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Abstract Three-dimensional
 

 3D 
 

artificial
 

compound
 

eyes
 

 ACEs 
 

are
 

helpful
 

for
 

wide
 

field-of-
view

 

imaging
 

and
 

sensing
 

system
 

applications 
 

However 
 

existing
 

batch
 

preparation
 

methods
 

are
 

technically
 

challenging 
 

A
 

bio-inspired 
 

simple 
 

and
 

high-efficiency
 

batch
 

preparation
 

method
 

is
 

proposed 
 

which
 

involves
 

bonding
 

a
 

sticky
 

microlens
 

array
 

 MLA 
 

polydimethylsiloxane
 

 PDMS 
 

film
 

to
 

an
 

elastic
 

PDMS
 

hemisphere
 

under
 

pressure 
 

followed
 

by
 

abrupt
 

pressure
 

removal 
 

Characterizations
 

from
 

a
 

scanning
 

electron
 

microscope
 

and
 

laser
 

scanning
 

confocal
 

microscope
 

show
 

that
 

3D
 

ACEs
 

prepared
 

using
 

the
 

proposed
 

method
 

have
 

high
 

numbers
 

of
 

uniformly
 

distributed
 

ommatidia
 

with
 

a
 

high-quality
 

finish 
 

Furthermore 
 

optical
 

imaging
 

investigations
 

demonstrate
 

that
 

the
 

proposed
 

preparation
 

method
 

can
 

achieve
 

clear 
 

distortion-
free

 

imaging
 

with
 

a
 

wide
 

field-of-view
 

 up
 

to
 

140 2°  
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1 Introduction
A

 

compound
 

eye
 

is
 

composed
 

of
 

thousands
 

of
 

ommatidia
 

evenly
 

distributed
 

on
 

a
 

macroeye
 

similar
 

to
 

a
 

spherical
 

surface 
 

This
 

unique
 

structure
 

gives
 

insects
 

with
 

compound
 

eyes
 

excellent
 

visual
 

abilities 
 

such
 

as
 

undistorted
 

wide-field
 

imaging 
 

Compound
 

eyes
 

wide-field
 

imaging
 

capabilities
 

depend
 

significantly
 

on
 

the
 

macroeyes
 

geometric
 

morphology
 

and
 

the
 

ommatidium
 

size 
 

Importantly 
 

the
 

surface
 

finish
 

and
 

numerical
 

aperture
 

 NA 
 

of
 

ommatidia
 

greatly
 

contribute
 

to
 

compound
 

eyes
 

excellent
 

optical
 

performance 1  
Inspired

 

by
 

the
 

natural
 

compound
 

eyes 
 

an
 

increasing
 

number
 

of
 

researchers
 

have
 

attempted
 

to
 

fabricate
 

compound
 

eyes
 

with
 

these
 

functions
 

for
 

various
 

applications 
 

including
 

wide
 

field-of-view
 

 FOV 
 

detection
 

systems 2-3  
 

endoscopes 4  
 

digital
 

cameras 5-6  
 

and
 

autonomous
 

vehicles 7  
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Meanwhile 
 

there
 

are
 

various
 

proposed
 

schemes
 

for
 

preparing
 

artificial
 

compound
 

eyes
 

 ACEs  
 

such
 

as
 

direct
 

laser
 

writing 8-16  
 

imprinting 17-18  
 

soft
 

lithography 19-20  
 

thermal
 

reflow 21-22  
 

self-
assembly 23-24  

 

and
 

surface
 

energy-driven
 

hydrodynamics 25-28  
 

All
 

these
 

methods
 

can
 

facilely
 

prepare
 

ACEs
 

with
 

high
 

surface
 

finish
 

and 
or

 

high-NA
 

on
 

the
 

planar
 

surface 
 

However 
 

for
 

the
 

nonplanar
 

distribution
 

of
 

ommatidia 
 

they
 

usually
 

only
 

prepare
 

three-dimensional
 

 3D 
 

ACEs
 

with
 

a
 

low
 

FOV
 

 <90° 
 

or
 

even
 

fail
 

to
 

prepare
 

it 29-31  
Compare

 

with
 

the
 

abovementioned
 

methods 
 

externally
 

driven
 

deformation
 

of
 

a
 

planar
 

two-
dimensional

 

 2D 
 

ACE
 

mold
 

is
 

a
 

good
 

selection
 

for
 

preparing
 

high-NA
 

3D
 

ACEs
 

with
 

a
 

large
 

FOV 
 

Also 
 

the
 

proposed
 

preparation
 

method
 

has
 

a
 

high
 

level
 

of
 

control
 

over
 

the
 

geometrical
 

morphology
 

of
 

both
 

a
 

macroeye
 

and
 

ommatidia 
 

thereby
 

endowing
 

the
 

prepared
 

3D
 

ACE
 

with
 

a
 

widely
 

controllable
 

FOV 32-33  
 

Generally 
 

heating
 

and
 

elastic
 

deformation
 

are
 

the
 

most
 

common
 

methods
 

for
 

deforming
 

a
 

planar
 

2D
 

ACE
 

mold 33-34  
 

Both
 

deformation
 

methods
 

have
 

multiple
 

independent
 

preparation
 

procedures
 

that
 

are
 

often
 

difficult
 

to
 

achieve
 

an
 

assembly
 

line
 

production
 

and
 

limit
 

3D
 

ACEs
 

preparation
 

efficiency 32-33 
 

35-36  
 

Therefore 
 

an
 

improved
 

preparation
 

method
 

is
 

needed
 

for
 

satisfying
 

the
 

requirement
 

of
 

a
 

wide
 

application
 

of
 

3D
 

ACEs
 

with
 

a
 

controllable
 

FOV 
This

 

