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Abstract Lensless ultrathin fiber-optic endomicroscopic imaging technology based on multimode fiber or multicore fiber
has made great progress in recent years, and it is expected to produce the next-generation ultra-minimal high-resolution
endoscope. By spatiotemporally controlling the coherent incident light field, the influence of mode dispersion in multimode
fibers or phase distortion in multicore fibers can be overcome. High-resolution focusing, imaging, and related applications
can be achieved through optical fibers without using lens or scanning device at the distal end. In addition, in scenarios of
lensless fiber-optic endoscopic imaging or image transmission, object information reconstruction can be achieved from the
output measurements by building a physical or deep learning model. This article reviews the development of coherent
optical fiber lensless imaging technology. First, it depicts the basic working principles of lensless optical fiber imaging and
the imaging methods from the two perspectives of active wavefront control and passive object reconstruction. Then it
introduces some advanced optical fiber imaging modalities and technologies and lists fiber imaging related applications,
with discussions of general challenges encountered in this field. Finally, a brief summary is made with envision of the
development roadmaps.
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Fig. 1 Tllustration of structures, refractive index distributions of fiber core and cladding, light propagation properties, and the

supported propagation modes of representative optical fibers, where the red lines denote the light propagation inside the fiber

cores and the rightest sides represent the electric field intensities of the supported modes for the corresponding optical fibers.

(a) Step-index single-mode fiber; (b) step-index multimode fiber; (c) multicore step-index single-mode fiber (fiber bundle)
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Fig. 2 Tllustrations for fiber-optic mode theory and optical speckle. (a) Electric amplitude profile of the first 12 LP modes, where / and

m are the order of the Bessel equation solution (radial) and the propagation constant solution (angular) respectively; (b) speckle

pattern profile output by a multimode fiber
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Fig. 3 Schematic of commonly used SLM and its micro-display structure. (a) LC-SLM""; (b) DMD""”
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Table 1

Types, characteristics, and typical applications of optical detectors used for lensless fiber-optic imaging

Pixel

Optical detector
number

Principle

Feature Application

Charge transferred sequentially

before converted to voltage for Pixel array

output
CCD with photoelectron .

S Pixel array
multiplication

CMOS Charge converted to voltage
and transferred by metal wire Pixel array
for output

sCMOS
Hybrid between CCD and )
. Pixel array
CMOS

PMT

: Photoelectric effect and . )
o Single pixel

# photoelectron multiplication

%Y

PD/APD

P-N junction’s mner photoelectric

effect, with avalanche signal Single pixel

9o°

amplification for APD

High quality &. low noise Wavefront  optimization'*', TM

Higher cost & lower speed measurement™"”, andobject recovery'*’

Extremely high sensitivity &.

Wide-field or single-pixel fluorescence

lower noise &. high speed :

) detection'™
Highest cost

Good quality &. high speed &.
lower cost Wavefront optimization, TM

Slightly higher noise &. lower measurement, and object recovery

sensitivity
Good balance between o )
. . Wide-field detection of fluorescence
sensitivity, noise, and spee t62]
. speckle ™
High cost

Extremely high sensitivity for

6364]

single-pixel detection Single-pixel fluorescence detection'

High cost

High sensitivity for single-pixel o )
. Laser pulse monitoring ™, focusing
detection . ™

through multimode fiber ™"
Lowest cost

2.3 RFEEREE
T A 6 PR 0 0 5 O AT R R DLt 2E Uk
HIE Y H2 AR Sy FE Ak (1), 8 45 4 B A0 46 25 3R (4R 0 L AH 7
KPR ) FE 3k OB Bk vh 480 ) 8 A 28 D i 2 8+
AR FNZ 4 B0 Ja 45 1) B 2
2.3.1 AT EW

