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Figure 1 (Color online) Wearable optical fiber sensors and their
materials composition, structural design and applications. The classi-
fications of fiber structures are only applicable in the wearable optical
fiber sensors.
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Figure 2 (Color online) Typical several optical fiber Bragg grating interrogating methods. (a) Schematic of broadband light source based
interrogation system for FBG sensors. The red lines are optical connections; the blue box includes all the building blocks of the interrogator [51]. (b)
Illustration of scanning-laser based interrogation system for FBG sensors [51]. (¢) Dual comb fiber laser based interrogation system for FBG sensors
[43]. (d) The application of dual comb fiber laser for FBG sensor arrays for the hand gesture detection [43]. Copyright©2019, WILEY-VCH Verlag
GmbH & Co. KgaA. (e) The applications of integrated wearable fiber sensors [53]. (f) Schematic diagram of FBG sensors and interrogating system,
which includes vertical-cavity surface-emitting laser (VCSEL), fiber Bragg grating, arrayed waveguide grating (AWG), and photodetecting units [53].
(g) Microphotograph of the photonic integrated circuit for array waveguide grating based on FBG interrogation [53]. Copyright©2021, American
Chemical Society.
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Figure 3 (Color online) FBG sensors’ applications in human health monitoring and human-machine interface. (a) FBG integrated gloves for hand
joint motion detection [63]; (b) FBG integrated elastic band for monitoring human respiration [64]; (c) stretchable FBG sensors for human
biomechanics sensing [66]; (d) integrated sensors on hand fingers for remote control robots [67]. Copyright©2022, American Chemical Society.

W A S HAEA FARES T RIRRRCARDL, 5% ks
A 45 S FH 918 U8t S5 R A B I 15 3N R P IR R
i th £k, 7R M, 2 mOtLF A4 A & R g0 m] AT 200
RIS e P K Uk ) B IS BPIRAS IR RE . Presti
S N OB L i M 45 0 S 5 R A P R AR R
Ao 2R (R, I N 21 55 5 32 50 B30 e it A A i
AL AT, A RO T I8 3 G5y R AR BUIRAS.
Li%% NS T SOGEF MR S 508 & e
JEEBHEL SR, B3 FR, TR EET LIS
FEPRIR AN, TR RE DX, XA 5 Ky 57T LA
PRAFR e IBLAFIRAR, LT W I A 2F el 4%,
P ICEF M AR S AN FEDEEK, HAZdFHp
B R CQIARFELX, B KW R ' 5 A 1
RT3 —NAe R, B, AT LA w4~
JCET A S Ol 55 PR 22 S SRR I e I 8 25 i D 2T DX 45k
AR B AR, B A T A Dt
M 8 AN S e 2T BAAR R RSB AR I, g
A BANEDCIR T R PKVE . B AR B SEBL A

A&, B UnAR AT I A5 32 A% A AR AT AR € AR/
0°C-55° CI T AN g A PE DI RE. HE— b3, b
VRIS T FRNE AT LA e i i L I pe s
LUK 4 By A Sl M 1A P S8 ). Bl iR AL DA '
LT HARFE LG, et 1 BRSO B AR 1 e £F
HeaRt N T N AR IE E R, A ATE S &
AN 1K NS DEE = PR R L S (P S e
MRV, SCOL RIS i R S, WE3(d)
B,

LML BEBAR G B4R A R, 7T LR
KA ARl RO ARG, D SONBACHT
TR LRI B, 2R, T 2HOLL
TEME LABRHE AL LT (BROE LT B4R 125 um) Ny fi,
LRGSR, bR R R IA B KB L, 154K
Z BB R C T TN ST AT RO R R
B ARXTERAEAN R, I HAR IR E B 1 2R 3 T )/
ISR AT JSE PN WU BE 28 T HL S R A o SR, JRRE
AT LA B HOR B, I AT il A

114204-5



BRESE. PR W J)E ORI

20234 HES3E H 1M

— 35 SIS AR R A AR R ORI, G Ak,
AL ARG, e SR E SR TSI 5T
SOt TR TR B S AR R B, AT R R G
MR A AF B AT, LU PR A e
AER VAL AT TR HERE.

2.1.2 ARG

ML R R P A R — R a5k, 5
G EBD LT AL, DL BEARER a0k 2
oK ES, DI AA V2RO A RKRE, Qo
IR SR AR DU B RET T,
FRD, TaAeer NAPRHE Oy b7y 45 R S (Gl
T BLARBIESE). BEW. MEBE. FREme
J&, TUAERAE G AT A& BN AT sk H A 5 22 DU R A AL

(a) Taper waist Fiber end
Taper transition

»

10— o Method 1—|
® Method2 |
A Method 3 |
T 1= :
£ 5 .
% 4 i . {
s t L) | e S
@ ] ’ . [ | o
] 0.01 = A Hema o 8 o o
| 4
| g
0.001 | LA
100 200 300 400 500 600

Waist radius ¢/2 (nm)

—
o

Ultimate strength o; (GPa)

Normalized transmission

FERDRE R ST Ea) L T2 e e 4T 454
N HREAX . TE X AREX = E A, B D
PR BRAE S AR I HE VA%, NG A
s DA Y 2 o S Ve VA LD N @ (Y =TI E B E VA
i (E4(b)) HIMFAN U F B S BOE i HA Lk
RS T, Horb @I AN U B2 A 5 vk A
%, I B IS SRR Fy A o R A S R mT LA
B — . AR YU BrambillaZs
VTSR 2% 77 ) 4% MK BLAR SR ET, A4
FELE1.55 pmI KA ZE 10~ dB/mm (&4(c)), i J5Hoff-
man5 AV R ) 4 A5 BIHFEIK 5226107 dB/mmff
AR LT, T g Fe £F UMk B 14 57, Brambilla%s
VOB 45 2 42 /N F200 nm S 2T 3 1S K F 10 GPa,
T I ARG AT AR SR 5 (2285 GPa). R G111

18
16 1 +
14 T ﬁm
124 i ‘%‘ﬁﬁ
10 1 i E@f i + S8
. %
6 F
4 -
2 4
0 - - - }
0 50 100 150 200 250 300
Radius r (nm)
x10*
Normalized {2
0.7 transmission
—
............ Slope 1
o)
5
i — S
_—
-1
AT E At Stop
05 . . P . . )
110 120 130 140
Time (s)

