods mentioned above require complicated and
expensive procedures that involve post-processing of image
sensors and precise alignment of the polarization layers on
top of sensor pixels. In addition, the filters on top of rela-
tively thick oxide cause a poor extinction ratio for abnormal
incident light beams since the incident light may strike the
photodetector corresponding to a neighboring polarization
filter [171]. In the past decade, thanks to fast development
of nanotechnologies, more promising methods to realize
polarization image sensosr were presented by integrating
nanowire grids on the sensor pixel based on standard CMOS
technology. For example, Tokuda er al. demonstrated a
30 x 30 polarization image pixel array with metallic nanow-
ire grids covered on the photodiode region, and showed a
sinusoidal variation of detected intensity as a function of the
polarization orientation [172]. The extinction ratio was 2.03.
Sarkar et al. showed a focal-plane nanowire grids in a more
advanced, 0.18 pm standard CMOS process, and improved
the extinction ratio to 6.3 and 7.7 with an orientation angle
of 0° and 90°, respectively [173,174]. Recently, Garcia et al.
demonstrated a low-power, high-resolution, color-polariza-
tion imager for real-time in sifu imaging, which was inspired
by the eyes of mantis shrimp [175, 176]. The imager could
capture co-registered color and polarization information in
real time with a resolution of 1280 x 720 and a dynamic
range of 62 dB. The quantum efficiency was above 30%
and the polarization extinction ratio was about 40 in each
spectral channel, much higher than in previous works. The
authors also demonstrated the capability of the device in
underwater imaging of marine species that exploit both color
and polarization information.

6. Conclusion and outlook

Numerous researchers have succeeded in developing a
variety of different types of bioinspired artificial eyes and
photonic devices over the past decades. These accomplish-
ments have been made possible by overcoming technical
limitations from various angles. Many researchers in a wide
range of fields have tried a variety of different approaches to
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duplicating the functions of natural eyes. Up till now, many
technical issues have been solved thanks to the great effort
and the technological progress in a multiplicity of areas such
as materials science, mechanical and electrical engineering,
and many others. As a result, researchers have successfully
demonstrated artificial optical components inspired from ani-
mal eyes, including tunable lenses and irises, curved image
sensors with single lenses or MLAs, microlens or micromir-
ror arrays on flat or curved surfaces, MLAs coupled with
waveguides, ARS, MLAs with focal length tunability, photo-
sensitivity enhancers, and polarization imaging sensors. The
distinct features of natural eyes have inspired researchers and
brought about enormous achievements in the broad field of
science and technology.

The significant progress in the bioinspired technologies
can lead to the development of next-generation photonic
devices. Since most of previous works focused on studying
or reproducing a specific function of natural eyes, combin-
ing two or more functions in a single device is a potential
approach. Furthermore, new technical issues have to be
solved due to the broad applications of photonic devices. For
example, in the biomedical applications, the researchers have
to consider biocompatibility of the materials and the operat-
ing environment of the devices. Miniaturized and high qual-
ity imaging or lighting devices could potentially meet the
demands of the biomedical field (e.g. endoscopy, laparoscopy,
and robotic surgery). The bioinspired photonic devices have
a huge potential and will no doubt advance optics, photonics,
optoelectronics, robotics, and biomedical engineering.
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