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Abstract: Hydrogel fibers are hydrogel-based smart materials with fiber morphologies. They integrate
the diverse properties of hydrogel materials, such as high water content and biocompatibility, with the
exceptional mechanical properties and wearability inherent to fibrous structures. With the new generation
of flexible electronics, smart sensors, and wearable devices rapidly evolving towards lightweight, highly
flexible, and long-service-life designs, higher demands are required on the mechanical strength, toughness,
and structural stability of hydrogel fibers. This paper first reviews the common preparation methods
for high-strength, high-toughness hydrogel fibers. Subsequently, it systematically analyzes the major
strategies for regulating the mechanical properties of hydrogel fibers, including chemical cross-linking,
physical cross-linking, and the construction of micro-ordered structures. Subsequently, it introduces the
applications of high-strength, high-toughness hydrogel fibers in fields such as flexible electronics, high-
performance optical fibers, smart textiles, and damping yarns. Finally, the challenges and opportunities for
the future development of high-strength, high-toughness hydrogel fibers are discussed.
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Figure 1 (a) Schematic illustration of hydrogel fiber preparation via the template method (Reprinted with permission from Ref. [20];
Copyright (2021) American Chemical Society); (b) Schematic illustration of layered-structure fiber preparation via the pull-
spinning method ?*! (Open Access, Copyright (2019) the Author(s)); (c) Schematic illustration of hydrogel fiber preparation
via the extrusion-based 3D printing process (Reprinted with permission from Ref. [24]; Copyright (2024) Wiley-VCH GmbH);
(d) Schematic illustration of the pull-out method for preparing luminescent fibers with AIE properties (Reprinted with permission
from Ref. [28]; Copyright (2021) Wiley-VCH GmbH); (e) Schematic illustration of microfluidic spinning for preparing Janus
microfibers (Reprinted with permission from Ref. [29]; Copyright (2025) American Chemical Society); (f) Schematic illustration
of coaxial wet spinning for preparing sodium alginate gel fibers with a skin-core structure (Reprinted with permission from Ref. [31];
Copyright (2023) Wiley-VCH GmbH); (g) Schematic illustration of dynamic polymerization technique for preparing P(AA-co-
AM)/Fe3+ hydrogel fibers [3°! (Open Access, Copyright (2023) the Author(s))
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XF PVA 24 A 30t . 25 R, iE &5l A9
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(a) (b)

(©

(d) ()

() (® (h)

2 (a)SCIRER FE 0 £F 4 735 P R f w07 (2023 American Chemical Society UL VT FT); (b)3h 25 34 A kA4 £ 1) DOU-
1G-30 £F 4 il % 7 8 0% (2023 Wiley-VCH GmbH HRBLVF A1): (c) 2 JXJE J2 U 45 10 1) 8 490 PVA 7K U5 Ji 4F 4k 1) 43 2 45 )
TSR A PV BEAT LA P 7 2 MY, (IR T FeCly Z VA I PVA 7K 358 I 2T 4 (FC-EtFe) i 24 32 & 35 189 35 %5 7.11 MPa,
T LRI 35 1623%. B & FC-Et (1.40 MPa)ff 5.1 f%, FC-1T(0.11 MPa)[f] 64.6 f514; ()% U /2 R &6 #1112 ) PVA
TRIBEIRE L 245 UM At R 2 1 17 793 B 1) T 5 11 Fe™ B 180 o A2 52 2% b+ 19 (FF IR, 2023 the American
Association for the Advancement of Science RRA AT ); (F) 5k BEPLab i B Tt P 3508 58 A 0 B AN B8 YRR AR ELAE 2R =&
FERIU4SY, (g o FEE B o o 130 T A P MR R P 405 98 BE T 36 2.3 GPa, S 8 T AR A BT E) PVA 7K BRI () B T Bl 1) P 46 2 7
FIREAE 55 3045 BT AR EL L) F IR, 2025 1F 2 FRBRLVF )

