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Fig. 1 Optical scheme of the Fourier light-field microscope
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Table 1 Imaging parameters of the FLFM system at 10X and 50X magnification at 525 nm

Microscope magnification Number of element images N Resolution o/pm  Depth of field DOF/pm  Field of view FOV/um
10X 5 8.69 278.8 1562.5
50X 3 1.814 12.6 312.5
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Fig. 2 Fourier light field micro reconstruction algorithm.(a) Light tracing through the focal plane; (b) Schematic diagram of the
refocusing algorithm for the DOIT module; (¢) Flowchart of the oLaf deconvolution algorithm
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Fig. 3 FLFM images of the USAF 1951 resolution target and 160 pm red and black double-layered pucks. (a) Els images of
USAF 1951 resolution target; (b) Reconstruction results of the USAF 1951 resolution target; (¢) Light intensity map of
group 5; (d) FLFM image of 160 pm red and black double- layered pucks and its reconstruction at each depth
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Fig.5 50X FLFM images of Catopsilia pomona and Morpho helenor. (a) The Els images of catopsilia pomona; (b) The
refocused image at the different focus plane of catopsilia pomonaj; (¢) The Els image of the color change morpho helenor;
(d) The refocused image at the different focus plane of Morpho helenor

I TE 17 pm BT B A FER A FLEM BR (& 5Ca) ) , AT LAE W7 00 5¢ 2 0 Fr 254 S B 2, 3%
JRE R SRR 85 7 AR AR A AL #R AT I R RS MU HES o L8 7 S BAT 314 2R, T 6 = 06 )7 2 €
UUPRE X T o A S W A 5 AR SR L S B SF otk R S Z 8 A = 4 A s BRI
Vi 10 9% BT €00 5 A A R ) 8 R B8 T e X S L R RN ARUE MR O . W SCe) B TREAR T M T
A2 R A6 49.3 pm (TR BE T @ TG N (181 5(d) ) o X U] R, 40 DN U 2 J2 8 1 5 e 22 5 22 i) )
PR B A, 2490 30 pum e TR DR RE ) 058 R O B A L o S 1 25 B T S, RV LR 90k SR B 2 (R A
W2 RAT AN 7R 5(d) B 32.3 pm R HE I v, AT LD BIR R B R 2R E VPR LA S AR,
7 ELAHR S © 2845 , 8 55 5875 800 B 50 06 Z [] o T 7R3 J2 8 i B 8 10y DXl , 8 B2 O vy, 9 €0 52 0 I 35 MO €

i 3 % P 5Ca) Fl () 19 FLEM A 3R 19 2-3-2ET 81 & 8L, i T 485 S0y W0 20 €0 2 oy €0 3R 366 1k, DAY aHg A X B
— JLTPEABIGRE A KB 6, AR EL, F/—A8% 5 (8 LT AR A AR50 . iR
DA ) 245 ) 0y I 0, 0 A S LR AT OB, A TR) — S 885 7 el ) I 7 3 i e 0 SR ORI TR o O L
TEVI A 6] ETOLAA I, ol RUWLSE B — A XS A AN [R) A B R B 2 e A8 fe . N2 B B4 b 2R 2 85 7 B
N ok AR R R EHT L . M RJZEE R TR R OR N T B R B Ak B i Ak 4, PR R Y

0311002-7



T AR

S, SR X A € AT T W
3 #Hit

AS SR A% B 63 BB TE 10X N 50X MY BE R, s 1 (0 3 8y 25 ) 888 7 7R G 8 7 ) A ot i R
S5 XF L T SR B R RS M b ) S AR SS MR R, DL RS A COTE AN R AR R B i R AR i v . Gl
o 10X W8 T 0 FLEM RS0, %5 (4 K % i (2504 5 F AT 85 F (0388 JB% 45 44 BEAT 1 IR IRFRAE 20065728 b S TR 2
KA BIXS E o3BT, W12 B0 IE T FLEM G i B 88 11 54 AR B T AT 1 ol o 50X #)88 F B FLFM R 48, W %e
1) A5 S oy R I A TN R AR B R pO M 6 (0 T AL R AT S ke e B A AR B 25 e o B TN SR A 5 R (L BB )
A G2 A AR B 78 Al i A2 A, L TT LA R AL AR R A8 Ak A2 Ak . T FLEM Jd g ETSE R W5 = 48 ) K
2% A 0 BE A O A e I 1 HEAE I 5 Sy B8 MRORSE 2 245 g €0 8 A 0 ) 2 P T 55 o D A0 AR SCASOR e 285 1) A ot
ARPEAT THFFE, MR BEREZ BN ] T 16 A SR 6 B RE AR BE HE FLEM Pl 3l 25 R 9 e 3.

