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Fig. 1
phase conjugation method"’

matrix method"";

(c) fast imaging of fiber scattering spots using compressed sensing approach™”;

Research progress in multimode fiber imaging technology. (a) Point scanning imaging device of fiber output end face using digital

; (b) measurement of the transmission relationship between fiber input and output by the transmission

(d) recognition accuracy of

handwritten digital images transmitted by 1 km optical fiber using deep learning™”
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Fig. 2 Multimode fiber fluorescence imaging. (a) Papadopoulos ez al. detected cellular and subcellular details with a multimode fiber

endoscope'”; (b) Vasquez-Lopez et al. clearly identified dendritic spines by confocal microscopy imaging and multimode fiber
imaging"’; (c) Stibtirek ez al. used lateral multimode fiber endoscopy for cerebral cortex imaging and cortical vascular imaging in
mice”; (d) Wen ez al. used multimode fiber for volumetric imaging of three-dimensionally distributed fluorescent microspheres';
(e) Deng ez al. used synthetic datasets to drive deep learning networks for deblurring and denoising of spatially varyed degraded
images"™; () Zhang et al. utilized wavelength-tuned multi-frame acquisition imaging method to achieve signal-to-noise ratio 4

times higher than that of single frame™”
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Fig. 3 Multimode fiber reflection imaging. (a) Macroscopic imaging of mechanical clocks with a multimode fiber endoscope™;

(b) macroscopic imaging of open peppers by multimode fiber endoscopy™’

3) bRt 5 M g

2B A1 1 3k T LAAR 47 M e 25 45 AL B 1 T bR i
SRl NI A= 0l | B 7 B 3
SN o R B O A T I 2 2L AR A R S
B R 2h 48 g fs B UG Il % nT LR BORE S Y
S FHUm SR B . XS TEAR IR F RS A
A 2 RO AR N B R Sk g e LT
DLBR BORE i B =F 8 0 2 48 {5 B I oG8 TR EE R 4
AR A AR br o

2017 4 , Gusachenko 85 IF B A 7€ BAR Z2 BL 6 £F
rh 3 I I R A S B S OGS R, i 4 () B,
SRS 43 B0 SRR LR R A 25 WIR G W S T A
SR (HJE S P2 E S W Ok AL MR A
B 5 T S MR R R SRR R R R R AR AR A
AR IX 38 (/N T 500~1700 em ) A7 78 ik 35 10 58 15 5 1

P 20184F, Deng 55" ] EL A2 ALK 60 pm (1 # 5
A1 2 WG 2T i 45 5 A /N B R Sk, AN AT 4 (b) FIE AR o
BRI R T 50 ARPEOE A h g g A S 00 % iR
PR Pl 8 A R BB FLAR R 1, SE I TR SRR 0 L
BR B 4K 1 B2 AR 25 T4y BE SRR 1 pum, M
30 pm' s

A BT HE S 0 b 2 i AR R — R AR LRl
AR AR M AL e B2 A%, AT S B R R A A
b2 A B g L 3 T S ) ol v e R . i
Pl A B (b2 sk #5101 X A3 IR0 A Ak 2 1 4
FL A5 W e &, B 55 15 5 2% 00 F 7T 3K 15 5 b
B0, 2019 4F , Tragardh %7752 B Z B 45 5 40 T
J52 390 6 5 300 B 2 WO AR B R B gL W 4 (o) B
MR R G HBUE AL N 0.29 125 pm A4 Y 7
W AR T S O kP AT A L IR X R

1026017-5



% 44% £ 10 #1/2024 &£ 5 B/kZFFR

AT A 2 R o A A ARSI A A A5 R R AT R

BETRE Sy (B AR A A7 A 9 T SR A AR . Pikalek

PMMA + PS, EPI

(®)

(@

R AT 5 W BOL 2 5 2R e A AR R A Y
SERENE LA HOR 2121 4(d) ).

5 5°
] ]
E E 10 05
[ o X
8 8
E E 0.4
> >

- 0.3

Bl ool
5 10 15 5 10 15
X(micrometer) X(micrometer)

4 ZEOGT RS W% . (a) Gusachenko 45 X IR IE 2,4 Bk 14 55 1 50 A% 181 DA BT 2 AR B 5 (b) Deng %58 X 52K 2 05 Bk A1
CaSO, LM RL 2 AR5 (o) Tragardh 25 Xt FF I P44 1 Bk R SR 2 TR BF 5 (0 AR - 2 07 46 3 TR 2 BT 85 (d) Pikalek %

