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Abstract: A dual-network hydrogel was prepared by copolymerization and freeze-thaw cycles using acrylamide (AM),
sulfobetaine methacrylate (SBMA), and polyvinyl alcohol (PVA). The hydrogel was immersed in an inorganic salt solution
(glycerol/water) containing sodium citrate (NasCit) to form the P(AM-co-SBMA)/PVA-Cit ionically conductive hydrogel.
The composition and structure of the hydrogel were characterized using scanning electron microscopy and Fourier transform
infrared spectroscopy. Mechanical properties and adhesion performance were tested using a universal testing machine, and the

strain-sensing capability was evaluated by simultaneous electrical resistance measurement during tensile stretching. The
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hydrogel exhibits excellent mechanical properties, adhesive properties, water retention, and conductivity. Its maximum
elongation and ionic conductivity reach 940% and 1.83 S/m, respectively, with a tensile strength of 1.75 MPa and an adhesion
strength of 27 kPa. As a flexible strain sensor, the hydrogel demonstrates excellent tensile strain sensitivity (gauge factor
(GF): 3.021), rapid response, and stable electrical signal output.
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Fig. 1 Preparation of PASP-Cit ionic conductive hydrogel
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Fig. 2 (a) FT-IR spectra of raw materials and hydrogels; (b) Rheological properties and (c) transmittance of PASP and PASP-Cit hydrogels;

SEM images of (d) PAS, (e) PASP and (f) PASP-Cit hydrogels
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Fig. 3 (a) Stress-strain curves of PAS hydrogels as a function of m: msgya; (b) Stress-strain curves of PASP hydrogels as a function of wpy, ;
(c) Tensile stress-strain curves of PAM, PAS, PASP and PASP-Cit hydrogels; Cyclic tensile curves of PASP-Cit hydrogel at
(d)50%—400% strain and () 500%—900% strain; (f) Tensile curves of PASP-Cit hydrogel at 100% strain for 100 cycles
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Fig. 4 (a) Water retention performance of PASP and PASP-Cit hydrogels; (b) Photos of the adhesive performance of PASP-Cit hydrogels on
various substrate surfaces; (c) Adhesive force curves and (d) adhesive strength of PASP-Cit hydrogels with different substrate surfaces
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Fig. 5 (a) Conductivity of PAM, PAS, PASP and PASP-Cit hydrogels; (b) Conductivity of PAS hydrogels as a function of my: mspya;
(c) Conductivity of PASP hydrogels as a function of PVA mass fraction; (d) Relative resistance change of PASP-Cit hydrogel at
0—940% strain; (e) Relative resistance change of PASP-Cit hydrogel during rapid stretching-recovery in loading-unloading cycles;
(f) Relative resistance change of PASP-Cit hydrogel under different stretching speeds at 50% strain; Relative resistance change of PASP-
Cit hydrogel at (g) 10%—50% strain and (h) 100%—500% strain; (i) Cyclic stability of PASP-Cit hydrogel sensor at 50% strain during
100 cycles

10% 475 LeF 58 .

454G 12 Re S S HLPERE, AN SCXF PASP-Cit 7K BE A A v A2 14 s AT 1 I, S5 R A s(d~1) iR .
TEAR N AR X, 7K B JE 1) 4 1) 722 V2 38 LA AT 3 ) S8R T A2 S 32, A X Fi LR AR AR X 22, GF #2/1N, 0~300% hi
N GF 2 1.576; Bl N ASHE K, RAE WEEF (i A% . im), 8 22 W AR T AL, 5 3008 1 R AR 4 b 3 ol e
BRI, AHXT HL BH AR A AN G, G 38 K, 7E 300%~600% % 28 N GF A 2.320; 7EM = 028, 2% 1] fig & Ak A ]
WA B FE A, E— 2D AR H LA B, GF BRI ER T, 7E 600%~940% 1 AE T GF i 3.021(] 5(d)) . [FIET,
PASP-Cit 7K & 5 76 N 5 A E 28 T #9057 B[] (206 ms) FIK & B[] (253 ms) #RAR 45 (€] 5(e) ) . PASP-Cit 7K B
JBEAE 50% WA | AN [l hr A 35T B AR X FE BH AR Ak, 15 5 B0 B S R A8 (181 5(F) ) . PASP-Cit 7K B it T LA
W) 7 e /N R AR (10%~50% ) (] 5(g) ) FIR R ZE (100%~ 500%) (] 5(h) ), S2E6 rh X e 823 I i 1915 5
Z5 . G5 E, PASP-Cit /K BE AL B A H A 39 W N AR AL Bl . o T P74l PASP-Cit 7K % 1E S b AR 1%
JERAR T AR E T, 283 100 IR 100% 1 A8 hr A G X565 (18] 5(1) ), PASP-Cit 7K 5 A% S8 25 1) HL A 5 0k B AR
T DL Z AN, FF HooT DU R RRUE (W LA o SRR/ NG T RS TR TR T A BB M 119 B 4% 07 AR RN A e L 1 %
IR . LIRS AR W] PASP-Cit 7K Bk I I A8 A4 I8 A B B 47 (R 1 i APk