WFFEE R W, 5 BUH O B CR G BAT OG5 S it 1k A D 3, T 32 mT A0 A A R 1 g g R 245 4 £
% 7 R 1 AL DS TC , B 808 Vi WA 7S 45 40 B8 R ) SIOUL A0 Y RN (RS R L TS FLEM I8 A BIF 50 ) 008 6 7 45 4y
PEAE T —Fh S AR 3D W RURAR Ty vk o AN AR BT SY RE BE T R Ol 3 0 R R A Ay B RORSE P ) O SR TR A
st AT THT B80S FN T R B TG S G R ST R R A LA M IR AR T A B R R A 2 A, O B
fifk W) 95 5 R LA A= ) e ML SR A T AR o £8 BT RSN AR S T L Ol g AU A ) A
S5 K T 5 T % R T 3 A AR O U ok — 2D AR AN A ST BB T B R At R S S
S 2% 3k
[1] BERTHIER S, KATTAWAR G. Iridescences: the physical colors of insects[ J]. Physics Today, 2008, 61(2): 64-65.

[2] GIRALDO M A, STAVENGA D G. Brilliant iridescence of Morpho butterfly wing scales is due to both a thin film lower
lamina and a multilayered upper laminal J]. Journal of Comparative Physiology A, 2016, 202(5):381-388.
[3] STAVENGA D G, MATSUSHITA A, ARIKAWA K. Combined pigmentary and structural effects tune wing scale

coloration to color vision in the swallowtail butterfly Papilio xuthus[J]. Zoological Letters, 2015, 1(1): 14.

[4] WILTS B D, UBEMA N, STAVENGA D G. Pigmentary and photonic coloration mechanisms reveal taxonomic

relationships of the Cattlehearts (Lepidoptera: Papilionidae: Parides) [J]. BMC Evolutionary Biology, 2014, 14(1):160.
[5] WANG Long, WANG Wenhao, WANG Liuying, et al. Study on fine structure and optical response characteristics of wing

scales of Papilio paris[ J]. Journal of Optics, 2022, 51(4): 874-883.

[6] WILTS B D, GIRALDO M A, STAVENGA D G. Unique wing scale photonics of male Rajah Brooke's birdwing
butterflies[J]. Frontiers in Zoology, 2016, 13(1):1-12.
[7] WANG Long, WANG Liuying, LIU Gu, et al. Study on the optical stealth characteristics of micro/nano structure of

morpho menelaus wing Scales[ J]. Rare Metal Materials and Engineering, 2022, 51(5): 1926-1932.

Ee, TEXIN, XU, 25 . R A SRR BRI A G540 1 e 2 B B AR ERT 5E [T ], AT & AR5 LA, 2022, 51(5):1926-1932.
[8] GU Jiajun, ZHANG Di, TAN Yongwen. Toward metallic butterfly wing scales [M]. Cham: Springer International

Publishing, 2014: 19-35.

[9] WU Liyan, HAN Zhiwu, QIU Zhaomei, et al. The microstructures of butterfly wing scales in northeast of China[J].

Journal of Bionic Engineering, 2007, 4(1): 47-52.

[10] PADDOCK S W. Confocal imaging of scale development on butterfly wings[J]. Microscopy and Microanalysis, 2001,
7(S2): 1022-1023.

[11] JIANG Rongrong, YAO Yirong, LI Ming, et al. Principles and methods of sample preparation for scanning electron
microscopyl J]. Analysis and Testing Technology and Instruments, 2024(3) : 153-160.
PR RS A AR ] LA R T RO R A o A SR Rk [T ] A B AR AR L 2024(3) 1 153-160.

[12] YANG Xuefang, LIU Zhexi, PU Wang. Confocal endoscopic microscopy and its appliactions [J]. Chinese Journal of
Lasers, 2022, 49(19): 15.
W T7 XU, £ BE 3R A T ORARHOR R T LT ] P RO, 2022, 49(19) 115,

[13] LI Lihua, LI Rongbin, WANG Xiaozhong, et al. A light field optical microscope and its light field microscopic imaging
analysis system: China, CN201810540553.4[ P ]. 2024-09-22.
PR RN, B Rttt B RO BRI T RS R, CN201810540553.4[P]. 2024-09-22.

[14] DAI Zhihua, XU Yuping, BU Jing, et al. Light field microscope to achieve three-dimensional real-time naked-eye display
[J]. Acta Optica Sinica, 2012, 32(10): 4.
SR IR T A 5F OGS W ISR IR =4 S0 WOk [T] 6% %4, 2012, 32(10) :4.

