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Fig. 1 Natural compound eye of insects. (a) SEM images of compound eye of mosquito™"” ; (b) SEM images of
[18]

compound eye of drosophila™™ ; (c) optical micrograph of the structure of bee ommatidia
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Fig. 2 Single-step ultrafast laser ablation for fabrication of microlens array™ . (a) Schematic of the fabrication process of

microlens array by ultrafast laser ablation of PDMS, where the insert is the mechanism of microlens generation by

single femtosecond laser pulse ablation; (b) SEM image of fabricated microlens array by single femtosecond laser pulse
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Fig. 3 Fabrication of microlens array by etching-assisted ultrafast laser ablation. (a) Fabrication process schematic of

microlens array by wet-etching-assisted femtosecond laser™" ; (b) SEM image of fabricated microlens array by wet-

etching-assisted femtosecond laser®" ;

femtosecond laser™" ;
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; (d) SEM image of fabricated microlens array by dry-etching-assisted femtosecond laser"

(c) fabrication process of microlens array by dry-etching-assisted
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Fig. 4 Fabrication of nonuniform or heterogeneous microlens array by ultrafast laser direct writing. (a) SEM image of focal
varying microlens arraym] ; (b) SEM image of dual-focus microlens arrayB'ﬂ ; (¢) schematic illumination of

fabrication process of parabolic cylindrical microlens array with a Bessel beam™” ; (d) LSCM image of cylindrical

microlenses fabricated with a Bessel beam"™* ; (e) schematic of fabrication process of microlens by preprogrammed

laser direct writing™" ; (f) SEM images of microlenses with various curved surfaces prepared by preprogrammed

laser direct writing™!
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Fig. 5 Microlens arrays fabricated by single pulse ultrafast laser-induced swelling. (a) Schematic illustration of PMMA

[42] |

microlens array fabrication by laser-induced swelling (b)—(c) SEM images of fabricated microlens array by

single pulse ultrafast laser-induced swelling™**¥ ; (d) SEM image of microswelling structure after laser irradiation at

different depths™"
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Fig. 6 Large size microlens array fabrication by femtosecond laser-induced swelling. (a) Schematic of fabrication process of

microlens array by femtosecond laser-induced swelling of two-layer polymers™™ ; (b) SEM and LSCM images of

microlens array fabricated by femtosecond laser-induced swelling of two-layer polymers™”; (¢) SEM images of

cross section of microlens array obtained at different pulse numbers

array by multifocal laser processing
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Fig. 7 Fabrication of superhydrophobic compound eye by single-step femtosecond laser ablation™® .

(a) Schematic

illustration of fabrication process of self-cleaning artificial compound eye with different periods; (b) SEM images of

microlens array with different periods fabricated by femtosecond laser ablation, and the insets are water contact

angle on different surfaces
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Fig. 8 Fabrication of superhydrophobic compound eye with fully covered micro/nano structures by ultrafast laser™ .

(a) Schematic illustration of fabrication process of self-cleaning artificial compound eye with fully covered micronano

structures by ultrafast laser; (b) SEM image of self-cleaning artificial compound eye with fully covered micronano

structures; (c¢) LSCM image of self-cleaning artificial compound eye with fully covered micronano structures
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Fig. 9 Fabrication of superhydrophobic compound eye with micro/nano structures at the gaps of microlens by ultrafast

laser. (a) Schematic illustration of fabrication of self-cleaning artificial compound eye with criss-cross reticular

rough structures around the convex microlenses by ultrafast laser

B9 (h) SEM image of artificial compound eye

[50] ,

with criss-cross reticular rough micro/nano structures around the microlens array™ ; (c¢) schematic illustration of

fabrication of self-cleaning artificial compound eye with criss-cross reticular rough structures around the concave

microlenses by ultrafast laser
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Fig. 10 Fabrication of self-cleaning artificial compound eyes by laser combined with other technologies. (a) Schematic

hierarchical structures

illustration of fabrication of self-cleaning artificial compound eye with fully covered nanopillars by nanoimprinting

G52 |

and laser-induced swelling (b) SEM images of self-cleaning artificial compound eye with fully covered

nanopillars™’ ; (¢) SEM images of self-cleaning artificial compound eye fabricated by chemical growth and laser-

induced swelling"™"’
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Fig. 11 Ultrafast laser direct writing of wide-field-of-view artificial compound eye. (a) Fabrication of wide-field-of-view

artificial compound eye by equal-height and equal-arc ultrafast laser scanning™; (b) SEM images of single

microlens and gapless hexagonal wide-field-of-view artificial compound eye fabricated by equal-height and equal-arc

ultrafast laser scanning™” ; (¢) SEM images and three-dimensional laser confocal microscopy image of wide-field-

of-view BSA-based artificial compound eye""