study
 

proposed
 

a
 

simple 
 

high-efficiency
 

preparation
 

method
 

for
 

developing
 

an
 

externally
 

driven
 

deformation
 

method 
 

Prepared
 

3D
 

ACEs
 

are
 

obtained
 

using
 

a
 

sticky
 

and
 

flexible
 

hemisphere
 

to
 

squeeze
 

a
 

convex
 

microlens
 

array
 

 MLA 
 

PDMS
 

film
 

onto
 

a
 

master
 

mold
 

and
 

then
 

abruptly
 

remove
 

the
 

pressure 
 

The
 

proposed
 

method
 

effectively
 

detaches
 

the
 

film
 

from
 

its
 

master
 

mold
 

while
 

deforming
 

it
 

into
 

the
 

shape
 

of
 

a
 

3D
 

ACE 
 

Both
 

the
 

detachment
 

and
 

deformation
 

processes
 

occur
 

spontaneously
 

after
 

pressure
 

force
 

removal 
 

This
 

simplifies
 

the
 

preparation
 

procedure
 

and
 

improves
 

the
 

3D
 

ACEs
 

preparation
 

efficiency 
 

The
 

efficacy
 

of
 

the
 

prepared
 

3D
 

ACEs
 

is
 

examined
 

using
 

a
 

scanning
 

electron
 

microscope
 

 SEM 
 

and
 

a
 

laser
 

scanning
 

confocal
 

microscope
 

 LSCM  

2 Experimental
 

section
2 1 Flexible

 

macrosphere
 

preparation
Fig 

 

1
 

shows
 

the
 

preparation
 

flow
 

diagram
 

of
 

the
 

sticky 
 

flexible
 

PDMS
 

hemisphere 
 

First 
 

a
 

3
 

mm
 

diameter
 

glass
 

hemisphere
 

is
 

attached
 

to
 

the
 

surface
 

of
 

a
 

glass
 

substrate 
 

A
 

PDMS
 

prepolymer
 

and
 

its
 

crosslink
 

agent
 

with
 

a
 

weight
 

ratio
 

of
 

10∶1
 

are
 

evenly
 

mixed
 

by
 

stirring 
 

the
 

mixture
 

is
 

poured
 

onto
 

the
 

top
 

surface
 

of
 

the
 

glass
 

hemisphere
 

by
 

a
 

heat
 

curing
 

process 
 

A
 

concave
 

PDMS
 

hemisphere
 

is
 

obtained
 

by
 

directly
 

detaching
 

the
 

glass
 

hemisphere 
 

Then 
 

the
 

concave
 

PDMS
 

hemisphere
 

is
 

modified
 

using
 

a
 

surface
 

plasma
 

technique
 

and
 

subsequently
 

immersed
 

in
 

ethanol
 

for
 

4
 

h
 

to
 

facilitate
 

the
 

following
 

separation 
 

After
 

drying
 

with
 

nitrogen 
 

the
 

concave
 

PDMS
 

hemisphere
 

is
 

transferred
 

onto
 

PDMS
 

material
 

to
 

shape
 

it
 

to
 

a
 

convex
 

PDMS
 

hemisphere 
 

Finally 
 

the
 

convex
 

PDMS
 

hemisphere
 

is
 

coated
 

with
 

the
 

mixture
 

of
 

PDMS
 

prepolymer
 

and
 

crosslink
 

at
 

a
 

speed
 

of
 

2000
 

r min
 

to
 

obtain
 

a
 

sticky 
 

flexible
 

PDMS
 

convex
 

hemisphere 

Fig 
 

1 Preparation
 

flow
 

diagram
 

of
 

flexible
 

sticky
 

macrosphere 
 

 a 
 

Glass
 

convex
 

hemisphere 
 

 b 
 

PDMS
 

concave
 

hemisphere 
 

 c 
 

surface
 

modified
 

PDMS
 

concave
 

hemisphere 
 

 d  e 
 

PDMS
 

convex
 

hemisphere
 

without
 

mixture
 

film
 

of
 

PDMS
 

prepolymer
 

and
 

its
 

   
crosslink

 

agent

2 2 Rigid
 

high-NA
 

concave
 

MLA
 

preparation
Fig 

 

