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MATERIALS AND BIOLOGY
REVIEW

Inspirations from Biological Optics for
Advanced Photonic Systems

Luke P. Lee* and Robert Szema

Observing systems in nature has inspired humans to create technological tools that
allow us to better understand and imitate biology. Biomimetics, in particular, owes
much of its current development to advances in materials science and creative
optical system designs. New investigational tools, such as those for microscopic
imaging and chemical analyses, have added to our understanding of biological
optics. Biologically inspired optical science has become the emerging topic among
researchers and scientists. This is in part due to the availability of polymers with
customizable optical properties and the ability to rapidly fabricate complex designs
using soft lithography and three-dimensional microscale processing techniques.

Whether it is to search for nourishment, evade
predators, or seek protection from the elements,
unique biological optical systems are tailored
for the individual needs of each organism.
Among these, the mechanism of sight is per-
haps the most varied in the animal kingdom.
Eyes for different species are optimized for day
or night vision, for near or far, for wide or
narrow fields of view, and so on (/).

Biologically inspired optical science is a
relatively new and expanding field. The recent
development of reconfig-

ing from the eye (3). It wasn’t until some fif-
teen hundred years later that al-Haytham
accurately described how lenses can focus and
magnify images (4), and the first accurate
description of the human eye followed in
1604. Scientific fascination with eyesight has
continued to the present day.

In its simplest form, sight requires that light
rays be focused onto a light detector. The devel-
opment of visual systems has been both conver-
gent and progressive, with many species having

type eye (Fig. 1A), which generally relies on a
single lens to focus images onto a retina. In
the human eye, focusing at different distances
is made possible by a flexible and controllable
crystalline lens. The ciliary muscles alter ten-
sion on the lens, changing its curvature and
therefore its focal length.

In the animal kingdom, there are diverse
types of camera eyes. For example, fish eyes
have a spherical gradient index lens (Fig.
1B). The bird eye has the added control of
reshaping and deforming the cornea as well
(5). Brucke’s muscles attached to bony
ossicles in reptiles and birds actively change
the lens thickness (Fig. 1C). Birds have an
additional muscle, Crampton’s muscle, which
can alter the shape of the cornea (Fig. 1D). In
contrast, the whale eye uses hydraulics to
move the lens itself closer or farther from the
retina; a chamber behind the lens is filled or
emptied with fluid depending on the focal

length needed (6). This de-
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are needed for the control
of different optical systems.
Man-made biomimetic sys-
tems can be grouped ac-
cording to the biological
designs they attempt to
emulate, including camera-
type eyes, compound eyes,

Reptile Eye

Bird Eye

Fig. 1. Various types of camera-type eyes. (A) The arrangement of the mammalian
ciliary muscle allows for passive changes in lens thickness. (B) The fish eye has a
spherical gradient lens. (C) Brucke's muscles attached to bony ossicles in reptiles and
birds, in contrast to the mammal and fish eyes, actively change the lens thickness. (D)
Birds have an additional muscle, Crampton’s muscle, which can alter the shape of the
cornea. (E) The protractor lentis in some amphibian eyes moves a fixed-shape lens
closer or farther from the retina for accommodation.

Amphibian Eye

few groups have used these
principles in designing an
adaptive fluidic lens (7-9).
However, these designs use
a homogeneous spherical
lens which suffers because
the peripheral light rays are
more refracted than the ax-
ial ones, leading to a type of

and others. astigmatism.
accomplished similar functional goals through In cephalopods such as octopi and squid,
Eyes different paths. No fewer than 10 generalized  this spherical aberration is solved by a ball-

The earliest scientific postulations of vision ap-
peared during the time of the ancient Greeks,
who described sight as elemental fire emanat-
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optical mechanisms have been found in nature,
each with its own variations (5). Two of the
most prevalent are the camera-type eye and the
compound eye.

Camera-Eye Systems

The human eye is the most familiar biological
optical system. It is categorized as a camera-

shaped lens with a spherically symmetric re-
fractive index gradient that decreases from
the center outward. This arrangement is par-
ticularly well suited for a watery environ-
ment, where the cornea does not provide an
appreciably refractory change. That is, both
sides of the cornea consist of a watery me-
dium, and the entire focusing power of the
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eye is within the lens itself. This mechanism
also provides the shortest possible focal length,
while allowing for a wide field of view in a
compact form.

