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Development of a Multi-focusing Artificial Compound Eye
With Decreasing Focal Length

LUO Jia-sai, GUO Yong-cai, WANG Xin
(Key Laboratory of Optoelectronic Technology and Systems of Ministry of Education of China ,
Chongqing University , Chongqing, 400044, China)

Abstract: In order to meet the demand of lightweight, miniaturization, large fields of view, a multi-
focusing artificial-compound-eye with a gradually decreasing focal length was proposed. The ommatidia
were arranged in the form of concentric circles, and each one owned the same focal length in the same
circle. The artificial-compound-eye was fabricated by the photoresist reflow method. Each ommatidium
had a specific focal length within a small interval through the calculation of dosage of photoresist, so that
all the ommatidia could focus on the same plane. As for the manufacturing process, negative pressure
was applied to solve microlens deformation problems, and Polydimethylsiloxane coelomic compartment
was used for injecting optical adhesives without any impurities. In addition, Norland81 as the moulding
material has similar qualities to the previous one, yet it can be cured 3 to 5 times faster. The simulation
model was established by ZEMAX, and the result of ray-tracing shown that a clear image point could be
obtained even under large field of view.
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0 Introduction

In nature, compound eyes have outstanding optical
properties including large Field of View (FOV),
compact structure, high dynamic sensitivity and so on.
As a branch of bionics, the Artificial Compound Eye
(ACE) research process is mainly divided into three
the

model, complete optical system. Since the 1990s, a

parts: abstract biology model, mathematical
large number of compound eye structures appeared™ 1.
Despite considerable efforts, all those structures were
manufactured on a planar substrate on account of the
limitation of the machining technology at that time.
Scholars devoted themselves to improve the imaging
quality through developing a new structure, such as
Jacques’s artificial Apposition Compound eye Objective
(APCO)'! and Tanida. J’s thin Observation Module by
Bound Optics (TOMBO)",

The researchers gradually focus on the curved
ACE due to the low resolution, small FOV and blind
area of planar ACE in recent years. However, a
separate 3d ACE can’t imaging on the planar optical
sensors on account of its curved focal plane. To steer
the focal plane onto a commercial planar photoreceptor,
numerous Optical Relay Devices ( ORD) had been
designed. Many of them use optical fiber bundles as
ORD, part of them design a self-aligned waveguide,
some others make use of field array to improve edge
imaging quality, increase the FOV, and correct the off-
axis light™**'. Thus, both of them are either bulky or
hard to manufacture. Also the cost of these structures
will be expensive,

Some researchers have improved the microlens
Di Si et. al have

compound

array to gain a planar focal plane.

presented a single-layer spherical eye

imaging system™. Ki-Hun et al designed a ACE with
fractal zone plate arrays "', It’s worth mentioning that
Dario et. al have created a micro-opto-electromechanical
ACE consist of a microlens array, a neuromorphic
photodetector array, and a flexible printed circuit board
that stacked,

mechanically flexible imager

and curved to produce a
[16]

are cut,
Otherwise, more and
more related imaging algorithm appeared with respect

L7181 the moving target tracking™*’,

to image mosaic
and so on.

This paper present a multi-focusing ACE with a
gradually decreasing focal length. Every aperture has
been calculated accurately and simulated using Zemax.
though the

photoresist reflow and the curved was fabricated by a

The planar array was manufactured

manufacturing process based on the pneumatic auxiliary

micro-replication of polymer elastomer with a

Polydimethylsiloxane (PDMS) coelomic compartment.

The selection of moulding material Norland81 protected
related photolithography equipment. Zemax was used

to simulate the optical property of this ACE.

1 Design and simulation

1.1 Design of the multi-focusing ACE
This study designed a novel curved ACE with a
In order to make it

the

arranged in the form of concentric circles as shown in

multi-focusing microlens array.

smaller and more compact, ommatidia were
Fig. 1. Every ommatidium owns the same focal length
in the same circle with a decreasing trend from the
inside to the outside. Each ommatidium was given a
specific focal length through the calculation of dosage of
photoresist to make all the ommatidia focused on the

same planar plane.

Fig. 1 The arrangement of multi-focusing ACE under
the scanning electron microscope
1.2 Calculation of the lens parameters
the

parameters of the multi-focusing ACE model, these

Here, in order to calculate geometry
significant parameters were defined in Fig. 2. The focal
points of these microlens are desired to be located on
the planar CCD plane and all optical axis get through
Therefore,

parameters described above must satisfy the following
[20]

the centre of sphere of the substrate.

equation
R—,

L=R— cos (ng, +Aa,)

(@Y

where, Aa,,:%(d,,*d,, ,) /2.