1002704-9



® 495 £ 10 #1/2022 &£ 5 A/hEEL

R BT AR IO 3 B AR AR Y B OF
IO fi o] 3 1 B2 MR EL AT A v ) 8 T I L L RGE BRI R
RABAE AL 4> 9155 5] 100 % F1 0. 46, G & 11 (b)
Jin . XA N T2 MR ARG A E | 24 % A A
St ARGy B A B KRR . Wu 25 R
s = AR R RO ok & T HEN
84 pm MW A N TEMR, H/NRE XD, A
TR BEA /TN T (100%), K ¥ E L=
(NA=0.4) AR HOHLES B2 (2.5 nm) (IEBR M 4%
JBE L ESEAR 22 /N (<6 %) AT R T A B PR fE
SRR, WO REAR T OGO L M A Rl A
30°~90°Z ], 76 ) ff i K 2k A B % 45 U i B
AT R R

SR B b3 5 hy B 3 R A0 1 B A R
TCk AT AT AR SRR A4 7E S A R R AR T T Y
N2 E T — 2 R 2 AHR AT R R B &
Ma 257 % FH AT 4 5 O R BE KD IO = 4R gk R
JEE R G AR A M EA LG T EEN
64 pm. mER 6.5 pm R RER IR, & 11 (o) fir
N. 5 ERIR R IR L %07 2 R IR
(1 /INIR B5i O RSE /N . A Gt /INIR B 7R R AT
ik 100% ., H 275 318 0 3 CEL AR R B 43 5
8 pm Al 2 pm) . FI 4 M 7% & (A 7E R F pH I )

@

10% HF
crater

&

rh R P K AN 4 U T L B 8 52 B AR IR AT R 37 1 Bl 28
AR (35°~807) . R RES IR W] DL 545 5 it 2 80Ot
R TR A B 7R O R RE IR R 48 b BT BRI
JS7 5 5 ] i HG B £t T A 6 R B AT R A 1 A W A
FENE AR YA U 5 AR R A DT R R R A
W] B4 IO FH AT S5

YOS SO G T T A B 6 AT
S LA A 5 K ) AT 2 R E TR AL T e B TR R
WOEES SR 5 A 2R 45 07 T B B R H
Jay BRAETE 38 s A7 il 7 3000 I TR A B L A ) A
BRI B S MR G 5 I 8 I 501, HLAZ IR B 8 1A R
SPEUNRRORGU . AN BS B AR G ORI
JEPR R AR 38 H T AR M R A RERL - 5,0
WIZ Bl B AR PRI A B AR B R e i
SR CRAP A T I T8 A 1R 5 B /N D L AR 7 3
ARBR H A B

R A e SO G R Y il T R B R B L e A
F 7 0k 2 A T RS R A OB R R A
2016 4F, Bian %% 58 o A W T CR BO% 48 5 A
AR LIS e i T A M, AN R 12 Ca) B
N s G I R AU R 1 1 2 b L RS S LRI A ol T
JiE AR A R RON BB S . Wk 12(b) Fir
785300002 N HAE K 95 pm B B0™ 35 BE R % HE )

Lamp
Sample

Al XY.Z

Objective
| I

—l]
F2

r3 ccp P! SLM

6
4
2

Depth (um)

hvd

10 20 30 40 50 60 70 80 90 100
Position (pm)

P12 AREOETE T S B s RS IRIB B . () PO 2 5 e IR il T 2 5 B I ARG B 9 A O 3k 2 il
il £ K N TR R R P 5 (b) 5% 3 HE B 0 B2 M 41 19 A0 3 T 52 MR ol 8 1% 5 (o 4 T o )l el 8D i K
W7 SR B 5 2 Geom JE B 5 (D 235 IR I 8 i o T ok W 3 42 IR 52 5 11 9 35

Fig. 12 Wide-field-of-view artificial compound eye by ultrafast laser processing of curved substrate. (a) Schematic

illustration of fabrication process of wide-field-of-view artificial compound eye by first point-by-point laser exposure

on the curved lens and subsequent HF-assisted etching

artificial compound eye™ ;

60

spatial light modulation™" ; (d) morphologies of artificial compound eye fabricated by spatial light modulation

B8l (b)y SEM images of closely-packed wide-field-of-view

(c¢) schematic of aided fabrication of a wide-field-of-view artificial compound eye by

[60]
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Fig. 13 Fabrication of wide-field-of-view artificial compound eye by first ultrafast laser irradiation and subsequent hot

embossing. (a) Schematic illustration of fabrication of wide-field-of-view artificial compound cycmﬂ ; (b) SEM

images of wide-field-of-view artificial compound eye
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Fig. 14 Fabrication of multifunctional artificial compound eye by combining ultrafast laser and other nanotechnologies.