The necessary refractive gradient of this
natural lens was first postulated in the 1800s
(1), a precise mathematical description was
achieved in 1944 (/0), and a man-made equiv-
alent was constructed in 1986 (/7). However,
creating a biologically faithful retina is equally
challenging. The retina of the cephalopod, and
in many animals, is a curved structure. This
is noteworthy because conventional electron-
ic processing techniques to create photosen-
sor arrays (as in cameras) are planar. To remedy
this, Hung et al. have fabricated photo-
detectors with flexible interconnects, allow-
ing for a curved artificial retina (/2).

Compound Eyes

Although commonplace, the insect compound
eye has an allure that stems in part from it
being so different than our own. Its complex-
ity is notable at first glance, with up to 10
thousand lenslets in some species of dragon-
flies (Fig. 2A). Grossly, compound eyes are
divided into two types, superposition and ap-
position. As we have come to expect, each
type is well adapted to the needs of its owner.

In the apposition compound eye, the individ-
ual facets are optically isolated from one
another, with each providing part of the total
scene (Fig. 2B). This is analogous to having
individual cameras arranged spherically. From
an engineering perspective, the apposition eye
has its advantage in that images are processed
in parallel, with each facet sending signals
simultaneously. This allows for fast motion
detection and image recognition. The trade-off,
however, is that the brightness of the image is
substantially diminished, as each facet can only
capture a small amount of light.

Replicating an apposition compound eye
does not lend itself well to efficiency or
compactness, as each optical unit requires its
own image capture and processing module.
Still, the design concept is a relatively sim-
ple one, and new micromachining technolo-
gies have miniaturized these devices to a
scale never before possible. Ogata ef al. fab-
ricated an artificial compound eye and in-
tegrated retina in the 1990s using planar
arrays of gradient refractive index (GRIN)
rods to focus light through pinholes onto a
photodetector array (/3) (Fig. 2D). Their res-
olution was only 16 by 16 but has led to
modern versions that have the ability to cap-
ture full color images (4, 15).

Even newer examples of apposition eyes
have ommatidia arranged normal to a sphere,
more faithful to their natural counterparts. The
first artificial ommatidia by self-aligned mi-
crolenses and waveguides were created by
Kim et al. (16). This was followed by a 3D
compound eye with self-aligned waveguides
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and individual microlens units on a spherical
surface by Jeong et al. (17). The ommatidia
are arranged along a hemispherical polymer
dome such that each points to a different
direction, allowing for a wide field of view,
similar to that of the natural eye (Fig. 2E). The
spherical configuration of the microlenses was
accomplished by a polymer replication pro-
cess with the use of the deformed elastomer
membrane, which has microlens patterns. The
formation of self-aligned polymer cones and
waveguides with respect to microlenses on the
hemispherical dome was also realized by a
self-writing process in a photosensitive poly-
mer resin (Fig. 2F).

In the superposition compound eye, the
images from each facet are not optically

Microlens Array
Signal Separator

Imaging Device =

E

BioPOEMS BSAC

isolated. That is, they are projected in over-
lapping fashion onto a common retina (Fig. 2C).
This increases photosensitivity, but may lead to
blurring at the image interfaces. In biomi-
metics, this type of compound eye is not as
popular as the apposition type, but it does have
unique applications.

Historically, one of the most famous ex-
amples of biomimetic optics was described in
1979, when Angel proposed that lobster eyes
be used as x-ray telescopes (/18-20). Lobster
eyes are composed of an array of tapered tubes
which bend light by reflection rather than
refraction (Fig. 2F). The light follows a path
as if striking a spherical mirror. The tubes also
share a common retina, making a superposi-
tion compound eye.