The formula of mirror grinding is known as

follows

N e

ff(nO 1)(}’” R> (2)
For f,=1,

;= (n,—1) f.R (n,—1)L[,R 3

"R+ (m—1)f, R+ (nm—1)1,
Combining with the ommatidium structure in Fig. 2, it
can be obtained that
h,=r,(1—cos &) (4)
d,=2r,sin 0 (5)
It can be deduced from Egs. (2) ~(5) that we can
control the dosage of photoresist and bottom radius of

each ommatidium to control its focal length. Combining
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Fig. 2 The schematic diagram of multi-focusing
ACE and ommidium
with the related formula of sphere and globoidal,
researchers concluded the computational formula
among the thickness of photoresist H, the focal length
of microlens f and the thickness of microlens % in
manufacturing process design.
_d+4n (ny,—1)fR
"8  R+m—1)f

(6)

kZ
?}LJFSF

where, f, D and R are the regional parameters on

H> h’ (7

account of the establishment of the initial model. Then
r and h can be solved through Eq. (6). Finally, the
dosage of photoresist can be calculated with the
determination of H in Eq. (7), where £x0. 8.

However, it brought in the deformation problem
during curved surface forming, and the deformation
rates of microlens on the same concentric circles remain
equal. The diameter on different latitude increases by
9.45% to 10. 56 %™, Compensating the deformation
should be the coming work.
1.3 Simulation of the multi-focusing ACE

The 3D model had been designed to simulate the
optical properties in Zemax. Zemax can be implemented
in the design of optical system modeling, analysis, and
other auxiliary functions. Zemax is simple and easy to
use, and it can realize interactive design with just a
little practice.  However, a cogent traditional
evaluation indicator can’ t be acquired on account of
those numerous separate ommatidium will affect the
light distribution on an optical receiver. Therefore, we
prefer to analyze the imaging capability of an individual
ommatidium.

The model consist of a curved substrate and 35
ommatidia. All those ommatidia were arranged in the
form of concentric circles on the substrate as shown in

Fig. 3. Each ommatidium was designed a specific focal

(a) 2D top-view (b) 2D side-view

(¢) 3D shaded model

(d) 3D geometric model

Fig. 3 The schematic diagram of simulation model
length according to the location on the substrate. The
spacing between each two ommatidia is within the
scope of 20~40 pm and the bottom diameter changes
among 200~400 pm.

Here, researchers simulated the imaging result
under different FOV in Fig. 4. X axis and Y axis
FOV
respectively in the simulation. With the angel of the

correspond to the vertical and horizontal
incident light on the Y axis increasing, there's always
one ommatidium imaging perfectly on the image plane,

and the quality of those previous became more and more

blurred.

(d21°

(e)17.5°

) 13.21°

Fig. 4 The imaging result of the multi-focusing ACE

Each ommatidium can imaging clearly in a certain
range of FOV. Researchers verified it by ray tracing
for each ommatidium separately. Those ommatidium
have a certain slope due to the arrangement on a
spherical substrate. Certain one can receive normal
incidence light with the related incident angle. That is
to say, one ommatidium can get clearest Image Point
(IP) when the incident angle equals the angle of
inclination as shown in Fig. 5. Certainly, the effect of
the central one was still better than others on account

of the curved substrate.

(a)The IP of first ring

(b)The IP of second ring

1022002- 3
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(¢)The IP of third ring

(d)The IP of fourth ring
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(e) The energy profile of the IP from the first ring to fourth

Fig.5 The imaging result of the ommatidium with
the related incident angle

However, serious coma appeared under large

incident angle as shown in Fig. 6. A comparatively

(a) The IP of 0°

(b) The IP of 6.43°

(c) The IP of 12.89° (d) The IP of 19.22°

Fig. 6 The imaging result of the ommatidium with
different incident angel
clear image point could take shape within 6°, and the

image point turn to a cometary shape gradually with the

L4l
ez rzizereza

(a) Ultraviolet exposure

LA L L] Sl [

(b) Development

[l S S A

(¢) Thenmal reflow
| -#a v, wa . ) AP<0

(d) PDMS molding

-

(e) Fixed on the vacuum barrel

(f) Negative pressure forming

increase of incident angle. So, as mentioned before, a
separate ommatidium could only form a clear image
point within a small angle.

Each ommatidium can be regarded as an
independent imaging unit. Everyone formed a subimage
in a small FOV and the co-property part came into
being due to the overlapping of any two adjacent FOV,
So, a complete image can be obtained by integrating the
clear part of those subimages with the overlapping
regions eliminated by confirming the arrangement

characteristics and relation among those ommatidiat®’,

2 Manufacturing process

As mentioned above, photoresist reflow method is
suitable to manufact the multi-focusing ACE rapidly
and at little cost. The manufacturing process consist of
two major steps: the thermal reflow forming of planar
ACE and the negative pressure forming of curved
ACE.