TR T B AR 5 L A 22 B Vellekoop 55 Y

il 1k SLM AN I Ak H — >5[ AR DT IBE 14 5 A0 3 Al
LAl AR D7 A 5 v 22 U B 1) 52 i O S B 24 2R
i I AR B AR O N T A HE R o 5 TR R B AS B2
R B AN DT ] 22 OO A AR T, X —
ORI UV

E)'=>T,E, (10)
n=1

0618002-7



HIEXE - B LEiE
AT, RomELRE AOCG S > HIOCE) 5% ot
s m A HoT E (A SR o O A R R, S
B OGS m A BT AL R AR W B A A AR AL R
Er= exp( — jLZW,), n=1,2, WHATELHIE AT
AESC LAY SR AR (H 15 5 L (PBR) n, BB AL 5 £5 o
5RO, 52 B 7 XA X n 3 55 R a
AT B I BRI E N B E B, T R R N
p=a(N—1)+1, (11)

oo ,Pl‘E&ﬁE{tFaz%,ifcfhﬁﬁﬁ%%ﬂ?a:z—i,ﬁﬁ

BHREHALT a= 1.

T SCA U R T R AL S (B AR S 2B AR A 3
B (DOPC) LA K TM J7 3k . DOPC J5 #4155 ' 37 I 2
FIVEE AR R 4, B e it AR 40k B 4= TR B AR
B HLBE G 5 9E 17 4 B D SR, SR A A DR R AR A 3k e
G A AN TR EAT R A Ll Bk rT A1, DOPC 4K
BN FIE BN E AR FREMEN G TR
(guide-star) A R $AT , BRI T I SCBR B FH . TM J2 78
LT B AN AR BT 1R A2 4 A IR i A S R 1Y)
— P R B 63 R — R A A X
LM A, = (10) Frs . & TM Al i o & 24 A
Jo S BRAT: 07 AL A R A R B A A R H R A
M2 A )2 0 — AT Ty ik
2.3.2 Rywr=RAE

I3 f A 4 O i N S AT #E LA i
FEF U H B Y R 19 T B B AT AR A . BT
e ARF T B A i A e Ot 2 [ B &R L 8
1 X S A O AE 23 8] ORI R 2 B i B 25 ) 1 s (1]
bk o 56 3 KRR ) B B s 4, 0T DA 3E 43 ) 2 o kG
s IR B XLt 2 B b B R A 1E L B G
A A i o

63 2 1) R 0] 45 2R R0 G SLM 1 32 A 56
FRI iR i R (B8 AH A7, L LC-SL M 2o fin 25 4 3 AH
7 53 A7 1 K B X A S 6 25 AT AR PR ] . i DMD #f
DAREAT 0 I 8 9 4, 5 28 A0 A7 K A2 J e R L EL A
N G AR A A B R I T A K R T G
BE LT AR A . BT E A Lee 2 B
oA R i S 7 Ik AR ot B LA 4 B
(CGH) , ¥ H m# T DMD |, -1t & i FH Af 5455 &
Gt 1935 T 5B A ot AR T, 40 &R 40 v a) Y £
S T X 7 e L P S T e A B S TN R e T
PRAOE B U8 D% 2% , 0T LA CGH BT i /9 ) 3 0k 47 45
WU, T RETE 41 & G0 I A2 1 b 3R A5 A g 1 A A A7
ot 5 4 R 43 A o

XFF Lee 4 B ik, O T E AL MR LN
A(I,y)EXp[jgo(I,y)],*Ufﬁﬁ?ﬂi%ﬁ%ﬁﬁﬂ(k“kﬁE‘Jﬁ
PEMSE NS AT, BEARESR N HE
CGH N

6155 6H/2024 £ 3 /M SRBFEHE
((,y)=0.5+ 0.5sgn{cos| 2x (k.2 + k,y)—
w(x,y)}*COS[nq(x,y)}}, (12)
. 1 4 N
it'jlj:q(x,y)Z;arcsmA(;r,y),sgn(-)j\jﬁyﬂ%é&o