I
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Fig. 2. Compound eye. (A) Schematics of compound eye. (B) Light flow through an apposition
compound eye. (C) Light flow through a superposition compound eye. (D) Microlens array. [Image
from (73)] (E) SEM image of an artificial compound eye fabricated by the biologically inspired 3D
optical synthesis method. [Image from (77)] (F) Confocal micrograph of self-written cones under
honeycomb-packed microlens array in the artificial compound eye. [Image from (77)]
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Traditional x-ray
telescopes use con-
cave mirrors to reflect
X rays, but only a
small percentage of
rays are bent in this
manner. X rays are
only reflected at glanc-
ing angles, leaving a
1° field of view. Ar-
ranged spherically, a
lobster eye has the
potential for an un-
limited field of view.
Another use for the
control of x rays is to
invert the lobster eye
such that parallel
beams can be produced
from a point source
(18-20).

Finally, a hybrid
apposition/superposition eye is under devel-
opment by Szema et al. (21). Although its
current form is not found in nature, this
design draws its inspiration heavily from the
biological world. Essentially, it involves a
superposition eye with optical shutters at-
tached to each of the facets of the eye. By
opening one shutter at a time, images are
retrieved from each facet individually, opti-
cally isolating each facet as in an apposi-
tion arrangement. However, these facets all
project onto a common retina, mimicking the
superposition compound eye. The advantages
of this system are reduced processing re-
quirements while maintaining separate, un-
blurred, images from each facet. The latter is
particularly relevant given that the separated
images can be used to determine distance to
an object, much like humans use two eyes to
perceive depth.

Other Systems in Nature

Commonly known as the brittlestar, the spe-
cies Ophiocoma wendtii is able to evade
predators and is sensitive to light, without
obvious eyes or a brain. In 2001, Aizenberg
et al. discovered that the calcite crystals
throughout the brittlestar skeletal body were
parts of an all-encompassing compound eye
(22) (Fig. 3A). The crystals (40 to 50 um in
diameter) form doublet lenses which correct
spherical aberration and birefringence. The
focal point of the lenses matches nerve bun-
dle locations beneath the crystal array. Com-
mercial applications of such crystals have
applications in optical networking and im-
proved photolithography methods. They have
been able to produce single calcite crystals
with a defined crystallographic orientation by
using micropatterned templates (23).

Jeong et al. have used this same design in
a microfluidic doublet lens system capable
of creating dual modes (9) (Fig. 3C). It can

be tuned either by changing the shape of a
fluidic lens or by changing the refractive
index of the filling media. In this way, the
system is able to minimize optical aberra-
tions while maximizing the range of focal
length or field of view.

The beetle Melanophila acuminate is
another curious creature with the unique abil-
ity to detect forest fires some 80 km away.
Female beetles lay eggs in burnt trees which
no longer maintain their natural defenses. This
is the only environment in which their larvae
survive. They are directed to fires by spe-
cialized pit organs which are tuned to a specific
infrared frequency (Fig. 3B). These organs
hold 50 to 100 sensors, each 15 um in
diameter, which absorb the infrared light. Ex-
pansion of a cuticular apparatus is detected by
mechanoreceptors which, in turn, direct the
beetle (24).

Researchers are developing and charac-
terizing new materials that behave similarly
in response to heat (25). The expansion of
these materials in response to various parts
of the infrared spectrum allow for the de-
tection of specific sources.

The Future

Imitating nature is a complex endeavor,
and a blind biomimetic approach is not the
best methodology. Instead, molecular-level
studies of the biological development of nat-
ural vision systems are key. For example,
current infrared sensors can distinguish more
than what human eyes can see, but they re-
quire a sophisticated cooling system to work.
Somehow, insects have this same ability
without the limitation of temperature control.
This is but one example of how it is pri-
marily nature’s designs that are superior to
man-made equivalents. However, if we are
able to decode the designs, then the com-
bination of our creativity in materials and
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Fig. 3. Other biomimetic approaches. (A) SEM images of the brittlestar, indicating the focus of light rays at photosensitive
locations beneath the surface. [Image from (22)] (B) An M. acuminate beetle with electron micrograph of its pit organ. [Image
from (24)] (C) SEM images of biologically inspired microfluidic doublet lenses. (Top) Lens without thin PDMS elastomer.
(Bottom) Cross-sectional image of the doublet lens with the thin PDMS elastomer membrane (9).

nature’s wisdom is synergistic one with in-
credible potential.
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