[15] WU Jiamin, LU Zhi, JIANG Dong, et al. Iterative tomography with digital adaptive optics permits hour-long intravital

0311002-8



TRAR 45 o U0 e Bl - = 24 45 Ay B G (8 7 A 1 8 B I Dl 37 R BROW AR BT 5

[23]
[24]
[25]

[26]

[30]

[31]

[32]

observation of 3D subcellular dynamics at millisecond scale[ J]. Cell, 2021, 184(12): 3318-3332.

HUA Xuanwen, LIU Wenhao, JIA Shu. High-resolution Fourier light-field microscopy for volumetric multi—color live—
cell imaging[J]. Optica, 2021, 8(5): 614-620.

Y1 Chenggiang, ZHU Lanxin, LI Dongyu, et al. Light field microscopy in biological imaging[J]. Journal of Innovative
Optical Health Sciences, 2023, 16(1): 2230017.

WANG Zhaoqiang, ZHU Lanxin, ZHANG Hao, et al. Real-time volumetric reconstruction of biological dynamics with
light-field microscopy and deep learning[J]. Nature methods, 2021, 18(5): 551-556.

ZHU Tingting, ZHU Lanxin, LI Yi, et al. High—-speed large—scale 4D activities mapping of moving C. elegans by deep—
learning—enabled light—field microscopy on a chip[ J]. Sensors and Actuators B: Chemical, 2021, 348: 130638.

CONG Lin, WANG Zeguan, CHAI Yuming, et al. Rapid whole brain imaging of neural activity in freely behaving larval
zebrafish (Danio rerio) [J]. elife, 2017, 6: e28158.

WANG Zhaogiang, DING Yichen, SATTA S, et al. A hybrid of light-field and light-sheet imaging to study myocardial
function and intracardiac blood flow during zebrafish development[J]. PLoS computational biology, 2021, 17(7): e1009175.
ZHAI Jia, SHI Ru, KONG Lingjie. Light field microscopy and its applications in 3D biological imaging[J]. Physics and
Engineering, 2022, 32(2): 147-150.

B, Wik, LA 6 s LA = AR AR R R LT ] B TR 2022, 32(2) : 147-150.

LEVOY M, NG R, ADAMS A, et al. Light field microscopy[J]. Acm Transactions on Graphics, 2006, 25(3):924-934.
NG R. Fourier slice photography[ M ]. New York: ACM, 2005: 735-744.

MARTINEZ-CORRAL M, JAVIDI B. Fundamentals of 3D imaging and displays: a tutorial on integral imaging,
light—field, and plenoptic systems[J]. Advances in Optics and Photonics, 2018, 10(3): 512-566.

SCROFANI G, SOLA-PIKABEA J, LLAVADOR A, et al. FIMic: design for ultimate 3D-integral microscopy of
in—vivo biological samples[J]. Biomedical Optics Express, 2017, 9(1): 335-346.

GALDON L, YUN H, SAAVEDRA G, et al. Handheld and cost-effective fourier lightfield microscope[J]. Sensors,
2022, 22(4): 1459.

INCARDONA N, TOLOSA A, SAAVEDRA G, et al. Fast and robust wave optics—based reconstruction protocol for
Fourier lightfield microscopy[J]. Optics and Lasers in Engineering, 2023, 161: 107336.

INCARDONA N, TOLOSA A, SCROFANI G, et al. The lightfield microscope eyepiece[ J]. Sensors, 2021, 21(19) :
6619.

GALDON L, SAAVEDRA G, GARCIA-SUCERQUIA J, et al. Fourier lightfield microscopy: a practical design guide
[J]. Applied Optics, 2022, 61(10): 2558-2564.

SANCHEZ-ORTIGA E, SCROFANI G, SAAVEDRA G, et al. Optical sectioning microscopy through single—shot
lightfield protocol[J]. IEEE Access, 2020, PP(99):1.

SCROFANI G, SAAVEDRA G, MARTINEZ-CORRAL M, et al. Three-dimensional real-time darkfield imaging
through Fourier lightfield microscopy[J]. Optics Express, 2020, 28(21): 30513-30519.

GUO Changliang, LIU Wenhao, HUA Xuanwen, et al. Fourier light-field microscopy [J]. Optics Express, 2019,
27(18): 25573-25594.

HUANG Haixin, QIU Haoyuan, WU Hanzhe, et al. SOFFLFM: Super-resolution optical fluctuation Fourier light-field
microscopy[ J]. Journal of Innovative Optical Health Sciences, 2023, 16(3): 2244007.