2
 

shows
 

the
 

preparation
 

procedure
 

of
 

the
 

rigid
 

concave
 

MLA
 

master
 

mold 
 

First 
 

a
 

photoresist
 

micropillar
 

array
 

structure
 

is
 

prepared
 

on
 

a
 

chrome
 

deposited
 

fused
 

glass 
 

using
 

a
 

direct
 

laser
 

writing
 

technique 
 

The
 

photoresist
 

1236001-2



快  报 第58卷
 

第12期 2021年6月 激光与光电子学进展

Fig 
 

2 Preparation
 

process
 

schematic
 

of
 

rigid
 

epoxy
 

resin
 

concave
 

MLA
 

master
 

mold 
 

 a 
 

Photoresist
 

micropillar
 

array 
 

 b 
 

photoresist
 

convex
 

MLA 
 

 c 
 

PDMS
 

concave
 

MLA 
 

 d 
 

surface
 

modified
 

PDMS
 

concave
 

MLA 
 

 e 
 

PDMS
 

convex
 

MLA 
 

    f 
 

rigid
 

epoxy
 

resin
 

concave
 

MLA

micropillar
 

array
 

structure
 

is
 

baked
 

at
 

140
 

℃
 

to
 

melt
 

the
 

photoresist
 

micropillar
 

array 
 

After
 

cooling
 

at
 

room
 

temperature 
 

a
 

convex
 

MLA
 

is
 

prepared 
 

Then 
 

the
 

mixture
 

of
 

PDMS
 

prepolymer
 

and
 

its
 

crosslink
 

agent
 

is
 

poured
 

onto
 

the
 

top
 

surface
 

of
 

the
 

photoresist
 

MLA
 

structure 
 

followed
 

by
 

a
 

heat
 

curing
 

process 
 

A
 

PDMS
 

convex
 

MLA
 

structure
 

is
 

obtained
 

by
 

direct
 

detachment
 

from
 

the
 

photoresist
 

MLA
 

structure 
 

Finally 
 

epoxy
 

resin
 

prepolymer
 

and
 

its
 

crosslink
 

agent
 

are
 

mixed
 

with
 

a
 

weight
 

ratio
 

of
 

4∶1
 

and
 

subsequently
 

poured
 

onto
 

the
 

top
 

surface
 

of
 

the
 

PDMS
 

convex
 

MLA
 

structure 
 

After
 

curing
 

at
 

80
 

℃
 

for
 

4
 

h 
 

a
 

rigid
 

concave
 

MLA
 

master
 

mold
 

is
 

obtained
 

by
 

directly
 

detaching
 

the
 

PDMS
 

convex
 

MLA
 

structure 
2 3 Preparation

 

of
 

3D
 

ACE
When

 

an
 

elastic
 

sphere
 

is
 

squeezed
 

onto
 

a
 

rough
 

surface particles
 

from
 

the
 

rough
 

surface
 

are
 

facilely
 

transferred
 

onto
 

the
 

spheres
 

surface
 

upon
 

external
 

pressure
 

removal 
 

Based
 

on
 

this
 

rationale 
 

a
 

simple 
 

cost
 

effective
 

preparation
 

method
 

for
 

3D
 

ACEs
 

is
 

proposed 
 

as
 

illustrated
 

in
 

Fig 
 

3 
 

The

Fig 
 

3 Preparation
 

flow
 

diagram
 

of
 

a
 

3D
 

ACE 
 

 a 
 

Rigid
 

2D
 

concave
 

MLA
 

master
 

mold 
 

 b 
 

PDMS
 

film
 

on
 

the
 

rigid
 

2D
 

concave
 

MLA
 

master
 

mold 
 

 c 
 

squeezing
 

the
 

PDMS
 

dome
 

for
 

adhesion
 

to
 

the
 

PDMS
 

film 
 

 d 
 

schematic
 

of
 

a
 

prepared
 

3D
 

ACE

mixture
 

of
 

PDMS
 

prepolymer
 

and
 

its
 

crosslink
 

agent
 

are
 

spin-coated
 

on
 

the
 

rigid
 

concave
 

MLA
 

master
 

mold
 

at
 

2000
 

r min
 

for
 

1
 

min 
 

After
 

baking
 

at
 

80
 

℃
 

for
 

5
 

min 
 

the
 

PDMS
 

is
 

cured
 

such
 

that
 

it
 

can
 

be
 

shaped
 

into
 

a
 

convex
 

MLA
 

film
 

while
 

it
 

is
 

sticky 
 

The
 

convex
 

MLA
 

PDMS
 

film
 

 hereafter
 

the
 

film 
 

is
 

subsequently
 

squeezed
 

using
 

a
 

flexible
 

and
 

sticky
 

PDMS
 

hemisphere
 

 hereafter
 

the
 

hemisphere  
 

and
 

these
 

are
 

baked
 

at
 

80
 

℃
 

for
 

2
 

h
 

to
 

allow
 

them
 

to
 

bond 
 

The
 

pressure
 

force
 

is
 

abruptly
 

removed 
 

and
 

the
 

hemisphere 
 

with
 

the
 

film
 

attached 
 

bounces 
 

as
 

it
 

recovers
 

its
 

shape 
 

giving
 

the
 

film
 

a
 

spherical
 

morphology 
 

3 Results
 

and
 

discussion
Ommatidia

 

are
 

the
 

units
 

that
 

constitute
 

a
 

compound
 

eye 
 

Therefore 
 

they
 

comprise
 

a
 

key
 

component
 

of
 

a
 

3D
 

ACE
 

for
 

clear 
 

distortion-free
 

imaging 
 

Compared
 

with
 

other
 

preparation
 

methods
 

of
 

2D
 

planar
 

ACEs 37-39  
 

thermal
 

reflow
 

is
 

a
 

feasible
 

method
 

for
 

preparing
 

2D
 

planar
 

close-
packed

 