W€ 2 (12) , cos| 2n( ko + kyy)— @(a, y) | 76 43 4 1
TG AL B AL I, e 2 T CGH w4 A B 4%
SO0 K b 8 cos[ mg (2, ) 45 Tk
Yy s B R R R 300, e T CGH 4 A B9 25 2058
B — P ko TE BE R R o AL AT DL R I LT
Fifd CGHALRE H T AR A6l . AL (12) = A4 i —
I CGH X YEHE AT o i, e — 1A S e 480k 8 0% )5 % B
WAL g B 26

B AG ZR Gt 1 7 1k Y B R R B2 O DMD Hoc 4
I X a AR R il DMD J5 T 410 F 80 1 AT
Jer 7 4R MBS R, DMID L AR R B A O R
fiE 7E J5 A b A (0, 20) N 2 A Y KA D B . A
FE ACa) iz, A 3 8 40 R G0 i i i fL AR AR
FRATH I E R (— a,na), i a=Af/n"d A [Fd
A3 5 h P KL HT B B 4R B ) DMID Jal 5, i) DMD |
n X n AR R WA SRR BT A 89 AR 0 AE o O T DA
2n/n” 18] B 43 A, 76 y 7 1) LA 20/ [ B 40 A o A= 4
5], A(h) R, 4 X 4 AR 2% B A A5 W S R R —
A JR A A AT, AR AR V- 1T BT 4 A 1Y) A2 3R e R
TG E = A A A o, & 4 () firs , Hid s
ST RO RAR R TR, )T 4 5 ) R B e A

exp(j-0)+ exp(jg)Jrexp(ji:)
1.6335 X exp(j+0.7304 ), (13)

XFF DMD [ a4 4 X 4 % %, H 68 % 1 19 52 4
WA AT 65614, an &l 4(d) Fir 7~ , 3 {45 i L% = kG
PR —MEENEIRECY . BRIk
T E AR KRN N 45 A2 S PR R (R, o BE DR 3k
F N AT AR R AL &, 8 B — A Bt —{ DMD
B, flan, 5% 2 g — A LG, B i), FHR iR Al
FHAE AN [l 4 Ce) RN A ACD BT 7R, B4R 2R A Lee 42 8 07 1k
BT 4 5% ) — A8 CGH 43 5 % iy [ 4(g) FTEl 4(h) o 8%
REAR 27 15 23 L Lee 43 8 07 1k V8 RS B o0 i, (HL R )
BB HE TS Lee £ BN T Z X425
O T A SR AR B n A o

Z B2 v ) i AR A 2 £ B O 1% i st O PR 7S
BEAEEL . AR GER R TR & X AR B R AR A R
FH 38 3k 23 ) 8 45 A5 6 T LS B0 S O 3 00 O R
Pl A ACG) B o i B R 45 T L o AR
A 9 A B I A O R TM LR A A A R
X F kAR ik T B /48 R B m R A A5 T
A 2R A5 i O O PR ARSI 9 O iR R T SLML Y 2
B PERTOEAL  X T2 4R TM J5 e, 5 5 <7 45 il 4

0618002-8



HIRXE - FEERR

(a) Aperture position (b) 44 local phase mask

y

() complex-amplitude superpixel value (d)

»

F615FE6H/2024 £33 B/BAEXBEFZHE

Complex field
n=4 Im(£)

Esupcrpixc]
@

113

Im(E)

-

o

O]

Intensity of LG,

Phase of LG,

VR:]

06

0.4

0.2

S3

n

b SLM

e -
. - "" =
Polarization control ~ g4.%

g A
\_.——\ s3
s
N

\
N

St

I\

1 : ==\l modes excitation
= Gaussian fit
w=DPC
0.8
Szl
s2 g Pulse width = 0.501[ps]
206
&=
b=
&
F04
&V 2
—= :
Sy 0.2 = Pulse width = 15.226[ps] 1
Ty
~52 .
/_ﬁ ?I
3 i