YUN H, SAAVEDRA G, GARCIA-SUCERQUIA J, et al. Practical guide for setting up a Fourier light-field
microscope[ J]. Applied Optics, 2023, 62(16): 4228-4235.

STEFANOIU A, SCROFANI G, SAAVEDRa G, et al. What about computational super—resolution in fluorescence
Fourier light field microscopy?[J]. Optics Express, 2020, 28(11): 16554-16568.

GU M. Advanced optical imaging theory[ M |. Berlin: Springer Science &. Business Media, 2000.
MARTINEZ-CORRAL M, SAAVEDRA G. The resolution challenge in 3D optical microscopy [M]. Amsterdam:
Elsevier, 2009, 53: 1-67.

KHARE K, BUTOLA M, RAJORA S. Fourier optics and computational imaging [M]. Chichester: Wiley, 2015,
153-165.

Fourier Light Field Microscopic Imaging of the Three-dimensional
Structure and Color Changes of Butterfly Scales

LIANG Liang, OUYANG Er, TAN Zeyu, FANG Hui
(Nanophotonics Research Center, Institute of Microscale Optoelectronics, Shenzhen University, Shenzhen 518060, China)

Abstract: The structure and coloration of butterfly scales play a crucial role in regulating their biological
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behavior. Accurate three-dimensional imaging of these structures is essential for understanding their
functional mechanisms. Traditional imaging techniques usually may suffer from limitations such as sample
damage, slow imaging speed, and inaccurate three—dimensional reconstruction. To address these issues,
this study employed Fourier Light Field Microscopy (FLFM) to image the three-dimensional structural
details of butterfly scales. This imaging method requires no slicing or mounting of samples, thereby
preserving their native structural integrity, avoiding damage during imaging, allowing repeated use of the
same specimen, and significantly reducing sample consumption. In principle, it can perform the three—
dimension imaging in real time by taking the same advantage of single shot three-dimensional imaging and
image reconstruction of light field microscopy. Moreover, compared to the conventional light field
microscopy, the FLFM can increase the lateral spatial resolution thus the reconstruction quality of the
three-dimensional image. We found that FLFM is particularly suitable for delicate biological samples such
as butterfly wings and provides reliable technical support for studying their color and structural
characteristics.

Here, the representative samples including pigmentary scales, structural color scales, and scale—free
areas of different kinds of butterflies were imaged under 10X and 50X objectives with a consistent lighting
condition. After introducing the optical system and the imaging mechanism of the FLFM, the three-
dimensional reconstruction method based on refocusing and deconvolution algorithms is described. The
experimental FLFM setup consisted of a DOIT3DMicro Fourier light-field module mounted on an
Olympus IX73 inverted microscope, and the illumination was provided in both transmission and reflection
modes depending on the sample type. The refocusing algorithm adopts a shift-and—sum procedure
exploiting the conjugate relation between aperture stop and MLLA, while the deconvolution algorithm
models the system point spread function via wavefront propagation theory for high-resolution
reconstruction.

The method is verified by imaging with a resolution target sample and another sample of
distributed beads the resolution target image demonstrates the lateral spatial resolution about 8 pm
and the beads sample image demonstrate the depth differentiation capability around 60 pm. Finally, the
imaging results for the butterfly scales demonstrate that FLFM can clearly reveal morphological
characteristics, angle—dependent color variations, and spatial distribution patterns of different scale
types. Imaging at 10X magnification verified the feasibility of this technology for visualizing scale
structures: the Papilio wing sample shows the relative wide black and white stripes with the boundary
somewhat smeared, the Morpho helenor wing sample shows the fine well-organized colorful structures
and the color can change from the green blue tone to the blue violet tone, and the Haetera piera wing
sample shows shrunk scales and sparsely distributed cilia. Imaging at 50X magnification further
revealed significant differences in scale morphology, color formation mechanisms, and optical
properties between Catopsilia pomona and Morpho helenor: the color of the Catopsilia pamona wing
sample appears mainly due to the pigment structures and does not change when viewing from different
angles, while the Morpho helenor wing sample show typical structured color and the hue change
apparently by varying the incident light angles or the viewing perspectives.

Therefore, this study demonstrates the advantage and potential wide application prospect of the
FLFM in imaging the samples with large depth—of-field. Through careful examination and comparison
analysis, we observed the various fine details of the three-dimensional structures of the butterfly wing
scales which is very helpful for understanding the different color formation mechanism of the scales. We
expect that the FLFM not only can find important applications for studying the structured color of the
butterfly wings, but also can provide the experiment support for the further exploration and investigation of
biomimetic materials.
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color; Structural color
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