(a) Schematic illustration of fabrication process of multiscale artificial compound eye by etching-assisted ultrafast

[65] |

laser ablation and microfluidic technology™" ; (b) SEM images of multiscale artificial compound eye fabricated by

[53] .

nanoimprinting, laser-induced swelling, and air-assisted deformation™" ; (¢) SEM images of multiscale artificial

compound eye fabricated by ultrafast laser irradiation, air-assisted deformation, and chemical growth[‘m
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Abstract

Significance Compared with single eyes, the compound eyes of natural insects are characterized by their
microimaging, self-cleaning, wide-field-of-view, and high motion detection sensitivity properties due to their micro-
nano multiscale structures and curved distribution of small optical units called “ommatidia”. The artificial
implementation of such natural imaging systems has important application prospects in cutting-edge fields of robot
visual navigation, unmanned driving, and microaircraft systems; therefore, it has recently become a research
hotspot. Although several methods have been proposed for fabricating the artificial compound eye, they face
challenges due to some limitations. To date, as an advanced manufacturing technology, ultrafast laser has become an
ideal tool for fabricating artificial compound eyes with multiscale structures owing to their good flexibility, high
fabrication accuracy, and true three-dimensional processing. In addition, the high transient intensity and high
ultrafast laser power give the technology a high resolution beyond the optical diffraction limit, which is enough to
fabricate various materials, both hard and soft materials. This article reviews the research progress of ultrafast laser
processing of various types of artificial compound eyes, including the planar microlens arrays, superhydrophobic
compound eye, and wide-field-of-view compound eye. The problems and development trends of the technology in the
fabrication of artificial compound eyes are analyzed, thereby providing an effective reference for further research and
development of the artificial-compound-eye-based systems.

Progress This study analyzes the structural characteristics of insect compound eyes and presents the advantages of
using insect compound eyes in optical imaging (Fig. 1). Based on these characteristics, various artificial compound
eyes were designed and fabricated. Then, the research progress for fabricating three types of artificial compound
eyes using an ultrafast laser was reported and the advantages and disadvantages of different methods were analyzed.
(1) Planar microlens array: currently, the use of ultrafast laser for fabricating planar distributed microlens array
through laser ablation (Figs. 2 and 3) and swelling (Figs. 5 and 6) has gradually increased. For laser ablation, the
technology has the advantages of high processing efficiency and filling factor, whereas for swelling, the surface
quality of microlenses is relatively high and its size has high controllability. In addition, by controlling the process,
various forms of microlenses such as cylindrical, dual-focus or other microlens with irregular surfaces can be
fabricated (Fig. 4). (2) Self-cleaning artificial compound eye (Figs. 7—10): in terms of the self-cleaning artificial
compound eye, the nonwetting nanostructures could be fabricated at the interval or on the top of microlens arrays.
Both the fabricated surfaces endow good self-cleaning property for carefully controlled structures. For the former,
the outside droplets are directly in contact with the optical unit and cause pollution problems. For the latter, the fully
covered nanostructures easily deteriorate the transmittance of the microlens array if it is over a certain size or has a
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narrow distribution. In addition, to obtain neatly arranged nanostructures, combining techniques such as imprinting
is necessary because the nanostructures induced by the laser are not uniform. (3) Wide-field-of-view artificial
compound eye (Figs. 11-14): for programmable direct laser writing, the structures have high fidelity and the
artificial compound eye can be fabricated as designed. However, the single-point scanning procedure suffers from low
efficiency and the prepared eyes are generally on the micron scale. To improve the fabrication efficiency, a planar
microlens array was first fabricated using the laser-based method. Subsequently, using the air- or hydraulic-assisted
deformation, the planar distributed microlens array was transformed into a curved architecture. However, during
the deformation of a flexible film, the height of the microlenses decreased while the spacing increased, thereby
affecting the functional consistency of the imaging unit. Finally, we analyze problems and development trends of the
ultrafast laser processing technology in preparing artificial compound eyes to provide necessary references for
developing this field.

Conclusion and prospects Artificial compound eye has several intriguing features and has been widely used in
various fields. As the fabrication technology of artificial compound eyes continues to develop, ultrafast laser
processing stands out because of its high processing resolution and programmable design. Thus, it allows the
fabrication of artificial compound eyes with multiscale structures. With the deepening of the research, various
artificial compound eyes with different shapes and arrangements have been proposed to achieve different functions
and important progress has been made in laser processing technology. This article reviews the research process of
three types of artificial compound eyes and comprehensively analyzes the advantages and disadvantages of the laser-
based methods for preparing different compound eyes. Although several challenges hinder the fabrication of artificial
compound eyes using ultrafast laser and the existing artificial compound eye vision system still has a big gap in terms
of optical performance and self-cleaning ability compared with the natural one, we believe these problems will be
resolved and with the continuous development of laser technology and ultrafast laser will become a powerful tool for
preparing artificial-compound-eye-based vision system.

Key words laser technique; ultrafast laser; artificial compound eye; planar microlens array; superhydrophobic
compound eye lens; wide-field-of-view compound eye lens
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