Bl 4 (RIZROR B AL il 6 5 OEHUIRE R . (a) SRS HERRROE P S5 M s L. (b) KRN FAHIUARA Fi 4L ek 28 2 1) 46 e
HEF. (c) SMPGVEEFHIE LI SHRES Rt Rl Ik D Wb Rk, Ik JOEM AN H B o, 793
SATECHE A AU R 0. (d) SEALRERA AR IR AR AL R 0 e R AR, (o) YeeF e h i B bk i e 28

A (SR S22 R 37 5t SR 7] () S M o R )7

Figure 4 (Color online) Fabrications and optomechanic properties of optical micro/nanofibers. (a) Schematic of a tapered micro/nanofiber. (b)
Flame-heating-pulling system for fabrications of micro/nanofibers. (c¢) The optical loss curve vs. fiber radius for three different fabrications methods
[71]. Method 1 is the two stage process involving a sapphire rod heated by a flame; method 2 is the flame-brushing technique; method 3 is the modified
flame-brushing technique. (d) The ultimate strength of silica nanofiber vs. fiber radius [71]. Copyright©2009, Optical Society of America. (¢) Typical
optical transmittance change (black solid curve) and its time derivations (blue dashed curve) during fiber tapering process [79]. Copyright©2017,

Optical Society of America.
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Figure 5 (Color online) Wearable micro/nanofiber sensors and applications. (a) Soft encapsulated hybrid plasmonic microfiber knot resonator [37].
Copyright©2018, WILEY-VCH Verlag GmbH & Co. KgaA. (b) Self-assembled wavy optical microfiber for monitoring human wrist pulse and blood
pressure [44]. Copyright©2021, Wiley-VCH GmbH. (c) Skin-like microfiber device and its structure [38]. Copyright©2020, Institute of Optics and
Electronics. (d) Schematic structures of micro/nanofiber tactile sensors [88]. Copyright©2021, Wiley-VCH GmbH. (¢) Micro/nano fiber sensors for
simultaneous detection of humidity and strain [87]. Copyright©2022, American Chemical Society. (f) Dynamic response of array micro/nanofiber
sensors for various hand gestures [8]. (g) Deep learning data processing sequence for ten hand gestures perception [8]. Copyright©2022, Wiley-VCH
GmbH.
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Figure 6 (Color online) Wearable polymer fiber sensors and applications. (a) Schematic of the one-step coextrusion fabrication of stretchable step-
index optical fibers [112]. Copyright©2018, WILEY-VCH Verlag GmbH & Co. KgaA. (b) Dye doped PDMS fiber for strain sensing [111].
Copyright©2017, Optical Society of America. (¢) Schematic illustration of the self-powered stretchable optical fiber in static and stretched state [117].
(d) Stretchable fibers installed in athletic tape [118]. Copyright©2017, WILEY-VCH Verlag GmbH & Co. KgaA. (e) Schematics of the propagation of
light in a straight, bent, and pressed fiber composing liquid core and polymer cladding [119]. (f) Soft liquid-filled fiber for monitoring wrist pulse
signal [119]. Copyright©2020, WILEY-VCH Verlag GmbH & Co. KgaA. (g), (h) Incorporation of the upconversion nanoparticles in polymer fibers
and their applications for human body temperature detection [42]. Copyright©2019, WILEY-VCH Verlag GmbH & Co. KgaA. (i) Schematic of

modified hydrogel fiber for glucose detection [122].

BRIEZ Sy, Zhao NUR R T AR, R —
AT, R 5 S Wi 5 1) 0 2 AR OB ML
T, Jeos T RN S K. Ik, Zhouss
NV SR it 5 45 10 S ) 2w R, S8
T 2R RS, JFROR T AR RIS TR
55 MR N . IR A AR I 2R 2 —,
XF T 1) — SR SR S O AT B S I v SR UL A SR

L)

TR, ARG 4 R SR AR, (1R IE S 4R e
. SEEGMRR M, S1EE 7 PER ATIA0.18°, Tk Fiks
AR 90.7 mN.  H T iZA% B R A B m i R B,
ATt o 7 HO AT (B 6(£)) P 4 B 0 7
JH. Guo N\MVREGIHFT 1 Yokl o T 45 2 KB EF
IR AR IR 1, FF o T ARG 70 Bt Aot
LR An AL L. Baide Nt AT o g 1k 2

Ye ) A IR, A IR RIS R AL I TR PR, Guoe NI IRk B w1 1 47 e
BU, TRt GRS AW 450, HIRSE  BURB APDMSIELT i (El6(g)), LHHu I LRIRLIAE 5.

N LIl S M EnA LN i N AR L:0) 78
TN, I R TR IR T8, SEILE A U 48 OGS (i

TN EORS, R SEHOERE, JFHOERE R
A RIS ARG At AT T e U X R 2 R 7 9%,

114204-10



RS, PERE YR ) ORI 2023 4F 53 11 M

AT LR AT AR ARk, 7E25°C-70°CIl &8
FELAS A B >A0.3°C, {ELASE R 2 Z 7 R IE RE A 20t
R N AR K L P A R R, AT SR B AR % B A R
FoE TAETERO% M RIAR S5 . TSR PRI B R J%
a5, AATTSRER R TR A [ A e R A i ) i AR,
i 6(h) .