0 10 0 30 40

time (ps)

50 60 70

P4 JC i B AT RGP 1 Sl 37 Pk 2 42 S B () ~ () B A 3R 4 By 0k 0 DSBS 38 PR, 40 0 A 2R 0 00338 17 0 i L AR
B A4 RO R R A IR T S T B R R 4 4 R AR R T BB AR Y S AR IR D675 () LG BRI 5 (D LG BRI 5
(@) MR F I 4% LG, B CGH™ 5 (h) Lee 4 B 5 B i LG B CGH™ 5 (1) W HTHE B 1T LA K S fi R 6 i 2 52
NG 2T b 2k 5 A 4 25l 2 e Oy T LR S A 5 ) AT BT AR O 3R B (DPC ) W/ 22 BOG 2F 51k 1 i B8R J8 5, 52 3 500 s
IS FE K AL B YRSk BT SCk 22, 58], 2834 1] EP© Optica Publishing Group
Fig. 4 Principles of spatiotemporal light field modulation in the field of lensless fiber-optic imaging. (a)-(d) Schematic of the principle of

superpixel coding method™, including the filtering aperture position on the spectrum plane of the 4f system, the 44 phase

mask, the corresponding superpixel value on the complex-amplitude plane, and the complex-valued optical field that can be

generated by the 4X4 superpixel; (e) LG,, mode amplitude; (f) L.G,, mode phase; (g) CGH for encoding L.G,, mode by

superpixel method™; (h) CGH for encoding L.G,, mode by Lee hologram™; (i) wavefront shaping allows a horizontally polarized

light to retain its polarization state in a MMF or converts it to be vertically polarization for output™’; (j) digital phase conjugation

22

(DPC) for mitigating temporal broadening by MMF and achieving the transmission of focused 500 fs pulses”. Note the images

from Refs.[22, 58] are reprinted with permission © Optica Publishing Group

A 8 7K P B 3 i I 23 8, EL TR] s 00 1 1 52 i AR
7 1) 64 6 g, DT I B — A 52 R B4 i AR i A
THH

T™, B
7 7
Twi Tyl

A 44 TM 43t 43 HIAC F K P (HD 53 B (V) Y
i AR IR 23 1 B KO (HD) 303 B (V) B9 5 O 3k 2 2
HE AR e . E G SE R L B A T SLM k4T
FH DAy 57 9 4 7K SF- 01 2 T 0 4 25 09 A S D% ET L 25 B IR
P T A AT ] A SR ' £ I 2H A Sy A O 5 i
AT ) A 31 56 2 o 26 TR] e K A5 K OF 3 B 4R 1 g
I HEATERIN . A IR R TM o ) i 4 20 B 045 A 5
S L 348 i ] o) 20k % g ol B ' ) AR R 43 A o

T (14)

Stk G TE 221G 2F v A% i B 23 TR K 68 T
A IR G, T 3 S IR L T S BT bk i o b ) s
SRR o D T o A S AT A 1) Al
WUkt 22 G2 v EL A R DU SE AR 4 A O Kk AR
AR T, DT VR0 IS S 5 A 30 A, i 3% SRR B
T.2% B Christophe BRI A F§ DOPC 4 Al 7 2 45
£ A2 Hiy SR 8 IOk o K R A 2 Sk R n 4 1 R £
1/30,29 500 fs, an &l 4 () Frs o Besh, o n] DL 7
WA RO I QUIBTIR NR SIS ROk N = opi. i A VA PSS
BRbK WO 15 1 A CEF I A R AT

3 LEBDOCL AR TT ik
2 B ST T i B 2F IR 7 i 0 4 22 5 0L

0618002-9



HRXE - FEERR

F 6155 6H1/2024 £F3 B/BAERBEFFEHRHRE

3k E STV AE Mg s B bR B W RS . F 8T
WA T a3 Sl D R R AT AN 45 D AR EF
R A% B S TR S SRR D I A o8 B A 1S 5 1
Bl B br a2 DU R T DA ™ A B B B SRR R
55 AR B A R PR R S B W L BISE R E
FEAR B R 2 FE A E S ERE A,
3.1 EzhiEaripE