Figure 2 (a) Effect of crosslink density on fiber mechanical properties (Reprinted with permission from Ref. [37], Copyright
(2023) American Chemical Society); (b) Schematic illustration of DOU-IG-30 fiber preparation via dynamic covalent
crosslinking (Reprinted with permission from Ref. [39]; Copyright (2023) Wiley-VCH GmbH); (c) Schematic of hierarchical
structure and polymer chain interactions in tough PVA hydrogel fibers with multiscale hierarchies!*; (d) PVA hydrogel fibers
(FC-EtFe) immersed in FeCl; ethanol solution exhibit significantly enhanced fracture strength to 7.11 MPa and fracture strain
reaching 1623%. This represents a 5.1- times increase over FC-Et (1.40 MPa) and a 64.6- times increase over FC-1T (0.11 MPa)!*4;
(e) Mechanical properties of tough PVA hydrogel fibers with multiscale hierarchical structures markedly improve with ethanol
solvent exchange duration and subsequent F ¢>* ion enhancement*! (Open Access, Copyright (2023) The American Association
for the Advancement of Science); (f) Schematic illustrating interactions between polymer chains and ionic liquids within high-
strength impact-resistant ionogels[45]; (g) Ultimate compressive strength of high-strength impact-resistant ionogels reaching 2.3
GPa, substantially exceeding untreated PVA hydrogels™*) ; (h) Comparison of compressive stress and strain in ionogels versus

existing compressive-resistant materials!*> (Open Access, Copyright (2025) the Author(s))
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wAT .
2.1.4  HAMAER T

B bk 32 EEAS AL A1, F A BAEH . B
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3 (a)NFIME R T 3R O M R 4T 4 35 T 4 SU22 AL 1) SEML RIS, (b) S R 85 155 1 5 DR M R 2T 4 (1 7 3 7 4% it 2™,
(OB A 1.1% B, B4R 5 pm HIERPTGEREF4ELE 100 °C T HIZShmh BRI R0 (MBS A 1.1% BRI IR BR AT 4
M 25 °C InFE 120 °C 1R R, JLUE B0l R BER T8 1 A8 4 il 2618 OFTGRER, 202448 2 FRBLVE AT ) s () LA JE il s 4%
Fag N3 22 1) 735 7 P () LA Ji b 8 68 K0 34 00k 24 PO W LW P38 A0 T34 1,61 GPa i1 466 MT-m > Bl () B AT
JEE RS 6 ) N e 22 (RO LB 32 5 AT 4R bR L35 (2023 Wiley-VCH GmbH)

Figure 3 (a) SEM images of surface micro-striations on poly(acrylic acid) fibers at different dissociation degrees[g];
(b) Stress-strain curves of poly(acrylic acid) fibers at different dissociation degrees!®); (c) Actuation stroke and power of a 5 pm
diameter poly(acrylic acid) fiber at 100 °C with a dissociation degree of 1.1%®); (d) Time-dependent variation of contraction
actuation stress for a poly(acrylic acid) fiber with a dissociation degree of 1.1% during heating from 25 °C to 120 °C!® (Open
Access, Copyright (2024) the Author(s)); (e) Schematic diagram of artificial spider silk with a buckling sheath-core structurel®®);
(f) Mechanical strength and toughness of artificial spider silk with a buckling sheath-core structure reaching 1.61 GPa and
466 MJ-m P (g) Comparison of mechanical strength between artificial spider silk with buckling sheath-core structure and
existing fiber materials (Reprinted with permission from Ref. [55]; Copyright (2023) Wiley-VCH GmbH)

VRN I B AS R i, SR REIE I ML REHIHL MR 58, SR BRI 9 2 ORI IR, BT

) 32 3 4 5 AT T DX 8% P AR A, DT 4 T 42 K
B A e INUR I RE . AN RGHIR T 2 HAZ
PR RIBLE | 7 F/89 K R S AR S5 4 e 22 9 )
GER SO T A M A B R B, FRIR AN T
BT B R R S 5 0 A S B O AT
TEXRE 725 R ) AL LA
2.2.1 XML

KR 4% &35 g 3 5 DA i 1 2 — DX 8 4
D R, 1T DA 2 A8 AL o) R R PR SR R
PITEIIEE g, o, s Be IR A 22 1 2%

T AT TG (A g B 0B ) 20 e G A 1 T 2R K
SIS T, X Fh I T 22 AT IR ) ) 0L ) 45 25 44
TE L P A A SN B ) e AR L B TR BN A
AT S P BEAH HAE B RE EAEBLRE T, BURR
K BB IE £T 4 7 2 RE S A% 0 S g B0,