high-NA
 

ACEs
 

with
 

a
 

high
 

surface
 

finish 40-41  
 

Fig 
 

4 a 
 

shows
 

the
 

SEM
 

image
 

of
 

the
 

prepared
 

micropillar
 

array 
 

where
 

the
 

diameter 
 

height 
 

and
 

gap
 

of
 

micropillars
 

are
 

18 8 
 

10 1 
 

and
 

4 9
 

μm 
 

respectively 
 

Through
 

thermal
 

baking 
 

the
 

micropillar
 

is
 

melted
 

into
 

microdroplets 
 

After
 

cooling 
 

the
 

microdroplets
 

recover
 

to
 

solid-phase
 

microlenses 
 

as
 

shown
 

in
 

Fig 
 

4 b  
 

The
 

microlenses
 

width
 

and
 

gap
 

are
 

measured
 

as
 

20 3
 

and
 

3 5
 

μm 
 

while
 

the
 

height
 

remains
 

almost
 

constant 
 

Furthermore 
 

the
 

NA
 

of
 

the
 

microlens
 

is
 

expressed
 

as
 

follows 41  
 

NA= n-1 
4 H D 

1+4 H D 2
  1 

where
 

H
 

and
 

D
 

denote
 

the
 

height
 

and
 

diameter
 

of
 

the
 

microlens 
 

respectively 
 

and
 

n
 

represents
 

the
 

material
 

refractive
 

index 
 

NA
 

denotes
 

the
 

maximum
 

value
 

when
 

the
 

ratio
 

of
 

the
 

height
 

and
 

diameter
 

is
 

0 5 
 

This
 

means
 

that
 

the
 

microlens
 

is
 

a
 

hemispherical
 

morphology 
 

indicating
 

that
 

the
 

prepared
 

2D
 

ACE
 

has
 

a
 

high-NA 
The

 

geometric
 

morphology
 

of
 

the
 

microlens
 

is
 

closely
 

related
 

to
 

the
 

contact
 

angle
 

 CA 
 

of
 

molten
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photoresist
 

microdroplets
 

on
 

the
 

chrome
 

plate 
 

The
 

molten
 

micropillar
 

is
 

spread
 

out
 

over
 

the
 

chrome
 

surface
 

to
 

form
 

spherical
 

or
 

paraboloidal
 

microdroplets 42  
 

The
 

CA
 

explains
 

the
 

spread
 

of
 

the
 

microdroplets 
 

The
 

wider
 

the
 

liquid
 

spreads 
 

the
 

smaller
 

the
 

CA
 

and
 

the
 

larger
 

the
 

prepared
 

microlens
 

diameter 
 

To
 

analyze
 

the
 

thermodynamic
 

equilibrium
 

of
 

photoresist
 

microdroplets 
 

the
 

CA
 

of
 

a
 

2-μL
 

deionized
 

water
 

droplet
 

is
 

measured
 

to
 

be
 

65 6°
 

on
 

chrome
 

deposited
 

fused
 

silica
 

at
 

room
 

temperature
 

and
 

13 2°
 

on
 

naked
 

fused
 

silica 
 

This
 

directly
 

demonstrates
 

that
 

the
 

CA
 

strongly
 

depends
 

on
 

the
 

material 
 

This
 

is
 

because
 

of
 

the
 

difference
 

in
 

surface
 

tension
 

of
 

water
 

on
 

different
 

material
 

surfaces 
 

Different
 

liquids
 

have
 

different
 

CAs
 

on
 

the
 

same
 

material
 

surface 
 

Temperature
 

is
 

an
 

important
 

factor
 

affecting
 

the
 

CA 
 

Therefore 
 

the
 

above
 

analysis
 

has
 

shown
 

that
 

the
 

prepared
 

microlens
 

has
 

a
 

higher
 

NA
 

on
 

the
 

chrome
 

surface
 

than
 

the
 

naked
 

fused
 

silica
 

surface 
 

In
 

our
 

experiment 
 

according
 

to
 

structural
 

parameters
 

in
 

Table
 

1 
 

H D
 

of
 

the
 

prepared
 

microlens
 

is
 

calculated
 

as
 

approximately
 

0 5 
 

indicating
 

that
 

a
 

high-NA
 

planar
 

2D
 

ACE
 

is
 

obtained 
 

Table
 

1 Parameters
 

of
 

a
 

micropillar
 

array
 

 MPA  
 

2D
ACE 

 