F= Bl w45 A SLM X 6 £F 3 3t hn £ 4k JE
) I T A L AT v ik 22 B O £F B TR B 5l 2 8O AF
AR 2 BC A 52 R, 328 1l DG 6 41 1 A% i DL S B0 R i 3
ERBOCH R R . BT =2 20 B R AE AT
Bk A OGER R i ) RATHE T A AR AR WU L UE A . B IR
LI T T B AR R AR 3 A X e £F R A7 28 3l I A R 9 Y
Toif 55 AR Tk A EE AR AT UL Ak Dk w3 B K %
540 L P T 1
3.1.1 kil kde

T 2T ML BTSN R — A&
PEELA G 0 A8 U T, P AT BOR A 2010 4F J5
N F g BAEM T E R S . ER PRtk
MR AR 2. 3799 O 8 4, LB AR S R B AN 5] 5(a)
Fin , — s B4R A R A ' 45 oK o 1 BB G B A
AR (AN B bR AL ) R R 55 ), AS W 3 A IR AR i 4k

(a) Iterative wavefront optimization
SLM g 2 MMFMCF ~ Camera
Updated Speckle
wavefront acquisition

TM measured with on-axis holography
(c)

Reference part—

—Modulation part

2 S !MMFIMCF Caﬂmem

£ SLM A B 2 3R A e e AR RUR . b4 B R
AXMBEG FE WO FHROL, EHTZE
LR Z NG T B AR PR o R R A AR A %
M A9 R vk AR Bk s IR AT
P AT AL B R R kT A ELAT T O A
TR EE VRS 5 R R sh A AR S B MG E 2 5
R B M R R AR T 2RO R AR
Y, — S RE AL Bk dn st A% Bk R H AR B
JEE SR W S A e B TP A 2R R D W S B B
BT EE R REMCER, 20224 F i BE TR 2% Lai if
R 3T A SRBR R T, DAY 5% AR ARLRE A R — BB
B 35 N pRBGHIEAT B AT AR AL, i 15 m KB R e 2
BECEF SE L T A R0 A5 R A A b G A AH 7 P8 Ak 7
KR R R BRI EX . BT R,
35 1ok 22 WG AT 5 52 2 A 0 AT B A i X T — 2 A
BB A M . T 548 S B AR X PN
BEA A BT T 0 A DR, R A AR AR A O s T
AR R 2 3k AR ) o 2023 4F 7 Hs B T K 2% Lai i3
VR —FP T TM A s B R R AL AL ik 1
T TM A 3 8415305k P Ak X B2 F AT H b X
B £ A AL, DL ~50 Hz W28 S2 3 1 % I 2450
£ 2R sty X AN [] RUSH FE AR H A DX 0% A5 85013 0 461

(b) Wavefront conjugation

Reference
SLM
‘ O MMF/MCF

e

Guide—st.-ar

TM measured with off-axis holography

Reference
SLM [ 1 2
I MMF/MCF Oﬁera
4

Hadamard pattern

Interferogram

Hadamard pattern Interferogram

KIS SCHLTCIE B AT AR Ay JLAD e Y 3 S i 98 P 1 R R B o (a) ik AR AT AR Ak 5 (b) B e~ A 2 4 5 (o) 2 77 [l Al 42 L A
TM I 5 (d) 2 Tl 4 B T™ Il i

Fig. 5 Schematic of several representative active wavefront modulation implementations used for lensless fiber-optic imaging.