PASP-Cit 7K #E I 5 SCHk [7, 16, 22-24] 38 (1 7K EE S P RE XS LL AN 3R 1 fr/R . PASP-Cit /K 5 H A7 3 5
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R 7 A 88 5 B 53 400 GE, L PAM/CMCS-Fe*/TA il e-PL/AMC-Al 7K 5 i B B i AW 24 KR | s iy
B SR N BRI SEREE . R I, PASP-Cit 7K B AE % 16 f 1T 28 B AL IS 1O oK o
ARSI £% 1) PASP-Cit 7K 58 HAT i o7 s et . B0 5 L R S 5 AR AR AR B Re, AE iz sh WS T
ELA WA R AN . PASP-Cit 7K B T LA SE I W0 535 25 il (1] 6(a) ), 7EER B & il FH5 il fE ol L&
FIFGE M RAE S . AN, MTFHE O —E M BEET, B A S St R RS e (B 6(b) ) o L4, PASP-Cit /K &E G
S G B A Al 38 457 O 5 AT D) I A5 5 (I8 6. d) ) o WP/ BRI BE A7 R A 4% 1K, PASP-Cit /K BE I LA
Frme iz, HHAS S X ROE (B 6(e)) o K 6(F) Bon T 5 /RET S B AH X L BH AL Son B . Bl 6(g~1) Bin

# 1 PASP-Cit /KEEIES HAM K B AP REXT HL
Table 1 Performance comparison between PASP-Cit hydrogel and other hydrogels

Hydrogel a/(Sm™) Tensile strength/MPa Elongation at break/% Adhesive strength/kPa GF Reference
PAA-DAL-LM 0.24 0.102 <1000 16.23 2.14 [7]
AGG-Cu™* 3.25 0.247 1038 26 1.932 [16]
PAM/CMCS-Fe*'/TA 6.42 0.253 406 — 0.71 [22]
&-PL/AMC-AL 0.005 0.967 670 15.67 0.743 [23]
AA/CMC/PA/5 TA 0.5 0.28 1200 60 2.42 [24]
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Fig. 6 PASP-Cit hydrogel sensor is used to detect relative resistance changes during (a) finger bending, (b) finger bending at different angles,
(c) knee bending, (d) elbow bending and (e) weight pressing; (f) Relative resistance changes and schematic diagram of Morse code;
Relative resistance changes of PASP-Cit hydrogel sensor for Morse code (g) “MSE”, (h) “HEELO” and (i) “CCZU”
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T PASP-Cit 7K % I X 5 /R B B i 1 “MSE” . “HELLO” #1“CCZU” A X HL BH AR fk . 7] 21 48 (R HiL (5 5 i 1 36
B PASP-Cit 7K #E st HA VE S~ 5 /R W e 5 A A= 4 000, vl 5 Bh A 8 5 sl B 1B IR xRS N 617383 . PASP-Cit
TR e 1 IR A 7 M ) sl Bof L e e g i HE AR LU AR LA 5, 1A H PASP-Cit 7K BE A2 IR AR 38 AT 4

3 & it

(1) 38 R AIEIAKE AM, SBMA 5 PVA il 8 180U 26 7K B8, F1K FLi2 0T NasCit 19 H /7K %
Wb, 158 2T RE Y PASP-Cit B T FHUKEERS . %K BEIEE A 05 10 24 6E A0 5 s PR BE, Fr A i B v ik
1.75 MPa, W 2% H 940%, HL 33K 1.83 S/m.

(2) PASP-Cit 7K &E i EL AT B 4 (0 286 B 1 8, 15 34 355 55 1 ) 280 FRF 8 32 1m0 38 27 kP, 5 50 Jie 35 T 1) 280 BfF i 32
ik 11 kPa,

(3) PASP-Cit 7K B i 75 I A8 A% 8% b 3R B R AR 5 1 R A% (GF=3.021), W AE 78 [l Ry 0~940%, X AA4iZ 3
(P45 . 0 R 5 25 i) se b dtme B, Ho AR S AR E . AT E A B LS 5 i 3R ] PASP-Cit /K BE i B AT
R S8R Sy H A & AR 2R 1T T o

SE k-

[1] ZHAO J, LI M, FENG Y, ZENG Y, LI H, SUN J, CHEN X. Electrically conductive Zwitterionic hydrogel with extraordinary
antifreezing performance [J]. ACS Applied Electronic Materials, 2024, 6(12): 9061-9070.