X A o 2 DI TH] 5 8 S AL R AT R T S T L WO AR i 4
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Fig. 8 Research progress in bending-resistant imaging of multimode fibers. (a) Schematic of the virtual beacon approach proposed by

Farahi ez al.""”; (b) schematic of reflectance values for some of the reflectors proposed by Gu ez al."""; (c) recovery imaging results

of multimode fibers after bending by modeling calculations combined with numerical corrections proposed by Pléschner ez al."™”;

(d) schematic of discovery by Loterie e al. that shape translation in optical fibers does not change propagation properties';

]

(e) schematic of reflected light reconstruction transmission matrix via end-plane reflectors proposed by Gordon ez al.™
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Fig. 9 Research progress on deep learning-based bending-resistant imaging of multimode optical fibers. (a) Fan er al. proposed neural

network training by multiple multimode fiber bending states”; (b) Resisi e al. used a deep convolutional neural network

combined with group training on multiple low correlation fiber morphologies”™
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Zhejiang, China
Abstract
Significance  Traditional high-resolution microscopy techniques are limited in imaging within confined and narrow

spaces, such as the cavities of animals or the inner chambers of precision instruments, due to their bulky and complex
systems. Microscopic endoscopy technology allows for high-resolution observations within cavities by inserting miniature
probes. Common types of endoscopes include rigid endoscopes composed of purely optical lenses and electronic endoscopes
using image sensors, with diameters typically ranging from millimeters to centimeters. To achieve imaging systems with
even smaller diameters, researchers have begun to explore the use of fiber bundles or single fibers for miniature endoscopic
imaging. However, these systems typically require gradient refractive index lenses or scanning devices, resulting in
diameters much larger than the imaging field and encountering issues such as edge aberrations and honeycomb noise. In
recent years, ultrathin lensless multimode fiber (MMF) endoscopes have emerged as a new research hotspot, achieving
numerous breakthroughs in imaging modes such as real sample imaging and image transmission.

MMFs, as a type of multimode linear system, have historically been regarded as unpredictable due to their rich
spatiotemporal modes (phase, amplitude, polarization, wavelength, and pulse delay) and the sensitive and complex mode
coupling characteristics. With recent advancements in optical wavefront shaping and optical field measurement

technologies, significant strides have been achieved in controlling optical fields within MMFs. This progress positions
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them as promising candidates for a new generation of minimally invasive super-resolution endoscopic imaging tools. In

comparison to traditional endoscopes, MMF endoscopy technology presents several notable advantages. Firstly, it fully
exploits the spatial multiplexing capability of fibers, resulting in ultra-high mode density. Moreover, its spatial bandwidth
product exceeds that of fiber bundle endoscopes by an order of magnitude under identical probe diameters. Secondly, no
additional lens system is required at the fiber probe end, reducing probe size and encapsulation requirements substantially.
Thirdly, leveraging MMFs as the transmission medium enables the creation of complex three-dimensional light field
distributions at the fiber exit end through encoded wavefront modulation techniques and mode calculations. This facilitates
three-dimensional scanning imaging of samples, yielding more comprehensive and detailed sample information than
traditional methods. Furthermore, MMFs fabricated from inert and biocompatible hydrogel materials can be directly
integrated into disposable medical endoscopic systems. Overall, MMF-based endoscopic detection systems have made
significant advancements and are poised to complement traditional endoscopic techniques in achieving high-precision
detection in confined spaces. Nonetheless, the feasibility and performance enhancement of this technology in medical and
industrial detection applications encounter various challenges. Consequently, summarizing existing research to inform the

future rational development of this field is deemed important and necessary.

Progress We initially introduced the mechanism of measuring the spatiotemporal optical field transmission matrix in
MMFs and then delineated the evolution of MMFs in real sample imaging, encompassing fluorescence imaging, reflection
imaging, unlabeled specific imaging, and multimode imaging, along with image transmission imaging methods, and their
imaging performance was summarized (Table 1). We also discussed the application of deep learning, metamaterials,
adaptive beacons, and other strategies in disturbance-resistant imaging with MMFs. Finally, we looked ahead to the future

of MMF's for fast perturbation-resistant, high-pixel, and multifunctional imaging.

Conclusions and Prospects MMF imaging is one of the representative achievements with significant influence and wide
application in the field of scattering medium imaging, playing an increasingly important role in biomedical, material
science, industrial testing, and other fields. Studying the theoretical and technical issues of measuring and imaging the
spatiotemporal optical field of MMFs is of great significance for improving imaging spatial resolution, suppressing noise,

and obtaining multidimensional imaging information.

Key words multimode fiber; light field modulation; wavefront shaping; microscopic imaging; endoscope
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