(a) Tterative wavefront optimization; (b) DOPC; (¢) TM measurement via on-axis holography; (d) TM measurement via off-axis
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Fig. 6 Representative works on lensless fiber-optic imaging based on wavefront optimization or conjugation. (a) Experimental setup of

an MMF endoscope based on DOPC™; (b) neuron soma and dendrite fluorescence imaging results obtained from the device in

Fig. 6(a)™; (c) experimental setup of MCF wavefront optimization with proximal detection of 2PF signal as feedback””;

(d) experimental results of the device in Fig. 6(c) that include the optimized focusing result at fiber end (focal sidelobes originate

from the periodic lattice of the fiber bundle), the curves of 2PF signal during optimization, the fluorescent object, and the object

2PF images””; (e) schematic of coherent MCF self-calibration using virtual “guide-star” and the measured phase distortion by

MCE"™; (1) imaging results of fluorescent particles at different depths from the distal facet of the self-calibrated MCF in Fig. 6(e)"".

Images are reprinted with permission from Refs. [66, 75, 83] © Optica Publishing Group
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Fig. 7 Fiber calibration and minimally invasive endoscopic imaging results based on TM measurement. (a) Schematic of off-axis
measurement of angular spectrum represented TM"”; (b) schematic of off-axis measurement of TM based on incident focal spot
on the MMF facet with phase shifts"”"; (c) typical experimental setup for MMF calibration and endoscopic imaging™™’;
(d) imaging results of 4-pm fluorescent beads using wide-field microscopy and MMF endoscopy, respectively, where the scale
is 20 pm™; (e) comparison of hippocampal neuron results obtained by confocal microscope and MMF endoscopy of mouse brain
slices, where the scale is 20 um™"; (f) in vivo endoscopic imaging results obtained by implanting MMF into a mouse brain,
including neuronal somata, processes, and haemorrhage images"™; (g) lateral and axial point spread functions (PSF) of focusing
for the calibrated MCF""; (h) incoherent wide-field imaging and coherent point scanning imaging results of 2-pm fluorescent
beads before and after MCF calibration”"”. Note the images from Ref. [61, 91, 103] are reprinted with permission © Optica
Publishing Group
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(a) TM-based method to recover objects from
(b) TM-based MMF
wide-field imaging method, including the reconstruction of speckle-encoded object at the end of the fiber and speckle average

MMF output speckle pattern, including MSO operator, inverse of TM, and phase conjugate operator’"”;

imaging!"”; (c) MCF speckle-correlation based wide-field imaging™; (d) MMF compressive imaging method with speckle

illumination sequence™”; (e) red blood cells and 11-pm fluorescent particles bright-field microscopic image and compressive

reconstructed pseudo-color image, the scale bar is 30 pm
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Fig. 9

Lensless MCF reflection imaging methods based on optical modelling. (a)(b) Schematic of quantitative phase imaging through

MCF, and amplitude and phase image reconstruction of the 6" and 7" group elements of the resolution target, with the scale bar

of 50 pm™; (¢) (d) schematic of MCF Fourier holographic microscopic imaging, and images before and after correction for fiber-

core phase retardation™; (e) (f) schematic of the distal holographic micro-endoscopic imaging, and results of on-focus amplitude

and phase reconstruction of the resolution target™*"
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Fig. 10 Multiple advanced lensless fiber-optic imaging modalities. (a) Schematic of MMF 3D confocal reflection imaging"*”;

(b) reconstruction results at the front surface (120 pm away) and the back surface (320 pm away) of a coverslip from the end of
the MMF using the setup in Fig. 10(a)"*"; (¢) MMF-based CARS images of 2. 5 pum PMMA and 2 pum polystyrene particles
over a series of frequency difference between the Stokes and pump beams™””; (d) MMF-based linear polarization SHG imaging