(2] ZRJ, BgE, B, Wk, R, S5, FER. XIFM. 5T PAM/CS/MoS, & 7/KBERH) QCM kA% s il 4 K v
(1], ThfEmi 712441, 2023, 36(1): 86-94.
LUO Z L, HUANG B, CAO Z, FAN L L, CHENG J F, WU D, TAO G L, LIU C L. Preparation and application of QCM humidity
snesor based on PAM/CS/MoS, composite hydrogel [J]. Journal of Functional Polymers, 2023, 36(1): 86-94.

[3] ZHANG Z, LIU S, TAN H. Plant-derived hydrogels with high stretchability and adhesion for multifunctional sensors [J]. ACS
Applied Electronic Materials, 2024, 6(11): 8369-8376.

[4] LUN,KANGH, LU Y, LIY, LI J, XUE Y, QIU H. High-strength, conductive dual-network nanocomposite hydrogel for multi-
substrate adhesion and enhanced wearable sensor performance [J]. Polymer, 2025, 334: 128743.

[5] YANG J, ZHU B, WAN S, NI Q. Conductive hydrogel with double network structure for robust and flexible wearable sensors [J].
Talanta, 2026, 298: 128928.

(6] XWER, frdds, 2Ry, Hid, R, FIE R, XM RNE BN R T I RS R AU S SRk BRI ) 2 LA B %
JEAERE (V). THRERS XTI, 2024, 37(2): 130-137.
LIU H C, KE G P, HUANG B, CAO Z, CHENG J F, TAO G L, LIU C L. Preparation and thermal conductivity sensing properties of
polyacry lamide/carboxymethyl chitosan/hydroxylated boron nitride composite hydrogel [J]. Journal of Functional Polymers, 2024,
37(2): 130-137.

[7] ZHAO D, LUO J, FANG K, HUANG C, ZHOU X, JIANG K. Highly adhesive conductive hydrogels fabricated by catechol
lignin/liquid metal-initiated polymerization of acrylic acid for strain sensors [J]. International Journal of Biological Macromolecules,
2025, 310: 143438.

[8] ZHUANG J, ZHANG W, LANG L, TAN S, CAI G, WANG X, CHENG D. Stretchable, adhesive and conductive cellulose nanofiber-
based hydrogel for multifunctional wearable electronics [J]. International Journal of Biological Macromolecules, 2026, 338: 149733.

[9] LIY,ZHU]J, CHEN L, CHEN N, CHEN X, LYU J. Polysaccharide-driven self-healing dual-network hydrogel via Schiff base for
high-performance flexible sensing [J]. Carbohydrate Polymers, 2025, 370: 124404,

[10] REN J, ZHANG W, LI R, ZHANG M, LI Y, YANG W. Ultra-stretchable, fast self-healing, adhesive, and strain-sensitive wearable
sensors based on ionic conductive hydrogels [J]. New Journal of Chemistry, 2024, 48(26): 11705-11716.

[11] BAOD, IX,GUANF,GENGJ,LIZ, XU Y, YANG Q, SHI Y, HE J, ZHANG S, GUO J. Ordered nanostructures formed by multi-
interactions for toughening the ultrastretchable conductive hydrogel [J]. Macromolecules, 2025, 58(22): 12353-12365.

[12] ZHANG B, QIU J, MENG X, SAKAI E, FENG H, ZHANG L, TANG J, ZHAO W, WU H, ZHANG G, WU H, GUO S. Tuning
network topology through polymerization-induced entanglements for tough and low-hysteresis double network hydrogels [J]. ACS
Applied Materials & Interfaces, 2025, 17(17): 25873-25882.


https://doi.org/10.1021/acsaelm.4c01717
https://doi.org/10.14133/j.cnki.1008-9357.20220421001
https://doi.org/10.14133/j.cnki.1008-9357.20220421001
https://doi.org/10.1021/acsaelm.4c01549
https://doi.org/10.1021/acsaelm.4c01549
https://doi.org/10.1016/j.polymer.2025.128743
https://doi.org/10.1016/j.talanta.2025.128928
https://doi.org/10.14133/j.cnki.1008-9357.20240106001
https://doi.org/10.14133/j.cnki.1008-9357.20240106001
https://doi.org/10.1016/j.ijbiomac.2025.143438
https://doi.org/10.1016/j.ijbiomac.2025.149733
https://doi.org/10.1016/j.carbpol.2025.124404
https://doi.org/10.1039/D4NJ01387E
https://doi.org/10.1021/acs.macromol.5c01625
https://doi.org/10.1021/acsami.5c05911
https://doi.org/10.1021/acsami.5c05911

186

Y/ T s A %539 %

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

PI M, QIN S, WEN S, WANG Z, WANG X, LI M, LU H, MENG Q, CUI W, RAN R. Rapid gelation of tough and anti-swelling
hydrogels under mild conditions for underwater communication [J]. Advanced Functional Materials, 2023, 33(1): 2210188.