Ren % P2 AN RSB0 IS 2, TER T
— P T I M R &R (TPU) A1 PVA 9K 4T 4
PR T G kL. 1ZA0 R AR ) TPU 44K £
Yei B SCPE, WIRAC BRI PVA 7K &R IR AT 5t
TR, ZH ALY 4, I I8 G R A B AE A



164

5 T i

& e
FH RGO BRI AT MXene 9K F #85 Horbr o IXFpofh

R R EAN XU 24 254 55 21 7 18] ) i . 5 B3[R4
FY, AL 21 252 G AR R B A v 10 s 56 52 AT

2026 4
P 2 iy DT I RIIR, T R A A 2 S BB 1Y 2% 4T ]
YEFF REAR S K e BN, AR & RIFI B0 7

B PR, 45 a4

Wi KR . Kong 25 P73 7] PVA £F 4 v 4331
EIPNGITESIb SR iF Saub SRR GEE b ity d (B
2R B AT IR 1 TR T U R S5 R AE
G, 2 YR DK E A WIS B R

PR AEANUR Z AR T 1 27 4
(K13 220 B, A R T RS PRIE S, I
I3 sR e W, B 45 SRS A A
1, SRR LA 5 5 PR R AT RS R e PR R

158

—H M, BEETE T AU T TR ¥

BENIAE Dy “ T ke Boe, I HR 1 WU Bt
Mo RONLE B — S RE R AE I 25 o 3K 2 X 2%
IR A R T R 55 5 38 ) 2 18] (K7 )i
222

VA ey ERVE MR 2 IR VR R FR B R
K LR FHOREE W E A KR TR &
G5 L LSRN o X Ty Vi AN R A
T HEHESI S R
MR D SEBL T AR i e 5 AR R4 T JIZEPERE
REL
LRI KB LT eV REF AT 22 R
AR BTSRRI R &

2R '=
ot

Auén
ZR =

P 2 Ky 2 R K
WAL LT YE, 285 A PR T4 P] R 25 3R T L Ty s

H4) AT AT 28 e 21 4R 1)
VBRI 5 SRV RAL B R R T R
HiE. EFRIES, SKERIKSWS) )T

HETRS RN o 58 1 Tl R VRO TR
BER AR EN 53 RE, FP AT 4R

IKEAE R, 2L PVA 73 188 K B B K W46 5 1)
TIEEAT 9 AR SRR IR KRB R o 75 5 1 1Y

42 g L, UL TN R T, R S R

EEEP, RARSAHEFRRE. HEEA
fe, TIN5 S IR ] R R A,

AR TR BEK 73 ok [ )l ok i I Fr s A
M 5% 1 I 46

BX A

2R\
FERJEA B A5 M . e RIS TH], M (O

EILIX) &K EIZE L ARG, BEAH CREEX) & 2Tt
re, BE— IR AT YRR T, H R T L.
PR, Dyl 26 9 R — WL B [F) B T 0 e 12k RE 21 4

TEIX ) B Lt B 2 ) 43 A7 B

YoBEBL, 84670 7 BE R 4%
il fEZ REMEERE S, 95508 XIRPERIR, T
%
Uk E R T A (45 5/ B AR30) 5 0N R IR G €

B X 1 DR I R — T L5

WL LA AL TR AT 046 8 2
CHHENL IR B

G R e

SO HH A
k0

1, $ETF
IR K T2 3 i A B B i 15
Tz sh 5 EAE, KRS XZE P A X, 1
TGS b LE A, AT G 25 8 S 2T 44 (R L o 5 A
o [AI, A BT RS 221 R T
P A7, /b G RE R 6 B 2T 4 1 RO AR g 1k

VI LI — O REM 5P A — S0k, Kim 25 V) B0 9k i b
DCHRRAE, 7T LB R P2 KB 21 4 (1 1 24T D

FKREIE L P S5 o7 4 KSR s B0 R i

FVE RE IR M 55 5 BRI 1R I EE AR 490 0K G 5 A AT
R RE R AW E A . %, 45X R
EOVBEBONBHAE S0 A P X . X2t
ok DX JeE oL S S 5 0 1) A )