[127]

results of the mouse heart for three different positions (I pericardium, II ventricular wall, and III atrial wall)"*"; (e) simplified
diagram of light sheet microscopy using a MMF , in which the sub-plots (I-1II) are in focus, and the subplots (IV—VI) are
defocused yz-plane profiles of the Gaussian (GB), Bessel (BB), and structured light Bessel (SI-BB) light sheets™; () schematic of
PAM of red blood cells using an MMF"*"; (g) fluorescence intensity and lifetime imaging results of anesthetized mouse
intestine based on MCF and their intensity and fluorescence lifetime values at the straight lines""”; (h) cancer cell cytokinesis
intensity image with a regular microscope (left), and amplitude (middle) and phase (right) distributions with MCF-based
quantitative phase imaging™. Note the images from Ref. [125-127, 129-130] are reprinted with permission © Optica

Publishing Group
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Fig. 11 Recent advanced lensless fiber-optic imaging techniques. (a) Principle of MMF STABLE super-resolution imaging based on
fluorescence emission difference and comparison of system PSF curves with and without STABLE™""*; (b) comparison of
MMF images of fluorescent beads with conventional and STABLE techniques, with the scale bar of 0. 5 pum"*"; (¢) schematic
of MMF holographic endoscope used for long-distance, time-of-flight imaging”*"; (d) depth image sequence recorded at
different time for a revolving chessboard ~30 cm at the end of the fiber™; (e) schematic of phase modulation in a plane
conjugate to the proximal fiber facet for achieving efficient far-field focusing through an MMF™; (f) illustration of a novel side-
viewing MMF and its side-view imaging results of a resolution target"””; (g) illustration of a twist MCF with conformational
invariance and its two-photon imaging results of a test target in the bending state”*’; (h) schematic of lensless MCF light field
imaging, including fiber geometry and the distal facet image (note different fiber cores correspond to different incident angles)™;
(i) depth map of lens paper tissue with a lensless MCF"*". Note some images are from Refs. [134, 139] © The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4. 0 license, http://creativecommons. org/licenses/
by-nc/4.0/, reprinted with permission from AAAS; some images are reprinted with permission from Refs. [137-138] © Optica

Publishing Group
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Table 2 Related applications of lensless fiber-optic imaging via coherent light modulation

Application Fiber Method Feature Reference
TM-based scanning First demo of single MMF endoscope with DMD, FOV is
MMF . ) L. Ref. [61]
fluorescence imaging 80 pm, resolution is 2 pm
i . TM-based scanning High-fidelity mouse brain in vivo imaging via a polished MMF ,
Endomicroscopic =~ MMF . . . Ref. [64]
; ) fluorescence imaging  lateral resolution is 1. 18 pm, frame rate is 3. 5 frame/s
imagin
eme TM-based scanning In vivo functional imaging of neuro and blood flow via a 110 pm o
MMF . . . L Ref. [65]
fluorescence imaging  thin MMF, lateral resolution is <<1 pm
. Fourier holographic Calibration-free image reconstruction, spatial resolution is .
MCF o i Ref. [33]
reflection imaging 0.85 pm
TM-based selective Ex wivo, precise optogenetics with a WFS-empowered MMF , X
) , MMF ) Ref. [146]
Optogenetics focusing 1.6 pm focus
Tapered Phase control of fiber-  Phased matching optical antenna array, focus spots of 5 pm; Ref. [ 147]
ef. [ 14
MCF optic antenna not applied yet
) ) TM-based holographic ~ Soft-glass MMF with NA~1, real-time manipulation of 3D
Optical MMF . ) . . Ref. [ 148]
. ) optical tweezer particles in cavity
manipulation ) ) ) ) ) ) ) )
Machined  Self-fabricated MCF-  Flexible, single cell manipulation with the machined MCF Ref. [149]
ef.
MCF based tweezer tweezer of NA 1. 039
Deep learning for image o ) )
MMF Transmission of natural scene color images at video frame rate Ref. [29]
recovery from speckles
Data
L ) SSM-based image High-fidelity image transmission with 24 OAM-multiplexed i
communication MME Ref. [107]
. recovery from speckles channels
and computation
TM-based input phase  All-optic basic logic gates and bitwise operations with a WFS-
MMF Ref. [150]
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