Firstly, AZ4620

photoresist on the silicon substrate and formed a series

researchers  spined  the
of uniform cylinder structure by UV-lithography with
the prepared mask. Here, researchers controlled the
thickness of photoresist about 30 pm on account of the
calculation above. Then, the substrate with cylinder
structure was put in a constant temperature oven which
is set to a suitable temperature for required time. The
cylindrical structure formed a microlens array under the
action of surface tension when the photoresist melted.
With this, planar microlens array is achieved.
Afterwards, previous planar array was used as a
template to fabricate a layer of PDMS membrane. Then
the membrane was fixed on a vacuum drum and
processed into a curved surface by negative pressure.
After pouring the Norland81 into the structure
accurately with a PDMS coelomic compartment, the
membrane was exposed to UV light for 10 s. Finally,
researchers obtained the curved multi-focusing ACE

after demoulding.

(g) Glue injection

(h) Demolding

Fig. 7 The schematic diagram of manufacturing process

What calls for special attention is that the
thickness of photoresist should be strictly controlled. If

the coating photoresist can’ t meet the minimum

requirements, then it will make the center of the
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spherical colloidal concave downward due to the effect
of infiltration angle. On the other way, the nitrogen
released by the diazo naphthoquinone will bring in the
deformation problem during the exposure process if the
thickness is over the limit.

As shown above, the dose of photoresist
determines the shape of the ommatidium. Only the
diameter of each unit on the photographic mask D, and
the thickness of photoresist H was used as the design
variable. H depends on the spin speed of spin coater as
shown in Fig. 8.

14 ¢

Film thickness/pm
x o o
L] T ]

N
T

A i A 'y

0 1 2 3 4 5 6 7
Spin speed/(x10°r-min ')

3
b

~
b

Fig. 8 The relationship between H and spin speed

Fig. 9 shows the diameters of seven rings of
photographic mask wunder different thickness H.
Synthesizes various factors, including production costs,
extension of rings, and precision of mask and so on,
the value of H was selected as 30 pm. In order to
obtain the optimal H&30 um, spin speed was chose to

800r/min and then the secondary spin was conducted.

650
——H=15
600 ¢ ——H=20 ]
550 ¢ —— [=25 1
£ 500 ——H=30 |
Z 4507 A
2 400}
g
A 350}
300
250
200

1 2 3 4 5 6 7

Number of lens rings

Fig. 9 The diameters under different H

Since the thickness H was fixed on the same
substrate, the difference came from the diameter D,.
Fig. 10 shows that the measured data of ommatidia
including the average height &, and the curvature radius
r, are closed to the theoretical calculation. Also, it can
be concluded that 4, and r, increase with the increase of
bottom diameter. Combining with the previous
formula, focal length f, increases as the same. Multi-
focusing ACE with decreasing focal length was proven
to be feasible. Also it shows that the height A, should
not be too large since the deficiency affected by central-

dip, uneven glue and other factors.

45 T T
——Measurement values
—— Theoretical value
40 - -
g
= 35r
<=
.20
Q
jas)
30F .
25 1 1 1 1
250 300 350 400 450 500
Diameters/um
Fig. 10 The average height of ommatidia
750 T T T
—— Measurement values
700 —— Theoretical value T
g
é‘ 650 - 1
g 600 .
g
3 550 ¢ :
<
5 500 ]
@]
450
400 : . : .
250 300 350 400 450 500
Diameters/um
Fig. 11 The average curvature radius of ommatidia

During the process of glue injection, researchers
bring in a PDMS cavity chamber to control the
thickness of the base precisely and eliminate the
influence of the air and impurities. Norland81 was
chosen not only for its excellent optical performance,
but for the extremely short exposure time which can

protect the lithography equipment effectively.

3 Conclusion

The method of photoresist reflow, being the
simplest method to fabricate microlens arrays at
present, is the easiest means for mass production.
Based on the method of photoresist reflow, this paper
puts forward a new structure of curved bionic
compound eyes. The ommatidia are arranged in the
form of concentric circles and are of same aperture with
a decreasing trend in aperture from the inside to the
outside. The

according to the calculations to ensure that each

specific aperture can be obtained
ommatidium can clearly imaging on a same focal plane
during a certain angle range. Simulation using ZEMAX
has proved the ACE's function that even in the large
field of

corresponding ommatidium. Theoretically, increase in

view, clear image can be gained by
the amount of concentric circles may get the viewing
angle of ACE to infinitely close to 180°. The initial
ACE models we made has been proved certain defocus

in imaging experiments, and the later improvement is

1022002- 5
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mainly aimed for compensating the impact that the

changes of substrate curvature driving the aperture of

ommatidium bring on the focus of each ommatidium

while manufacturing curved lens.

And by using the

compensation dosage and redistributing the photoresist

we can make improvements of the defocus of the

ommatidia.
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