KA 4 (CY-ANFs) Fl PVA [ 1[5 TR, 38 i % 5

S ﬁ\:én = He
TR, 2 X 7 T ) A A, RE A RUPR A
=

+ Aok

Wi SR AL, 76 1 min PG T % 4F 45 7 50
(R 4% 1] S 1tk 5 4 (1] da) o X B8 7K B IS £ 4 £E ik
80 wt% & /K &=, R £117.9 MPa [+ 58
ARIE T R UL AL I BE (5 RN A% B 40 1) 44
VN
T TR B R Y g A el e — B TR, R
HX A

> 10 F11100 MPa) (/& 4b). Zhou %5 B2 i 3t £5 #7
YIEE IR, WITTHCBUA R 2 M AE . B

4 i L VI BRE v KRR T 44 10 i P A B A i
GRS G O 2 XA I NIVE S H, TR B

1 AR ok B 22 B 9t — D R SR I RS
THEEIR X 2 IR B AR WIPE . FLIR, 45 i A5 M TE ST

FNEL I FR L, SEIL T PVA KB 47 4k 58 % A 0.32~

141.66 MPa 58 3 /N 02 25 1174810 (K] 4c AT 4d) .
YRR HAR G 8 ST AT 78 2 “Hi a7, 4R 4

B RN 75 24 A6 A5 5 A
BEBLI % 125 10, T T KRR 4 5
b, B
AR IR 45 8 X £ P
5 ST O, 26 R R A R

= Lk Bl }J\Tfﬁ
A RGERS I, SERRLY . Bk, B

AR A P L R L R e
1] 73 A, 55 B 1) 45 1) 5 S0 o) (7] B 5 e g Sk

B KB AT A A | i S KW R R 25 3 T
223 HURIZEH

AR, A7 A SRS R % S D9 TR K G 2T 4



134 LS R KRR LT T Uk 165

4 () T4 P/ICY-ANF 7KUEEIR LT 4k (1) T 4141 RGN S BEIRALHLH ) (b) B K B RiiA 80 wt % I, P/CY-
ANF 7K 5t fis 2T 4 (¥ 37 #7325 i 28192 (2025 American Chemical Society B FT ) (c) PVA 7K i £F 4k 15 £k i R 7028
5 A R B S AR 285 W 2 JRIB2); (d) % B 7R AR B U 0 PVA ZKBR IR 2T 4 A SR FE RS 1 1 3 AN SR A2 kB (2024
Wiley-VCH GmbH HRALVE ) (€)% ixf AN [7) T4 i 58728 400 B8 I 14 i 7K P AR R s e s 2 44 1 o Ak 82y 8228 26171 () AR /)
TR 822 R S ()7 7K A (G s gl R 2 Aol B2 R ERASE B F9 % EB(©7) (2025 American Chemical Society RV AI):
(@) FRELA EL {51 5331 A9 400%.600% AT 800% ) PVA-AN £F4 )33 fif 8 A8 16132 (2024 Wiley-VCH GmbH RZALVF )
Figure 4 (a) Dry-to-wet spinning system for preparing P/CY-ANF hydrogel fibers and the non-solvent-induced gelation
mechanism®?l; (b) Stress-strain curves of P/CY-ANF hydrogel fibers at water contents up to 80 wt% (Reprinted with permission
from Ref. [62]; Copyright (2025) American Chemical Society); (c) Schematic of crystal structures of PVA hydrogel fibers at
different stages following salting-out and solvent exchange[32]; (d) Tensile strength of PVA hydrogel fibers treated by multiple
methods spanning three orders of magnitude (Reprinted with permission from Ref. [32]; Copyright (2024) Wiley-VCH
GmbH); (¢) Tensile stress-strain curves of hydrophobic cutectic gel fibers subjected to different pre-stretch strain treatments®’;
(f) Comparison of tensile stress and Young’s modulus for hydrophobic eutectic gel fibers after varying pre-stretch strain
treatments (Reprinted with permission from Ref. [67]; Copyright (2025) American Chemical Society); (g) Tensile strength
variation of PVA-AN fibers with pre-stretch ratios of 400%, 600% and 800% (Reprinted with permission from Ref. [32];
Copyright (2024) Wiley-VCH GmbH)
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(2020 American Chemical Society FiALEF7])