and
 

3D
 

ACE

Structure Diameter
 

 μm
 

Height
 

 μm Gap
 

 μm

MPA 18 8 10 1 4 90

2D
 

ACE 20 3 10 1 3 50

3D
 

ACE 24 4 10 0 4 25

Figs 
 

4 a -- c 
 

show
 

SEM
 

images
 

of
 

the
 

3D
 

ACE
 

prepared
 

at
 

a
 

pressure
 

force
 

of
 

14
 

N 
 

The
 

eye
 

displays
 

a
 

curved
 

MLA 
 

which
 

is
 

uniformly
 

covered
 

on
 

the
 

PDMS
 

dome
 

without
 

any
 

dust
 

particles 
 

The
 

high
 

surface
 

cleanliness
 

is
 

due
 

to
 

the
 

high-efficiency
 

method
 

that
 

reduces
 

the
 

number
 

of
 

steps
 

in
 

the
 

preparation
 

process 
 

thereby
 

decreasing
 

the
 

possibility
 

of
 

contamination
 

from
 

dust
 

particles 
 

Fig 
 

4 c 
 

shows
 

a
 

magnified
 

SEM
 

image
 

of
 

ommatidia
 

formed
 

on
 

the
 

curved
 

surface 
 

These
 

ommatidia
 

display
 

a
 

spherical
 

morphology
 

with
 

a
 

high
 

surface
 

finish 
 

This
 

means
 

that
 

the
 

Fig 
 

4 SEM
 

images
 

of
 

2D
 

and
 

3D
 

ACEs 
 

 a  b 
 

SEM
 

images
 

of
 

prepared
 

micropillar
 

and
 

MLA 
 

 c -- e 
 

SEM
 

image
 

and
 

enlarged
 

SEM
 

images
 

of
 

a
 

3D
 

ACE
 

formed
 

with
 

a
 

pressure
 

force
 

of
 

14
 

N

proposed
 

preparation
 

method
 

can
 

reproduce
 

the
 

surface
 

finish
 

of
 

the
 

2D
 

MLA
 

master
 

mold 
 

LSCM
 

indicates
 

the
 

width
 

of
 

the
 

ommatidia 
 

and
 

the
 

gap
 

between
 

them
 

is
 

24 4
 

and
 

4 25
 

μm 
 

respectively 
 

as
 

shown
 

in
 

Table
 

1 
 

In
 

contrast 
 

the
 

width
 

and
 

gap
 

measurements
 

of
 

the
 

microlenses
 

in
 

the
 

prepared
 

2D
 

planar
 

convex
 

ACE
 

are
 

20 8
 

and
 

3 5
 

μm 
 

respectively 
 

As
 

the
 

film
 

changes
 

from
 

a
 

planar
 

to
 

a
 

curved
 

surface 
 

its
 

area
 

increases 
 

enlarging
 

the
 

ommatidias
 

width
 

and
 

the
 

gap
 

between
 

them 
 

Despite
 

the
 

spherical
 

shape
 

of
 

the
 

bonding
 

film 
 

the
 

cross-sectional
 

widths
 

of
 

the
 

ommatidia
 

in
 

the
 

prepared
 

3D
 

compound
 

eye
 

in
 

the
 

x
 

and
 

y
 

directions
 

remain
 

equal 
 

To
 

further
 

demonstrate
 

our
 

methods
 

preparation
 

efficacy 
 

diameters 
 

heights 
 

and
 

gaps
 

of
 

fifty
 

ommatidia
 

of
 

the
 

3D
 

ACE
 

prepared
 

at
 

14
 

N
 

are
 

measured
 

from
 

the
 

center
 

to
 

the
 

edge
 

of
 

the
 

macroeye 
 

Fig 
 

5
 

shows
 

that
 

the
 

fifty
 

ommatidia

Fig 
 

5 Diameter 
 

height 
 

and
 

gap
 

uniformity
 

of
 

ommatidia
 

from
 

center
 

to
 

the
 

edge
 

of
 

the
 

macroeye

1236001-4
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have
 

highly
 

consistent
 

diameters 
 

heights 
 

and
 

gaps 
 

These
 

results
 

verify
 

that
 

the
 

proposed
 

method
 

is
 

highly
 

effective
 

for
 

preparing
 

3D
 

ACEs
 

with
 

good
 

uniformity 
 

SEM
 

images
 

of
 

3D
 

ACEs
 

formed
 

at
 

2 
 

6 
 

14
 

N
 

are
 

shown
 

in
 

Fig 
 

S2
 

 a --
 c  

 