LUO F, CHEN B, RAN X, OUYANG W, YAO Y, SHANG L. Wearable and self-powered triboelectric sensors based on NaCl/PVA
hydrogel for driver multidimensional information monitoring [J]. Nano Energy, 2023, 118: 109035.

LIU Y, ZHANG T, WANG L, GUO C, QU F, XU H, LIU Z, GUO L, NIU Y, XU Q, ZHOU Y. Double network ionic conductive
hydrogel with polyaniline waterproof shell for stable and high-performance wearable and underwater sensors [J]. Small, 2025,
21(51): €10404.

ZHANG S, XIA J, CHEN J, CHEN L, QIU J, GUO Z, WEI R, SUN W. Ultra-elastic, transparent, and conductive gelatin/alginate-
based bioadhesive hydrogel for enhanced human-machine interactive applications [J]. Biomacromolecules, 2025, 26(7): 4436-4448.
KHAN M, DAI J, WU D, SHAH L A, YE D, RAHMAN T U, NING F, YI J, FU J, YOO H. Highly sensitive and self-adhesive
iontronic hydrogels: Transformative applications in non-audible speech interface and motion monitoring [J]. Sustainable Materials
and Technologies, 2025, 46: e01740.

ZHANG Q, ZHANG Y, LI W, CHEN X, JIANG Y, WANG B, YAO J, YANG Y, ZOU L, ZHAO Z, WANG Y, GUAN Y, ZHANG
Y. Spider silk-like strong and adhesive eutectogel fibers fabricated via a continuous spinning-polymerization process [J]. Chemical
Engineering Journal, 2025, 507: 160437.

LIU D, BI S, WANG H, GU J, WANG S. Polydopamine interface-modulated MXene-based conductive antibacterial hydrogels for on-
skin health monitoring and diabetic wound healing [J]. Composites Part A: Applied Science and Manufacturing, 2024, 180: 108065.
LUY N, MO K, GUM, XIEJ S, YANG Y, ZHENG L, LIU X R, LU Y, CHEN J S, GE J. Engineered zwitterionic hydrogel with
extreme environment resilience: High ionic conductivity, subzero tolerance, and potential for multimodal sensing and optical
applications across devices [J]. Chemical Engineering Journal, 2025, 510: 161390.

REN J, LIU Y, WANG Z, CHEN S, MA Y, WEI H, LYU S. An anti-swellable hydrogel strain sensor for underwater motion detection
[J]. Advanced Functional Materials, 2022, 32(13): 2107404.

LIU H, HUANG B, KE G, CAO Z, CHENG J, WANG D, SUN F, MA W, LIU C. Facile preparation and performance of flexible
sensors based on polyacrylamide/carboxymethylchitosan/tannin acid hydrogels [J]. Journal of Polymer Science, 2024, 62(22): 4953-
4965.

WU Q, LI X, LUO H, XIONG S, ZHANG H, HUANG B, GAO T, YU G, XU H. Ultrafast fabrication of e-polylysine/amide-modified
chitin-based conductive hydrogel with self-healing, adhesive and antibacterial abilities as a wearable strain sensor [J]. International
Journal of Biological Macromolecules, 2025, 308: 142459.

WANG W, LIN, HOU J, GE R, JI X, PENG Y, SHEN J, HUA J, GAO Y, ZHANG H, LI Z, WANG L. Highly tough, self-adhesive,
and antimicrobial conductive hydrogels for flexible wearable sensor devices and information encryption [J]. Journal of Polymer

Science, 2026, 64(4): 876-889.

(/%4 L)


https://doi.org/10.1002/adfm.202210188
https://doi.org/10.1016/j.nanoen.2023.109035
https://doi.org/10.1002/smll.202510404
https://doi.org/10.1021/acs.biomac.5c00425
https://doi.org/10.1016/j.susmat.2025.e01740
https://doi.org/10.1016/j.susmat.2025.e01740
https://doi.org/10.1016/j.cej.2025.160437
https://doi.org/10.1016/j.cej.2025.160437
https://doi.org/10.1016/j.compositesa.2024.108065
https://doi.org/10.1016/j.cej.2025.161390
https://doi.org/10.1002/pol.20240292
https://doi.org/10.1016/j.ijbiomac.2025.142459
https://doi.org/10.1016/j.ijbiomac.2025.142459
https://doi.org/10.1002/pol.20250985
https://doi.org/10.1002/pol.20250985