Figure 5 (a) Flexible conductive PVA-based hydrogel fiber-integrated sensors for detecting various human motions such as

frowning, smiling, and swallowing (Reprinted with permission from Ref. [77]; Copyright (2024) Elsevier B.V.); (b) High-precision

capture of subtle physiological signal changes like pulse waves by PVA-based organic hydrogel fibers featuring multi-

scale hierarchical nano-phase-separated networks (Reprinted with permission from Ref. [78]; Copyright (2020) American

Chemical Society)
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6 (a) THFOW 21 4 I i 75 LCST B Iz in #4440 3o F2 6 4% 6 8 1 119 28 1615%); (b) THFOW 2T 4 #4 RS o 1 382 152,
(c) THFOW £F4 AU 2 B2 (d) /s UGS LA ABBURF L () THFOW 2P 46 R R 9T J5 % AL 230 4RI AL 2 4 ¢
Ji BP0 1 ek e BEI2) PR JCERER, 202241 3% RRBLVF T (o) i i — SR AL R B 5 PVA MR /K BRI 4T AT 1.07 dB-om ™
(IR AR FES ) (£) B T ) PVA ZKIBEIR O £F A4 5 6 10 LR 5): (@) PVA ZKBEIR  £F 11 7 3228 il 261 (h) PVA 7K i
B 6 T AE AN IR A B2 A8 T A e 1 PEUR ) (R ISR H, 2023 178 2 ROBLVF AT )

Figure 6 (a) Variation in optical transmission capability of THFOW fibers during heating and cooling near the LCST (821,
(b) Schematic illustrating the thermosensitive mechanism of THFOW fibers [82]. (¢) Schematic illustration of the thermosensitive
properties of THFOW fibers ®%; (d) Comparison of tumor sections stained after photothermal therapy with thermosensitive
THFOW fibers in blank, experimental, and control groups of mice 821 (Open Access, Copyright (2022) the Author(s));
() Hydrogel optical fiber composed of short silica segments and PVA exhibiting low optical loss of 1.07 dB-cm ! 831, (f ) Image
of deformed PVA hydrogel optical fiber transmitting blue light ®%); (g) Stress-strain curve of PVA hydrogel fiber #*; (h) Image
of blue light transmission through PVA hydrogel fiber under varying tensile strains *3] (Open Access, Copyright (2023) the
Author(s))
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Figure 7 (a) Mechanical property curve of CPOF fiber; (b) Optical images of red, green and blue lasers propagating through
CPOF fiber at different wavelengths; (c) Optical attenuation in CPOF fiber measured by the truncation method; (d) CPOF sensor

for monitoring underwater motion. Simulated human repetitive swimming motions recorded changes in optical attenuation

at four locations: ankle, shoulder, knee, and elbow (Reprinted with permission from Ref. [84]; Copyright (2025) American

Chemical Society)
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Figure 8 (a) Stress-strain curves of SIH fibers under different pre-stretch strains; (b) Ionic conductivity of SIH fibers versus

ionic liquid concentration; (¢) Current variation during stretching of SIH fibers; (d) Transient and characteristic electrical

signal responses of integrated SIH fiber sensing circuits to stimuli including fire exposure, water immersion, and sharp-object

damage®®! (Open Access, Copyright (2024) the Author(s))
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9 (QFEARFERIASH AT, PMAA 7Kk #8407 4 1 57 73-RiAE B PU; (b) PMAA /K56 A1 2T 478 A Nk — 80 4 it 2%
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Figure 9 (a) Stress-strain diagram of PMAA hydrogel microfibers at different strain rates (51, (b) Cyclic loading-unloading
curve and corresponding damping capacity of PMAA hydrogel microfibers °V; (¢) Comparison of damping capacity between
PMAA hydrogel microfibers and other representative damping fiber materials °'; (d) Time-resolved oscillation experiment of a
free-falling object cushioned by PMAA hydrogel microfibers and cotton yarn (51 (Open access, Copyright (2023) the Author(s));
(e) Comparison of toughness and strength between PAAM hydrogel fibers and other representative materials (52). (1) Comparison
of damping capacity between PAAM hydrogel fibers and other representative damping fiber materials ®2!; (g) Shock-absorbing

nets constructed using PAAM hydrogel microfibers effectively capture moving objects and reduce impact forces P! (Open
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