which
 

are
 

credible
 

results 
 

All
 

three
 

diagrams
 

of
 

the
 

3D
 

ACEs
 

show
 

a
 

highly
 

uniform
 

distribution
 

of
 

ommatidia
 

on
 

the
 

macroeyes
 

surfaces 
 

These
 

results
 

prove
 

once
 

again
 

that
 

the
 

proposed
 

method
 

can
 

prepare
 

3D
 

ACEs
 

with
 

high-quality 
 

Moreover 
 

Fig 
 

S2
 

shows
 

that
 

prepared
 

3D
 

ACEs
 

at
 

different
 

press
 

forces
 

show
 

a
 

significant
 

difference
 

in
 

width 
 

indicating
 

that
 

the
 

pressure
 

force
 

controls
 

the
 

geometric
 

morphology
 

of
 

3D
 

ACE 
 

To
 

further
 

demonstrate
 

high
 

level
 

control
 

over
 

the
 

geometric
 

morphology
 

of
 

3D
 

ACE 
 

the
 

state
 

of
 

a
 

3-mm
 

diameter
 

flexible
 

hemisphere
 

under
 

different
 

pressures
 

is
 

theoretically
 

analyzed 
 

and
 

the
 

geometric
 

morphologies
 

of
 

ACEs
 

under
 

different
 

pressures
 

are
 

experimentally
 

conducted 
 

Fig 
 

6 a 
 

shows
 

the
 

side
 

views
 

of
 

3D
 

ACEs
 

formed
  

with
 

increasing
 

pressure
 

forces
 

 F =0 
 

6 
 

10 
 

14
 

N 
 

for
 

comparison 
 

The
 

hemisphere
 

bonded
 

with
 

the
 

film
 

appears
 

to
 

be
 

wearing
 

a
 

dome
 

hat 

Fig 
 

6 Hemisphere
 

shape
 

under
 

squeezing
 

and
 

removal
 

of
 

squeezing 
 

 a 
 

Side
 

view
 

of
 

a
 

3D
 

ACE 
 

 b 
 

shape
 

of
 

the
 

hemisphere
 

as
 

it
 

is
 

squeezed
 

with
 

different
 

pressure
 

forces 
 

 c 
 

height
 

and
 

width
 

of
 

the
 

3D
 

ACE
 

as
 

a
 

function
 

of
 

pressure
 

   force

This
 

is
 

because
 

the
 

bonding
 

part
 

of
 

the
 

film
 

is
 

torn
 

down
 

from
 

the
 

concave
 

MLA
 

master
 

mold
 

as
 

the
 

pressure
 

force
 

is
 

abruptly
 

removed 
 

The
 

diagrams
 

show
 

that
 

the
 

hemisphere
 

height
 

decreased
 

after
 

the
 

film
 

was
 

bonded
 

with
 

the
 

hemispheres
 

top 
 

The
 

dynamic
 

process
 

of
 

squeezing
 

the
 

hemisphere
 

is
 

simulated
 

using
 

the
 

finite
 

element
 

method 
 

as
 

shown
 

in
 

Fig 
 

6 b  
 

As
 

the
 

pressure
 

force
 

and
 

bonding
 

zone
 

area
 

increase 
 

the
 

hemispheres
 

surface
 

increasingly
 

flattens 
 

As
 

the
 

pressure
 

force
 

is
 

removed 
 

the
 

bonding
 

film
 

is
 

transferred
 

onto
 

the
 

top
 

of
 

the
 

hemisphere 
 

The
 

recovery
 

of
 

the
 

hemisphere
 

must
 

overcome
 

the
 

resistance
 

of
 

the
 

film 
 

and
 

the
 

restoring
 

force
 

of
 

the
 

hemisphere
 

causes
 

the
 

film
 

to
 

swell 
 

The
 

hemispheres
 

part
 

is
 

not
 

directly
 

attached
 

to
 

the
 

bonding
 

film
 

returns
 

to
 

its
 

original
 

shape
 

without
 

any
 

deformation 
 

The
 

larger
 

the
 

films
 

bonding
 

area 
 

the
 

greater
 

the
 

resistance 
 

and
 

hence 
 

the
 

lower
 

the
 

hemispheres
 

height 
 

When
 

the
 

hemisphere
 

is
 

completely
 

contracted
 

into
 

the
 

PDMS
 

substrate 
 

the
 

film
 

bonds
 

with
 

the
 

substrate
 

and
 

the
 

bonding
 

zone
 

area
 

reaches
 

a
 

maximum 
 

Consequently 
 

the
 

hemisphere
 

has
 

its
 

lowest
 

height
 

after
 

recovery 
 

On
 

the
 

other
 

hand 
 

as
 

the
 

pressure
 

force
 

increases 
 

the
 

restoring
 

force
 

of
 

the
 

squashed
 

hemisphere
 

becomes
 

larger 
 

thus
 

improving
 

the
 

films
 

swollen
 

height 
 

Fig 
 

6 c 
 

shows
 

the
 

morphologies
 

 i e  
 

width
 

and
 

height 
 

of
 

3D
 

ACEs 
 

prepared
 

with
 

pressures
 

varying
 

from
 

2
 

to
 

14
 

N 
 

in
 

a
 

step
 

of
 

2
 

N 
 

Both
 

the
 

height
 

and
 

width
 

increase
 

with
 

the
 

pressure
 

force
 

and
 

remain
 

almost
 

constant
 

at
 

F>14
 

N 
 

This
 

indicates
 

optimized
 

dimensions
 

of
 

3D
 

ACEs
 

at
 

14
 

N 
 

These
 

results
 

confirm
 

that
 

the
 

proposed
 

method
 

can
 

prepare
 

3D
 

ACEs
 

with
 

controllable
 

geometric
 

morphology 
 

Generally 
 

the
 

externally
 

driven
 

deformation
 

method
 

has
 

two
 

indispensable
 

processes 
 

manual
 

detachment
 

of
 

a
 

2D
 

planar
 

ACE
 

film
 

from
 

the
 

master
 

mold
 

and
 

deformation
 

into
 

3D
 

ACE 
 

Obviously 
 

in
 

this
 

preparation
 

process
 

of
 

3D
 

ACEs 
 

both
 