TENPR N AR N F R, /KRR BL B 3
IR, KEERAMNEA RUF1 75 ae, 1 B A
=R EMB LA T RERSKERR, 549
HAHRPEARR I, —MmT DU A Py 455 BR AR A i
A AT AR A G 2 1 e L el =, PRt
VERN AL R ERARRT R, Bedh, AR A B FL
BR&E M B RE ] T v shREEAE 2y 7, Bl . 41
a2 5 3 i ORE B SEELAS [R] B A A IR,
AiEpHE"Y . B TP Choitg A
FH ML R BRI KBRS e i 5, 7E492 nm KT,
W45 7K B8 i 6 41 4 A= W 4 2030 B8 b e AR i B ke A
0.32 dB/em, 7EZ S GAEHFEN0.42 dB/em; filif]
PR B C AR NTE /N BRI, F TR 2 1
SRS R, Guods N /KB L 181 4
G0 K UKL LA Ko ot A %) B 7 ¥ 5 2R AV /N 4 - (3-
APBA), SEHIL AR P97 & B A, G 6 (i) s ; i 260 4
DTEEEBDEL B, S1RKEREE R, 23—
AR 4 R A B OGRS G, I A I R
A B R E AT SR FH RO K 22 47 5 P A
T ¥ K B ARG 125 45 A8 X 20 A Ak P ARG 0 1 2 i)
IKEE I A R R KAR 2 &) 28 R Bk 45 5 S Mg
B, TEARAMP) T ERIASE v 55 ZERe IR 3 B R A K 73 A
AR, EHANEFIRE KA RS Ko T RH A —
AN R T B, YangE AT T g
IR TR T e P P oz o AR AR S8, 3 T BBt
HRAPLTARBE ). YuZe NP4 T 2 AR
IKEERELE, BNH ML ST RRIEME: 213552 h
J&, Ko R 10.39%; Sl HE— S A E AL s i

BIRR GV BT R E L AR
ik aaEE, JFHAETRA . KaiENAY 5
ML N SR Ty, (BREHE DR — Lk
A MBI, SRR Uk E
FEH A, AEEEAR G5 USROG IR AR
MIZRE AT, IS ] B 24 BE AT 2 A k.

3 REFREE

245Nk, B NAMIT TN B C e ] 5 Ot e
REAFIT R T REWITL, NI ZhEH
e EE U AN AT RIS 1 R 5 E 25
Ji&, RIS AT o O S AR AR R T A R ) T
A, REAh, SEACEEICLF AR YDA AL AR R A
5, G AR Jee el H v kit
L B2 AR AR, ER L N RISk, A
AT LA RN N AR A B A% RS, JF Hoh T
HARBBONR S, WRARE; WA Ras R
N REPE R, AR R, BN
SREERUR. KT e AR, Bameds
NEHLR I B, ARl MR T f e 1 5
i, BT MRS HA DI REA NI R, AR
A E LN I e Z g, Az abdefe
B FE R BUREROR. AR AR, MXT HiE
JFAIISRANE FL TR, LB RO LT AR AT AR LR
IR RIIEER: B, 0L CIEMRN R 5t
M RRACIEARH AR, H AT R ZHOLL IR A S
FEALIERIN, AR S A A8 A (5 465 7
W, RGERMCTL LR G =AY E )k
JEIT N K, AR AR T AR U
PER R EORTE. T AR AR e e AR S e Lt
WIERSTEOR, 5 ANRERmM S IERE, KM%
RS e VAR LAYV ININIR I PO ERCE e
K B NAL G 5 HEMRLL, TR T e a5,
AT ARG AR v X 1%l R B S AR T B e 2 by, AR
TMEAUGE AR, SR, BEXHEIRE 5 R &R
A, WHRREMITR T SEORT I, R R
Wit BB E MR, A5
XTI LT 8RR K AR IR 70 20 57 e a0 N 5%
. TR OB S E AR KR, thAT — 25 M fES
FiE: (1) EREEE3DIT ENEUAR M DSGE, (ARSI
JU S5 Hg B 1 e AR BUSR A, AT LS Sh R B
Fi AT A, ) SR A SR RS
G AR A A AR IR AL S, W RASEI 2 R
SRR ERI ), (3) TREER SIS RS
K&, SIS RGBT AME 5 A B SR AUR (K F%, 451
Wt T ANETFHARE, NSRS R 1%
IR 5 5 8 P R R AN BURT U 24T R0 ok,

114204-11



RS, PERE YR ) ORI 2023 4F 53 11 M

A R O BOES, (4) AR RATE BRI A O, ISR R BN X ALk
TRE SR e, LN S A iz e B 2 AR PR S RS ()

SE 3k

10

11

12

13

14

15

16

17

18
19

20
21

22

23
24

Heikenfeld J, Jajack A, Rogers J, et al. Wearable sensors: Modalities, challenges, and prospects. Lab Chip, 2018, 18: 217-248

Wang X, Liu Z, Zhang T. Flexible sensing electronics for wearable/attachable health monitoring. Small, 2017, 13: 1602790

Swift R M, Martin C S, Swette L, et al. Studies on a wearable, electronic, transdermal alcohol sensor. Alcoholism Clin Exp Res, 1992, 16: 721—
725

Rachim V P, Chung W Y. Wearable-band type visible-near infrared optical biosensor for non-invasive blood glucose monitoring. Sens Actuat
B-Chem, 2019, 286: 173—180

Gatzoulis L, Iakovidis I. Wearable and portable eHealth systems: Technological issues opportunities for personalized care. IEEE Eng Med Biol
Mag, 2007, 26: 51-56

Sakakida M, Nishida K, Shichiri M, et al. Ferrocene-mediated needle-type glucose sensor covered with newly designed biocompatible
membrane. Sens Actuat B-Chem, 1993, 13: 319-322

Pantelopoulos A, Bourbakis N G. A survey on wearable sensor-based systems for health monitoring and prognosis. IEEE Trans Syst Man
Cybern C, 2010, 40: 1-12

Zhao L, Wu B, Niu Y, et al. Soft optoelectronic sensors with deep learning for gesture recognition. Adv Mater Technol, 2022, 7: 2101698
Van Meerbeek I M, De Sa C M, Shepherd R F. Soft optoelectronic sensory foams with proprioception. Sci Robot, 2018, 3: 2489

Zhao H, O’Brien K, Li S, et al. Optoelectronically innervated soft prosthetic hand via stretchable optical waveguides. Sci Robot, 2016, 1:
€aai7529

Wan C, Wu Z, Huang X. Research progress in flexible wearable sensing and intelligent recognition techniques (in Chinese). Sci Sin Chim, 2022,
52:1913-1924 [MES, RTN, 8. T 8E RSN BRI R, P ERE: (L5, 2022, 52: 1913-1924]

Shi Q, Dong B, He T, et al. Progress in wearable electronics/photonics—Moving toward the era of artificial intelligence and internet of things.
InfoMat, 2020, 2: 1131-1162

Hammock M L, Chortos A, Tee B C K, et al. 25th anniversary article: The evolution of electronic skin (E-Skin): A brief history, design
considerations, and recent progress. Adv Mater, 2013, 25: 5997-6038

