AR K224 (BE2£ R ) 2025 4E 10 A 45 60 4% 45 10
Journal of Shandong University( Natural Science) , Vol.60, No.10, 2025 http; // Ixbwk.njournal.sdu.edu.cn

XERS :1671-9352(2025) 10-0163-10 DOI:10.6040/j.issn.1671-9352.0.2025.114

MR BB THERE, EH RIGE R
(INARBET K222 T2 0, AR T 1H 255000)

BE. T REIRE LA R ARGRENR BT FERPIREMER ARG EEERBOEAMM, Ad, KRERTAH X

TR ERBTE SR AR TAR LG, Mk kTl fhER SEYm T REKRFEREREEFRKE

TR B, X ARRPTEDRT A B A, ALK 4- R BED (ACMO) fo 2- A HBL R KA -2-F A - 1 - AR AR

(AMPS) £k I RE O MBI K ER TP RAFHN TIRBR AN SR FEAREIK, & TREKMNE F P(ACMO-co-

AMPS) 4k Fx 5 i R & & BB Z 18] 3 A T 15 09 F R st A ZAE R R BUR B A RS e MU R R A b A

T?}ii%%)iié‘)%%%ﬁﬁﬂﬁ‘ﬁ?&%'#&i‘“ﬁﬁ'i B RLMERT & R Ao BIE B 6 B E AR RIS AR K o ILI 5 3
o et M, s MRS K TFZ AR AR RGBT KGR E &R T T KBRS R R R FHIKERILE

r e AR R EAZHETHEHBEMER, KXLAFLEZHRIRAEKRBIRERDE TARBRBET R, BT T KEIRAE

REVEAEE,

EHRIA KRB R AR R TR R B S K

FE %S .0648 XEARERD A

S| A& R A, 7 T I, 45 PR KR 32 1o AR AR B O T T A ARIZ sh W[ 3] I AR K 2E 4 (B4 ) ,2025,60( 10) :163-172.

Anti-freezing hydrogel flexible strain sensor for human motion detection

YAN Xiangrui, ZHAO Rongrong, FANG Yuanyuan, DONG Rui, ZHAO Zengdian, SONG Shasha "
(School of Chemistry and Chemical Engineering, Shandong University of Technology, Zibo 255000, Shandong, China)

Abstract: Conductive hydrogel have emerged as a promising candidate for the development of flexible sensors due to their highly
compatible elastic modulus with human skin, distinct ionic conductivity, and mechanical flexibility. However, the high water
content within hydrogels inevitably freeze at subzero temperature, causing a degradation or loss of functionality, which severely
prevent their practical application. Herein, inspired by the antifreeze properties of natural organisms, an anti-freezing conductive
hydrogel was fabricated by compositing and cross-linking multifunctional monomers ( ACMO and AMPS) in phytic acid ( PA)
solution in the presence of collagen. The well-balanced combination of P( ACMO-co-AMPS) and collagen, along with dynamically
revisable noncovalent interactions inside the hydrogel network, lead to significant enhancements in interfacial toughness, fatigue
resistance, and self-adhesion. Profiting from the high conductivity and rapid response to strain, the hydrogel was assembled as strain
sensor to precisely detect human activities with high strain sensitivity and wide strain range. Moreover, the strong hydrogen bonds
between PA and water greatly reduced the freezing point of water, endowing hydrogel sensor with excellent frost resistance and
allowing real-time detection human motion under extreme conditions. This research provides a general and scalable strategy for the
development of anti-freezing conductive hydrogel flexible strain sensor to satisfy diverse wearable requirements.
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Fig.1 (a) Schematic diagram of design strategy and cross-linking internal network structure of PCP hydrogel; (b) FT-IR spectra
of AMPS, collagen, and PCP hydrogel; (c) SEM image and elemental (C,N,O,P,S) Mapping of PCP hydrogel
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Fig.2 Mechanical properties of PCP hydrogels; (a) photographs of PCP hydrogel; ( I ) initial state, ( I ) stretching, (II)
twisting, and (IV) knotting; (b) tensile stress-strain curves, (c) corresponding elastic modulus and toughness of PCP
hydrogel with different ACMO/AMPS contents; (d) tensile stress-strain curves, (e) corresponding elastic modulus and
toughness of PCP hydrogel with different collagen contents; ( f) ten consecutive loading-unloading curves and ( g)
corresponding dissipated energy of PCP hydrogel under 100% strain; (h) tensile cyclic curves and (i) corresponding
dissipated energy of PCP hydrogel at different strain (50%, 100% , 150% , 200% )
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Fig.3 Adhesive properties of PCP hydrogels: (a) photographs of PCP hydrogels firmly adhered to different substrates; (b) lap-
shear curves and (c¢) adhesion strength of PCP hydrogel to various substrates; (d) adhesion mechanism of PCP hydrogel to
various substrates
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Fig.4 Electrical properties of PCP hydrogels; (a) brightness variation of LED under different strain; (b) plots of the relative

resistance change (AR/R,) versus strain (0—1 600% ) and the corresponding strain sensitivity factor (GF); (c) relative
resistance changes in response to a stepwise change in 20% strain from 0 to 100% and to 0%. AR/R,, of the hydrogel sensor
in response to cyclical change in (d) small strain (5%—-40% ) and (e) large strain ( 100%—1200%); (f) response and
recovery time of hydrogel sensor at 100% strain; (g) 300 cyclic stability tests of the hydrogel sensor at 100% strain
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Fig.5 The application of PCP hydrogel as strain sensor for human activities detection; (a) finger bending at different angles; (b)
finger bending at different speeds; (c) wrist bending; (d) knee bending; (e) elbow bending; (f) smiling; (g) blinking;
(h) swallowing
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Anti-freezing properties of PCP hydrogels: (a) DSC curves of PCP hydrogel and photographs of PCP hydrogels before and

after storing at =20 C for 72 h; (b) stress-strain curves of PCP hydrogels before and after storing at —20 C for 72 h; (c)
relative resistance change of hydrogels versus appliled strain (0—1 600% ) after storing at —20 C for 72 h; (d) relative
resistance change of PCP hydrogel under 100% strain in 300 successive cycles after storing at —20 C for 72 h; (e) response
and recovery time of the PCP hydrogel under 100% strain after storing at —20 C for 72 h; (e) response of PCP hydrogel
sensor to finger flexion(f) and smiling(g) in cold conditions (-20 C)
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