detachment
 

and
 

deformation
 

processes
 

are
 

completely
 

spontaneous
 

without
 

any
 

manual
 

operation 
 

As
 

a
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comparison 
 

the
 

operational
 

steps
 

of
 

preparing
 

3D
 

ACEs
 

using
 

the
 

externally
 

driven
 

deformation
 

method
 

are
 

summarized 
 

as
 

shown
 

in
 

Table
 

S1
 

of
 

Supporting
 

Information 
 

Our
 

preparation
 

method
 

effectively
 

reduces
 

the
 

number
 

of
 

procedural
 

preparation
 

steps 
 

thereby
 

improving
 

the
 

preparation
 

efficiency 
 

Importantly 
 

the
 

proposed
 

method
 

can
 

prepare
 

multiple
 

3D
 

ACEs
 

simultaneously 
 

Notably 
 

the
 

laboratory
 

requirement
 

for
 

preparing
 

multiple
 

3D
 

ACEs
 

is
 

minimal 
 

Notably 
 

if
 

the
 

PDMS
 

material
 

is
 

replaced
 

with
 

flexible
 

UV
 

resin 
 

the
 

proposed
 

method
 

can
 

be
 

used
 

in
 

the
 

roll-to-roll
 

fabrication
 

for
 

mass
 

production 
 

Therefore 
 

the
 

proposed
 

preparation
 

method
 

is
 

simple
 

and
 

highly
 

efficient 
 

and
 

it
 

opens
 

up
 

the
 

possibility
 

of
 

mass
 

production
 

of
 

3D
 

ACEs
 

for
 

a
 

wide
 

range
 

of
 

applications 
A

 

significant
 

feature
 

of
 

a
 

3D
 

ACE
 

is
 

a
 

wide
 

FOV 
 

which
 

is
 

closely
 

related
 

to
 

the
 

width
 

and
 

height
 

of
 

the
 

compound
 

eye 
 

A
 

theoretical
 

value
 

for
 

the
 

FOV
 

can
 

be
 

expressed
 

as

AFOV=2arcsin
4η

1+4η2    2 

where
 

η
 

is
 

the
 

height-to-width
 

ratio
 

of
 

the
 

3D
 

ACE 
 

Fig 
 

S3
 

shows
 

that
 

the
 

height-to-width
 

ratio
 

of
 

the
 

compound
 

eye
 

is
 

increased
 

with
 

the
 

pressure
 

force
 

F =14
 

N 
 

and
 

after
 

that 
 

it
 

remains
 

constant 
 

According
 

to
 

the
 

above
 

equation 
 

the
 

FOV
 

increases
 

as
 

the
 

height-to-width
 

ratio
 

ranges
 

from
 

0
 

to
 

0 5 
 

Therefore 
 

we
 

conclude
 

that
 

the
 

3D
 

ACE
 

has
 

a
 

maximum
 

theoretical
 

FOV
 

value
 

of
 

145 7°
 

at
 

F=14
 

N 
 

allowing
 

wide
 

optical
 

imaging 
Optical

 

imaging
 

of
 

the
 

prepared
 

3D
 

ACE
 

is
 

a
 

key
 

factor
 

for
 

determining
 

the
 

efficacy
 

of
 

the
 

proposed
 

preparation
 

method 
 

An
 

optical
 

microscope
 

 Olympus 
 

BX53M 
 

with
 

a
 

20×
 

objective
 

lens
 

is
 

used 
 

as
 

shown
 

in
 

Fig 
 

S4 
 

A
 

black
 

plastic
 

sheet
 

with
 

a
 

transparent
 

letter
 

A 
 

is
 

placed
 

on
 

the
 

white
 

light
 

LED
 

source
 

of
 

the
 

optical
 

microscope 
 

Images
 

formed
 

by
 

different
 

regions
 

of
 

the
 

compound
 

eye
 

are
 

visible
 

using
 

the
 

charge-
coupled

 

device
 

camera 
 

Images
 

formed
 

at
 

the
 

edges
 

of
 

the
 

photographs
 

are
 

indistinct
 

and
 

even
 

distorted
 

 Fig 
 

7 a   
 

This
 

is
 

due
 

to
 

the
 

nonplanar

Fig 
 

7 Imaging
 

properties
 

of
 

the
 

3D
 

ACE 
 

 a 
 

Clear
 

A 
 

images
 

from
 

the
 

top
 

of
 

the
 

3D
 

ACE 
 

 b 
 

clear
 

A 
 

images
 

from
 

the
 

outer
 

part
 

 in
 

the
 

annulus 
 

of
 

the
 

3D
 

ACE 
 

 c  d 
 

larger-
magnification

 

A 
 

images
 

of
 

the
 

lower
 

left
 

and
 

    right
 

zones
 

in
 

Fig 7 b 

distribution
 

of
 

microlenses 
 

rapid-focus
 

images
 

can
 

only
 

be
 

located
 

on
 

a
 

small
 

region
 

of
 

the
 

spherical
 

surface 
 

As
 

the
 

compound
 

eye
 

moves
 

up 
 

the
 

core
 

zone
 

in
 

the
 

camera
 

of
 

the
 

charge-coupled
 

device
 

becomes
 

obscured 
 

and
 

a
 

wider
 

field
 

of
 

clear
 

A 
 

images
 

forms 
 

as
 

shown
 

in
 

Fig 
 

7 b -- d  
 

Also 
 

Fig 
 

S5 a -- d 
 

show
 

that
 

sharp
 

focal
 

points
 

are
 

visible
 

by
 

adjusting
 

the
 

objective
 

lens
 

from
 

far
 

to
 

near 
 

These
 

clear
 

images
 

and
 

sharp
 

focal
 

points
 

demonstrate
 

the
 

PDMS
 

hemisphere
 

microlenses
 

have
 

high
 

uniformity
 

and
 

excellent
 

morphology 
 

Therefore 
 

the
 

proposed
 

high-efficiency
 

preparation
 

method
 

has
 

a
 

marginal
 

impact
 

on
 

the
 

morphology
 

of
 

microlenses
 

even
 

though
 

the
 

convex
 

MLA
 

film
 

becomes
 

deformed
 

during
 

the
 

preparation
 

process 
In

 