Trung T Q, Lee N. Flexible and stretchable physical sensor integrated platforms for wearable human-activity monitoringand personal healthcare.
Adv Mater, 2016, 28: 4338-4372

Yang J C, Mun J, Kwon S Y, et al. Electronic skin: Recent progress and future prospects for skin-attachable devices for health monitoring,
robotics, and prosthetics. Adv Mater, 2019, 31: 1904765

Zheng Y J, Yin R, Zhao Y, et al. Conductive MXene/cotton fabric based pressure sensor with both high sensitivity and wide sensing range for
human motion detection and E-skin. Chem Eng J, 2021, 420: 127720

Chen Y, Xu Y W, Gao Q, et al. Fabrication of wearable hydrogel sensors with simple Ionic-digital conversion and inherent water retention.
IEEE Sens J, 2021, 21: 68026810

Liao X Q, Song W T, Zhang X Y, et al. A bioinspired analogous nerve towards artificial intelligence. Nat Commun, 2020, 11: 268

Wu R, Seo S, Ma LY, et al. Full-fiber auxetic-interlaced yarn sensor for sign-language translation glove assisted by artificial neural network.
Nano-Micro Lett, 2022, 14: 139

Rana M, Mittal V. Wearable sensors for real-time kinematics analysis in sports: A review. IEEE Sens J, 2021, 21: 1187-1207

Li TL, Qiao F, Huang P A, et al. Flexible optical fiber-based smart textile sensor for human-machine interaction. IEEE Sens J, 2022, 22: 19336—
19345

Kamisali¢ A, Fister I, Turkanovi¢ M, et al. Sensors and functionalities of non-invasive wrist-wearable devices: A review. Sensors, 2018, 18:
1714

Meng K Y, Xiao X, Wei W X, et al. Wearable pressure sensors for pulse wave monitoring. Adv Mater, 2022, 34: 2109357

Gao W, Emaminejad S, Nyein H Y Y, et al. Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature, 2016,

114204-12


https://doi.org/10.1039/C7LC00914C
https://doi.org/10.1002/smll.201602790
https://doi.org/10.1111/j.1530-0277.1992.tb00668.x
https://doi.org/10.1016/j.snb.2019.01.121
https://doi.org/10.1016/j.snb.2019.01.121
https://doi.org/10.1109/EMB.2007.901787
https://doi.org/10.1109/EMB.2007.901787
https://doi.org/10.1016/0925-4005(93)85391-M
https://doi.org/10.1109/TSMCC.2009.2032660
https://doi.org/10.1109/TSMCC.2009.2032660
https://doi.org/10.1002/admt.202101698
https://doi.org/10.1126/scirobotics.aau2489
https://doi.org/10.1126/scirobotics.aai7529
https://doi.org/10.1360/SSC-2022-0164
https://doi.org/10.1002/inf2.12122
https://doi.org/10.1002/adma.201302240
https://doi.org/10.1002/adma.201504244
https://doi.org/10.1002/adma.201904765
https://doi.org/10.1016/j.cej.2020.127720
https://doi.org/10.1109/JSEN.2020.3041603
https://doi.org/10.1038/s41467-019-14214-x
https://doi.org/10.1007/s40820-022-00887-5
https://doi.org/10.1109/JSEN.2020.3019016
https://doi.org/10.1109/JSEN.2022.3201580
https://doi.org/10.3390/s18061714
https://doi.org/10.1002/adma.202109357
https://doi.org/10.1038/nature16521

RS, PERE YR ) ORI 2023 4F 53 11 M

25

26

27

28
29

30

31

32
33

34

35

36

37
38

39

40
41
42

43

44
45
46

47
48
49
50

51
52
53

529: 509-514

Nag A, Nuthalapati S, Mukhopadhyay S C. Carbon fiber/polymer-based composites for wearable sensors: A review. IEEE Sens J, 2022, 22:
10235-10245

Zhao Y, Li X G, Zhou X, et al. Review on the graphene based optical fiber chemical and biological sensors. Sens Actuat B-Chem, 2016, 231:
324-340

Yamada T, Hayamizu Y, Yamamoto Y, et al. A stretchable carbon nanotube strain sensor for human-motion detection. Nat Nanotech, 2011, 6:
296-301

Shivananju B N, Yu W Z, Liu Y, et al. The roadmap of graphene-based optical biochemical sensors. Adv Funct Mater, 2017, 27: 1603918
Liu J W, Wang J L, Wang Z H, et al. Manipulating nanowire assembly for flexible transparent electrodes. Angew Chem Int Ed, 2014, 53:
13477-13482

Tocco J D, Presti D L, Zaltieri M, et al. A wearable system based on flexible sensors for unobtrusive respiratory monitoring in occupational
settings. IEEE Sens J, 2021, 21: 1436914378

Xu C, Song Y, Han M D, et al. Portable and wearable self-powered systems based on emerging energy harvesting technology. Microsyst
Nanoeng, 2021, 7: 25

Zou Y, Raveendran V, Chen J. Wearable triboelectric nanogenerators for biomechanical energy harvesting. Nano Energy, 2020, 77: 105303
Anwar S, Amiri M H, Jiang S, et al. Piezoelectric nylon-11 fibers for electronic textiles, energy harvesting and sensing. Adv Funct Mater, 2021,
31: 2004326

Zhao X, Han W J, Zhao C S, et al. Fabrication of transparent paper-based flexible thermoelectric generator for wearable energy harvester using
modified distributor printing technology. ACS Appl Mater Interfaces, 2019, 11: 10301-10309

Guo J, Yang C, Dai Q, et al. Soft and stretchable polymeric optical waveguide-based sensors for wearable and biomedical applications. Sensors,
2019, 19: 3771

Wu C, Liu X, Ying Y. Soft and stretchable optical waveguide: Light delivery and manipulation at complex biointerfaces creating unique
windows for on-body sensing. ACS Sens, 2021, 6: 14461460

LiJ H, Chen J H, Xu F. Sensitive and wearable optical microfiber sensor for human health monitoring. Adv Mater Technol, 2018, 3: 1800296
Zhang L, Pan J, Zhang Z, et al. Ultrasensitive skin-like wearable optical sensors based on glass micro/nanofibers. Opto-Electron Adv, 2020, 3:
19002201-19002207

Sun J, Meng J W, Tang S J, et al. An encapsulated optical microsphere sensor for ultrasound detection and photoacoustic imaging. Sci China-
Phys Mech Astron, 2022, 65: 224211

Liu J, Bo F, Chang L, et al. Emerging material platforms for integrated microcavity photonics. Sci China-Phys Mech Astron, 2022, 65: 104201
Bai H, Li S, Barreiros J, et al. Stretchable distributed fiber-optic sensors. Science, 2020, 370: 848-852

Guo J, Zhou B, Yang C, et al. Stretchable and temperature-sensitive polymer optical fibers for wearable health monitoring. Adv Funct Mater,
2019, 29: 1902898

Guo J J, Zhao K J, Zhou B Q, et al. Wearable and skin-mountable fiber-optic strain sensors interrogated by a free-running, dual-comb fiber laser.
Adv Opt Mater, 2019, 7: 1900086

Zhu H T, Zhan L W, Dai Q, et al. Self-assembled wavy optical microfiber for stretchable wearable sensor. Adv Opt Mater, 2021, 9: 2002206
Chen J H, Li D R, Xu F. Optical microfiber sensors: Sensing mechanisms, and recent advances. J Lightwave Technol, 2019, 37: 2577-2589
Zhang L, Tang Y, Tong L M. Micro-/nanofiber optics: Merging photonics and material science on nanoscale for advanced sensing technology.
iScience, 2020, 23: 100810

Fini J M. Microstructure fibres for optical sensing in gases and liquids. Meas Sci Technol, 2004, 15: 1120-1128

Rao Y J. Recent progress in applications of in-fibre Bragg grating sensors. Opt Lasers Eng, 1999, 31: 297-324

Hill K O, Meltz G. Fiber Bragg grating technology fundamentals and overview. J Lightwave Technol, 1997, 15: 1263-1276

Kinet D, Mégret P, Goossen K, et al. Fiber Bragg grating sensors toward structural health monitoring in composite materials: Challenges and
solutions. Sensors, 2014, 14: 7394-7419

Tosi D. Review and analysis of peak tracking techniques for fiber Bragg grating sensors. Sensors, 2017, 17: 2368

Thomson D, Zilkie A, Bowers J E, et al. Roadmap on silicon photon. J Opt, 2016, 18: 073003

LiH Q, An Z X, Zhang S, et al. Fully photonic integrated wearable optical interrogator. ACS Photon, 2021, 8: 3607-3618

114204-13


https://doi.org/10.1109/JSEN.2022.3170313
https://doi.org/10.1016/j.snb.2016.03.026
https://doi.org/10.1038/nnano.2011.36
https://doi.org/10.1002/adfm.201603918
https://doi.org/10.1002/anie.201408298
https://doi.org/10.1109/JSEN.2020.3036443
https://doi.org/10.1038/s41378-021-00248-z
https://doi.org/10.1038/s41378-021-00248-z
https://doi.org/10.1016/j.nanoen.2020.105303
https://doi.org/10.1002/adfm.202004326
https://doi.org/10.1021/acsami.8b21716
https://doi.org/10.3390/s19173771
https://doi.org/10.1021/acssensors.0c02566
https://doi.org/10.1002/admt.201800296
https://doi.org/10.29026/oea.2020.190022
https://doi.org/10.1007/s11433-021-1806-3
https://doi.org/10.1007/s11433-021-1806-3
https://doi.org/10.1007/s11433-022-1957-3
https://doi.org/10.1126/science.aba5504
https://doi.org/10.1002/adfm.201902898
https://doi.org/10.1002/adom.201900086
https://doi.org/10.1002/adom.202002206
https://doi.org/10.1109/JLT.2018.2877434
https://doi.org/10.1016/j.isci.2019.100810
https://doi.org/10.1088/0957-0233/15/6/011
https://doi.org/10.1016/S0143-8166(99)00025-1
https://doi.org/10.1109/50.618320
https://doi.org/10.3390/s140407394
https://doi.org/10.3390/s17102368
https://doi.org/10.1088/2040-8978/18/7/073003
https://doi.org/10.1021/acsphotonics.1c01236

RS, PERE YR ) ORI 2023 4F 53 11 M

54

55

56

57

58
59

60

61
62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

Al-Fakih E, Osman N A A, Adikan F R M. The use of fiber Bragg grating sensors in biomechanics and rehabilitation applications: The state-of-
the-art and ongoing research topics. Sensors, 2012, 12: 12890-12926

Massaroni C, Zaltieri M, Lo Presti D, et al. Fiber Bragg grating sensors for cardiorespiratory monitoring: A review. IEEE Sens J, 2021, 21:
14069-14080

Mishra V, Singh N, Tiwari U, et al. Fiber grating sensors in medicine: Current and emerging applications. Sens Actuat A-Phys, 2011, 167: 279—
290

Abro Z A, Hong C, Chen N, et al. A fiber Bragg grating-based smart wearable belt for monitoring knee joint postures. Textile Res J, 2020, 90:
386-394

LiL Q, He R J, Soares M S, et al. Embedded FBG-based sensor for joint movement monitoring. IEEE Sens J, 2021, 21: 26793-26798
Zaltieri M, Massaroni C, Lo Presti D, et al. A wearable device based on a fiber Bragg grating sensor for low back movements monitoring.
Sensors, 2020, 20: 3825

LiH Q, Yang H H, Li E B, et al. Wearable sensors in intelligent clothing for measuring human body temperature based on optical fiber Bragg
grating. Opt Express, 2012, 20: 11740-11752

da Silva A F, Goncalves A F, Mendes P M, et al. FBG sensing glove for monitoring hand posture. IEEE Sens J, 2011, 11: 2442-2448

Jha C K, Gajapure K, Chakraborty A L. Design and evaluation of an FBG sensor-based glove to simultaneously monitor flexure of ten finger
joints. IEEE Sens J, 2021, 21: 7620-7630

Lin Q J, Yao K, Zhao N, et al. Finger bending sensing based on series-connected fiber Bragg gratings. Materials, 2022, 15: 3472

Issatayeva A, Beisenova A, Tosi D, et al. Fiber-optic based smart textiles for real-time monitoring of breathing rate. Sensors, 2020, 20: 3408
Presti D L, Romano C, Massaroni C, et al. Cardio-respiratory monitoring in archery using a smart textile based on flexible fiber Bragg grating
sensors. Sensors, 2019, 19: 3581