addition
 

to
 

the
 

optical
 

imaging
 

formed
 

with
 

normal
 

incidence the
 

oblique
 

incidence
 

was
 

also
 

investigated 
 

A
 

measurement
 

system
 

equipped
 

with
 

an
 

objective
 

lens
 

 20×  
 

a
 

laser
 

source
 

 λ=
632 8

 

nm  
 

and
 

a
 

charge-coupled
 

device
 

camera
 

were
 

set
 

up 
 

as
 

shown
 

in
 

Fig 
 

S6 
 

Notably 
 

this
 

setup
 

has
 

a
 

slight
 

difference
 

in
 

the
 

light
 

source
 

from
 

that
 

in
 

Fig 
 

S4 
 

The
 

light
 

source
 

is
 

mounted
 

on
 

a
 

shaft
 

to
 

adjust
 

the
 

incident
 

light
 

direction
 

in
 

the
 

range
 

of
 

-90°-90° 
 

The
 

incident
 

angle
 

of
 

the
 

1236001-6
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laser
 

irradiating
 

the
 

compound
 

eye
 

is
 

adjustable 
 

Fig 
 

8 a -- c 
 

show
 

the
 

sharp
 

focal
 

spots
 

from
 

the
 

charge-coupled
 

device
 

camera
 

formed
 

at
 

incident
 

angles
 

of
 

0° 
 

30° 
 

60° 
 

respectively 
 

To
 

further
 

examine
 

the
 

image
 

quality
 

of
 

the
 

focal
 

spots 
 

the
 

cross-sectional
 

intensity
 

distribution
 

of
 

a
 

single
 

focal
 

spot
 

along
 

the
 

x
 

and
 

y
 

axes
 

was
 

investigated 
 

as
 

shown
 

in
 

Fig 
 

8 d -- f  
 

the
 

FWHM
 

is
 

full
 

width
 

at
 

half
 

maximum 
 

The
 

focal
 

spots
 

maintain
 

good
 

consistency
 

at
 

incident
 

angles
 

of
 

0° 
 

30° 
 

60° 
 

These
 

results
 

confirm
 

that
 

the
 

prepared
 

compound
 

eye
 

has
 

a
 

FOV
 

of
 

120°
 

without
 

image
 

deformation 
 

However 
 

we
 

find
 

that
 

the
 

experimental
 

value
 

of
 

the
 

FOV
 

 ≈140 2° 
 

is
 

less
 

than
 

the
 

theoretical
 

value
 

 ≈145 4°  
 

The
 

difference
 

might
 

be
 

due
 

to
 

the
 

inherent
 

planar
 

photodetector 
 

Fig 
 

8 Characterization
 

of
 

the
 

wide
 

FOV
 

of
 

the
 

3D
 

ACE 
 

 a -- c 
 

Optical
 

images
 

of
 

focal
 

spots
 

formed
 

by
 

the
 

3D
 

ACE 
 

inset
 

is
 

an
 

image
 

of
 

a
 

single
 

focal
 

spot 
 

 d 
 

intensity
 

distribution
 

along
 

the
 

x
 

and
 

y
 

axes
 

at
 

an
 

incident
 

angle
 

of
 

0° 
 

 e 
 

intensity
 

distribution
 

along
 

the
 

x
 

axis
 

at
 

different
 

incident
 

angles 
 

 f 
 

intensity
 

distribution
 

along
 

the
 

y
 

axis
 

at
 

    different
 

incident
 

angles
 

4 Conclusion
Our

 

study
 

has
 

shown
 

that
 

a
 

simple efficient 
 

and
 

flexible
 

method
 

can
 

be
 

developed
 

to
 

prepare
 

3D
 

ACEs
 

using
 

a
 

sticky
 

PDMS
 

dome
 

to
 

squeeze
 

a
 

PDMS
 

film
 

on
 

a
 

concave
 

MLA
 

master
 

mold
 

by
 

removing
 

the
 

pressure
 

force 
 

The
 

proposed
 

preparation
 

method
 

can
 

effectively
 

adjust
 

the
 

morphology
 

of
 

3D
 

ACEs
 

by
 

controlling
 

the
 

pressure
 

force 
 

The
 

characterization
 

results
 

consistently
 

show
 

that
 

the
 

3D
 

ACEs
 

formed
 

with
 

this
 

preparation
 

method
 

have
 

a
 

high
 

number
 

of
 

uniformly
 

distributed
 

ommatidia
 

with
 

a
 

high-
quality

 

finish 
 

Our
 

investigations
 

using
 

optical
 

imaging
 

demonstrate
 

that
 

the
 

proposed
 

preparation
 

method
 

can
 

allow
 

for
 

high
 

optical
 

performance 
 

distortion-free
 

imaging 
 

and
 

a
 

wide
 

FOV
 

 up
 

to
 

140 2°  
 

Furthermore 
 

the
 

proposed
 

method
 

is
 

highly
 

efficient 
 

and
 

it
 

has
 

significant
 

potential
 

for
 

the
 

mass
 

production
 

of
 

3D
 

ACEs 
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