LiTL,SuYF, ChenFY, etal. A skin-like and highly stretchable optical fiber sensor with the hybrid coding of wavelength-light intensity. Adv
Intell Syst, 2022, 4: 2100193

LiTL,SuYF, Chen F Y, et al. Bioinspired stretchable fiber-based sensor toward intelligent human-machine interactions. ACS Appl Mater
Interfaces, 2022, 14: 2266622677

Lee S, Franklin S, Hassani F A, et al. Nanomesh pressure sensor for monitoring finger manipulation without sensory interference. Science, 2020,
370: 966-970

Tong L M. Micro-nano fiber and its application: Research progress and future opportunities (in Chinese). Opt Optoelectron Technol, 2020, 4:
12-17 [FEHR. RO RILBH: F et g RoARRNLUE. S5 ER, 2020, 4: 12-17]

Tong L M. Recent progress in optical micro/nanofiber technology (in Chinese). Acta Opt Sin, 2022, 42: 1706001 [ F K. A4 iR i
TR, =24k, 2022, 42: 1706001]

Brambilla G, Xu F, Horak P, et al. Optical fiber nanowires and microwires: Fabrication and applications. Adv Opt Photon, 2009, 1: 107-161
Kang Y, Liu K'Y, Xie Y, et al. Fabrication methods and high-precision diameter control techniques of optical micro-/nanofibers (in Chinese).
Sci Sin-Phys Mech Astron, 2020, 50: 084212 [, XTI &, W5, 5. MAOLLr sl & 50 & mks I AR HIBOR. hERE: P )
K2, 2020, 50: 084212]

Yao N, Linghu S, Xu Y X, et al. Ultra-long subwavelength micro/nanofibers with low loss. IEEE Photon Technol Lett, 2020, 32: 1069-1072
Brambilla G, Xu F, Feng X. Fabrication of optical fibre nanowires and their optical and mechanical characterisation. Electron Lett, 2006, 42:
517-519

Hoffman J E, Ravets S, Grover J A, et al. Ultrahigh transmission optical nanofibers. AIP Adv, 2014, 4: 4879799

Brambilla G, Payne D N. The ultimate strength of glass silica nanowires. Nano Lett, 2009, 9: 831-835

Yu Y, Zhang X, Song Z, et al. Precise control of the optical microfiber tapering process based on monitoring of intermodal interference. Appl
Opt, 2014, 53: 8222-8228

Kang Y, Gong J, Xu Y, et al. Ultrahigh-precision diameter control of nanofiber using direct mode cutoff feedback. IEEE Photon Technol Lett,
2020, 32: 219-222

XuY X, Fang W, Tong L M. Real-time control of micro/nanofiber waist diameter with ultrahigh accuracy and precision. Opt Express, 2017, 25:
10434-10440

Tong L M. Micro/nanofibre optical sensors: Challenges and prospects. Sensors, 2018, 18: 903

114204-14


https://doi.org/10.3390/s121012890
https://doi.org/10.1109/JSEN.2020.2988692
https://doi.org/10.1016/j.sna.2011.02.045
https://doi.org/10.1177/0040517519868168
https://doi.org/10.1109/JSEN.2021.3120995
https://doi.org/10.3390/s20143825
https://doi.org/10.1364/OE.20.011740
https://doi.org/10.1109/JSEN.2011.2138132
https://doi.org/10.1109/JSEN.2020.3046521
https://doi.org/10.3390/ma15103472
https://doi.org/10.3390/s20123408
https://doi.org/10.3390/s19163581
https://doi.org/10.1002/aisy.202100193
https://doi.org/10.1002/aisy.202100193
https://doi.org/10.1021/acsami.2c05823
https://doi.org/10.1021/acsami.2c05823
https://doi.org/10.1126/science.abc9735
https://doi.org/10.3788/AOS202242.1706001
https://doi.org/10.1364/AOP.1.000107
https://doi.org/10.1360/SSPMA-2020-0027
https://doi.org/10.1109/LPT.2020.3011719
https://doi.org/10.1049/el:20060611
https://doi.org/10.1063/1.4879799
https://doi.org/10.1021/nl803581r
https://doi.org/10.1364/AO.53.008222
https://doi.org/10.1364/AO.53.008222
https://doi.org/10.1109/LPT.2020.2966804
https://doi.org/10.1364/OE.25.010434
https://doi.org/10.3390/s18030903

RS, PERE YR ) ORI 2023 4F 53 11 M

81

82

83

84

85
86

87

88

89

90
91

92

93

94
95

96
97

98
99
100
101
102

103
104

105
106

107

108

109

Luo W, Chen Y, Xu F. Recent progress in microfiber-optic sensors. Photon Sens, 2021, 11: 45-68

Zhang Z, Kang Y R, Yao N, et al. A multifunctional airflow sensor enabled by optical micro/nanofiber. Adv Fiber Mater, 2021, 3: 359-367
Pan J, Zhang Z, Jiang C P, et al. A multifunctional skin-like wearable optical sensor based on an optical micro-/nanofibre. Nanoscale, 2020, 12:
17538-17544

Yao N, Wang X, Ma S, et al. Single optical microfiber enabled tactile sensor for simultaneous temperature and pressure measurement. Photon
Res, 2022, 10: 20402046

LiJ H, Chen J H, Yan S C, et al. Versatile hybrid plasmonic microfiber knot resonator. Opt Lett, 2017, 42: 3395-3398

LiLY, Liu Y F, Song C Y, et al. Wearable alignment-free microfiber-based sensor chip for precise vital signs monitoring and cardiovascular
assessment. Adv Fiber Mater, 2022, 4: 475-486

Liu H, Song X, Wang X, et al. Optical microfibers for sensing proximity and contact in human-machine interfaces. ACS Appl Mater Interfaces,
2022, 14: 1444714454

Jiang C, Zhang Z, Pan J, et al. Finger-skin-inspired flexible optical sensor for force sensing and slip detection in robotic grasping. Adv Mater
Technol, 2021, 6: 2100285

Tang Y, Liu H, Pan J, et al. Optical micro/nanofiber-enabled compact tactile sensor for hardness discrimination. ACS Appl Mater Interfaces,
2021, 13: 4560-4566

Ma S, Wang X, Li P, et al. Optical micro/nano fibers enabled smart textiles for human-machine interface. Adv Fiber Mater, 2022, 4: 1108-1117
Yu C W, Yao C N, Pan C J, et al. Highly sensitive and fast response strain sensor based on evanescently coupled micro/nanofibers. Opto-
Electron Adv, 2022, 5: 210101

Wang S, Wang X, Wang S, et al. Optical-nanofiber-enabled gesture-recognition wristband for human-machine interaction with the assistance of
machine learning. Adv Intell Syst, 2023, 5: 2200412

Massari L, Fransvea G, D’Abbraccio J, et al. Functional mimicry of Ruffini receptors with fibre Bragg gratings and deep neural networks
enables a bio-inspired large-area tactile-sensitive skin. Nat Mach Intell, 2022, 4: 425-435

Ballard Z, Brown C, Madni A M, et al. Machine learning and computation-enabled intelligent sensor design. Nat Mach Intell, 2021, 3: 556-565
Chen J H, Xiong Y F, Xu F, et al. Silica optical fiber integrated with two-dimensional materials: Towards opto-electro-mechanical technology.
Light Sci Appl, 2021, 10: 78

Li Y, Tan S, Yang L, et al. Optical microfiber neuron for finger motion perception. Adv Fiber Mater, 2022, 4: 226-234

Mishra P, Kumar H, Sahu S, et al. Flexible and wearable optical system based on U-shaped cascaded microfiber interferometer. Adv Mater
Technol, 2023, 8: 2200661

Wang X D, Wolfbeis O S. Fiber-optic chemical sensors and biosensors (2013-2015). Anal Chem, 2016, 88: 203227

Xiong Y, Xu F. Multifunctional integration on optical fiber tips: Challenges and opportunities. Adv Photon, 2020, 2: 064001

Luo Y, Chen C, Xia K, et al. Tungsten disulfide (WS,) based all-fiber-optic humidity sensor. Opt Express, 2016, 24: 8956-8966

Zhao C, Liu D, Cai Z, et al. A wearable breath sensor based on fiber-tip microcantilever. Biosensors, 2022, 12: 168

Calcerrada M, Garcia-Ruiz C, Gonzélez-Herrdez M. Chemical and biochemical sensing applications of microstructured optical fiber-based
systems. Laser Photon Rev, 2015, 9: 604-627

Vaiano P, Carotenuto B, Pisco M, et al. Lab on fiber technology for biological sensing applications. Laser Photon Rev, 2016, 10: 922-961
LiJ, Liu B, Liu J, et al. Low-cost wearable device based D-shaped single mode fiber curvature sensor for vital signs monitoring. Sens Actuat A-
Phys, 2022, 337: 113429

Ding Z, Zhang Z. 2D tactile sensor based on multimode interference and deep learning. Opt Laser Technol, 2021, 136: 106760

Hu S, Liang J H, Chen J Y, et al. Highly sensitive vector magnetic fiber sensor based on hyperbolic metamaterials. Sci China-Phys Mech
Astron, 2022, 65: 114211

Shin J, Liu Z, Bai W, et al. Bioresorbable optical sensor systems for monitoring of intracranial pressure and temperature. Sci Adv, 2019, 5:
eaaw1899

Bai H, Kim Y S, Shepherd R F. Autonomous self-healing optical sensors for damage intelligent soft-bodied systems. Sci Adv, 2022, 8:
eabq2104

Han F, Wang T, Liu G, et al. Materials with tunable optical properties for wearable epidermal sensing in health monitoring. Adv Mater, 2022,
34: 2109055

114204-15


https://doi.org/10.1007/s13320-021-0614-9
https://doi.org/10.1007/s42765-021-00097-5
https://doi.org/10.1039/D0NR03446K
https://doi.org/10.1364/PRJ.461182
https://doi.org/10.1364/PRJ.461182
https://doi.org/10.1364/OL.42.003395
https://doi.org/10.1007/s42765-021-00121-8
https://doi.org/10.1021/acsami.1c23716
https://doi.org/10.1002/admt.202100285
https://doi.org/10.1002/admt.202100285
https://doi.org/10.1021/acsami.0c20392
https://doi.org/10.1007/s42765-022-00163-6
https://doi.org/10.29026/oea.2022.210101
https://doi.org/10.29026/oea.2022.210101
https://doi.org/10.1002/aisy.202200412
https://doi.org/10.1038/s42256-022-00487-3
https://doi.org/10.1038/s42256-021-00360-9
https://doi.org/10.1038/s41377-021-00520-x
https://doi.org/10.1007/s42765-021-00096-6
https://doi.org/10.1002/admt.202200661
https://doi.org/10.1002/admt.202200661
https://doi.org/10.1021/acs.analchem.5b04298
https://doi.org/10.1117/1.AP.2.6.064001
https://doi.org/10.1364/OE.24.008956
https://doi.org/10.3390/bios12030168
https://doi.org/10.1002/lpor.201500045
https://doi.org/10.1002/lpor.201600111
https://doi.org/10.1016/j.sna.2022.113429
https://doi.org/10.1016/j.sna.2022.113429
https://doi.org/10.1016/j.optlastec.2020.106760
https://doi.org/10.1007/s11433-022-1991-2
https://doi.org/10.1007/s11433-022-1991-2
https://doi.org/10.1126/sciadv.aaw1899
https://doi.org/10.1126/sciadv.abq2104
https://doi.org/10.1002/adma.202109055

RS, PERE YR ) ORI 2023 4F 53 11 M

110

111
112

113

114

115

116
117

118
119
120

121
122
123
124
125

126

127

128
129

Wang D, Sheng B, Peng L N, et al. Flexible and optical fiber sensors composited by graphene and PDMS for motion detection. Polymers, 2019,
11: 1433

Guo J, Niu M, Yang C. Highly flexible and stretchable optical strain sensing for human motion detection. Optica, 2017, 4: 1285-1288
Leber A, Cholst B, Sandt J, et al. Stretchable thermoplastic elastomer optical fibers for sensing of extreme deformations. Adv Funct Mater,
2019, 29: 1802629

Chandrappan J, Zhang J, Mohan RV, et al. Optical coupling methods for cost-effective polymer optical fiber communication. IEEE Trans Comp
Packag Technol, 2009, 32: 593-599

Leal-Junior A G, Diaz C A R, Avellar L M, et al. Polymer optical fiber sensors in healthcare applications: A comprehensive review. Sensors,
2019, 19: 3156

Zheng W, Tao X, Zhu B, et al. Fabrication and evaluation of a notched polymer optical fiber fabric strain sensor and its application in human
respiration monitoring. Textile Res J, 2014, 84: 1791-1802

Guo J J, Liu X Y, Jiang N, et al. Highly stretchable, strain sensing hydrogel optical fibers. Adv Mater, 2016, 28: 10244-10249

Liang H H, He Y C, Chen M H, et al. Self-powered stretchable mechanoluminescent optical fiber strain sensor. Adv Intell Syst, 2021, 3:
2100035

Harnett C K, Zhao H, Shepherd R F. Stretchable optical fibers: Threads for strain-sensitive textiles. Adv Mater Technol, 2017, 2: 1700087
Pan J, Jiang C, Zhang Z, et al. Flexible liquid-filled fiber adapter enabled wearable optical sensors. Adv Mater Technol, 2020, 5: 2000079
Zhou J, Shao Q, Tang C, et al. Conformable and compact multiaxis tactile sensor for human and robotic grasping via anisotropic waveguides.
Adv Mater Technol, 2022, 7: 2200595

Gupta P, Vermani K, Garg S. Hydrogels: from controlled release to pH-responsive drug delivery. Drug Discov Today, 2002, 7: 569-579
Guo J J, Zhou B Q, Du Z, et al. Soft and plasmonic hydrogel optical probe for glucose monitoring. Nanophotonics, 2021, 10: 3549-3558
Liu T, Ding H, Huang J, et al. Liquid-core hydrogel optical fiber fluorescence probes. ACS Sens, 2022, 7: 3298-3307

Choi M, Humar M, Kim S, et al. Step-index optical fiber made of biocompatible hydrogels. Adv Mater, 2015, 27: 4081-4086

Yang X, Wu Z X, Wei Y M, et al. Anti-freezing and anti-drying organohydrogel coated with graphene for highly sensitive and ultrastretchable
strain sensing. In: Proceedings of the 21st International Conference on Solid-State Sensors, Actuators and Microsystems (Transducers). Orlando,
2021. 1231-1234

Yu J Y, Moon S E, Kim J H, et al. Ultrasensitive and highly stretchable multiple-crosslinked ionic hydrogel sensors with long-term stability.
Nano-Micro Lett, 2023, 15: 51

Wallin T J, Pikul J, Shepherd R F. 3D printing of soft robotic systems. Nat Rev Mater, 2018, 3: 84-100

Xu P A, Mishra A K, Bai H, et al. Optical lace for synthetic afferent neural networks. Sci Robot, 2019, 4: eaaw6304

Yang X, Lan L, Pan X, et al. Electrically conductive hybrid organic crystals as flexible optical waveguides. Nat Commun, 2022, 13: 7874

114204-16


https://doi.org/10.3390/polym11091433
https://doi.org/10.1364/OPTICA.4.001285
https://doi.org/10.1002/adfm.201802629
https://doi.org/10.1109/TCAPT.2008.2011559
https://doi.org/10.1109/TCAPT.2008.2011559
https://doi.org/10.3390/s19143156
https://doi.org/10.1177/0040517514528560
https://doi.org/10.1002/adma.201603160
https://doi.org/10.1002/aisy.202100035
https://doi.org/10.1002/admt.201700087
https://doi.org/10.1002/admt.202000079
https://doi.org/10.1002/admt.202200595
https://doi.org/10.1016/S1359-6446(02)02255-9
https://doi.org/10.1515/nanoph-2021-0360
https://doi.org/10.1021/acssensors.2c00821
https://doi.org/10.1002/adma.201501603
https://doi.org/10.1007/s40820-023-01015-7
https://doi.org/10.1038/s41578-018-0002-2
https://doi.org/10.1126/scirobotics.aaw6304
https://doi.org/10.1038/s41467-022-35432-w

RS, PERE YR ) ORI 2023 4F 53 11 M

Wearable fiber-optic sensors: Recent advances and
future opportunities

ZHAO Lei', TAN YingLing', LI Hang & CHEN Jin-Hui'

School of Electronic Science and Engineering, Xiamen University, Xiamen 361005, China

The past years have witnessed the fast development of wearable electronic sensors, which have broad applications in
biomechanics, personal healthcare, electronic skin, and human-machine interface. Nevertheless, conventional electronic
sensors suffer from susceptibility to electromagnetic interference, electrochemical corrosion, and electrical safety issues.
Compared with electronic devices, optical sensor devices have the advantages of anti-electromagnetic interference and
electrical safety, and optical signals have the featured properties of large transmission bandwidth, multiplexing, flexible
modulation, and demodulation methods, which show great potential in multi-degree-of-freedom sensing. The research of
wearable optical fiber sensors is emerging recently, which can be complementary to electric sensors. This work focuses
on the recent advances in wearable fiber-optic sensors, including silica fiber and polymer fiber devices. In the silica fiber
section, the sensing mechanism, fabrications, and wearable sensing applications of fiber Bragg gratings and microfiber
structures are mainly focused. In particular, microfibers with diameters of tens of nanometers to several micrometers,
show many different intriguing properties compared with traditional bulk fibers, such as strong light field confinement,
strong evanescent fields, high nonlinearity, and mechanical strength, which are promising for high-dense integration. In
the polymer fiber section, the fundamental sensing mechanisms and fiber-optic sensing applications are discussed.
Compared with rigid silica fibers, polymer optical fibers have similar mechanical modulus to human tissues, better
biocompatibility and stretchability, and they are also easy to process and mix with other functional organic materials, and
some polymer materials are also degradable or have the self-healing capability. In addition, the hydrogel fibers for in vivo
chemical sensing are highlighted. In the final section, it summarizes the pros and cons of typical wearable sensors, and
the challenges and future opportunities of this field are discussed.

fiber-optic sensor, wearable device, personal healthcare, human-machine interface
PACS: 42.81.Pa, 42.79.-e, 85.60.Bt, 87.90.+y
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