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Abstract: Acrylic acid (AA), acrylamide (AM), silk fibroin (SF), tannic acid (TA), iron oxide (FesO4) nanoparticles, and
two-dimensional MXene nanosheets were used as raw materials. A conductive hydrogel marked as P(AA-co-AM)/SF/TA-

Fe;04@MXene was fabricated via one-pot free radical polymerization in a water/glycerol binary solvent at room temperature.
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TA-modified Fe;O4 nanoparticles anchored on MXene nanosheets (TA-Fe;Os@MXene) were employed as functional fillers
in a system requiring no external energy supply. The composition, chemical states, and microstructure of the material were
characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The tensile and compressive mechanical properties and anti-fatigue
performance of the hydrogel were evaluated using an electronic universal testing machine. Its wide-temperature stability was
assessed by differential scanning calorimetry (DSC). The electrical conductivity and strain-sensing performance were
investigated using a digital multimeter combined with a tensile apparatus. The hydrogel exhibits ultrahigh stretchability
(1 640%), high tensile strength (282 kPa), high electrical conductivity (206.8 uS/cm), and excellent wide-temperature (—40 °C
to 60 °C) stability. As a flexible strain sensor, it demonstrates high sensitivity (gauge factor (GF) of 5.92), good cycling
stability, and real-time response to weak physiological signals such as joint motion and throat vibration, showing great
potential for flexible wearable electronics.
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AL, I DL 4 i PR HE P(AA-co-AM)/SF/TA-Fe;0s@MXene /K B (1] F PSMTEG), SEBL 1 2 il T PR
HONT 1 min) H 51 RS, [R5 1 12 184k R

1 SEEES

1.1 JERFnRF

FALHE (LiF, w=99.9%) . AA(43HT4l, w=99%) . AM(ZHrél, w=99%) . TA(ge4l) . = R &) & 3
H e ( Tris, #2690, w=99.9%) . NN’ -3V HH B BUN 45 BE e (MBA, 43 8T 21, w=99%) . Fe;04(w=97%, 50~
300 nm) . Hil (Gly, 534l w=99%): L iEBTHL T A= AL BH: e A R Bl APS(ZrHr4li, w=98.5%): L1247
S MRA AR AT BRI 5 B 7 22 VU RS Al S b s e AL ER AR (TALC, Bifeh 38 um): & & BHE A FRA F;
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AR (43 BT 4, w=36%) : I XKML TR A FRA F] .

1.2 XBRITEH

1.2.1 MXene #94) & H 3.2g FWALHEE T 40mL. 9mol/L MYERFRIAEW T . B/ HILIRZEZRINA 2 ¢
Ti3AIC, M K, #£ 40 °C T W 48 h, i 1 BE £ 20 il 57 245 B b8k . 25 88 1 /K X AL Bk i AT 2 R Uk Uk -
LA 5000 r/min &0 1 min, FOLHEEH 8T L& KT, EEUEGK 6~8 K, HE LIFW pH = 6. K il
VEF BT T LB Tk, FE AR S UK B A N S R 1 h, 1 300 W, B S LA 3500 r/min £ 0
30 min, Y FIERITF L BRI, BV 3R15 82 MXene.

1.2.2 TA-Fe;0s@MXene 24K K 5k 69414 FRHL 100 mg MXene A 8 mL 25 & F /K Hr, # 75 4b B 20 min
#3843 20 B, A0 0.01 mol/L Tris 28 i 835 pH &= 8.0, FHHIIA 40 mg TA, % i +E 3 h 15%] TA@MXene
REW . SRITMA 30 mg FesOu, #MIN25 5 T /K ZE 10 mL, 4k2E56HE 3 ho IR 4 WO 75 40 BE 30 min, 15 3] TA-
Fe;Os@MXene 49K K/ 0, T 4 °C B EH A, &M %080 MXene 1957 &8 % 4 10 mg/mL, MXene .,
TA 5 Fe;O4 WYl iE Ll 10:4:3,

123 BAZEZRGQERGAE W BEAOIE. BRAEET S /L MBS E W B 30 min, %
Wit R E A 3 WK B, M R AR VE R i, IF T 60 °C BT 2R )5, B 8 g MR 22 Z 4F 4k T 96 mL &
S /LB K =0 (AL, . QB K B Z oy 1:2:8) 1, 70 °C %% 3 h, 50> (8000 r/min,
10 min) EBRANEY); BeJa, B B NGBS G 011 14x10° ), -l A B /KB 72 h (5 3 h #K
1) 5, W e IR R VR G & 120 mg/mL, TR BSOS A8 4k VR 46, T 4 C R1E5 H

124 SoREBIKRGSRSERFHL I, BHIMAEE FKEARREE 121, H 7R A w5 i A
UL (p(Gly) ) 2l 50%) TELEM h i bt 2 5t /iR & B, IKUIN A 2 R B FI WK (7.2 mg/mL, MCES SF 5 Sk
SR (w(SF) ) [ 3%) . AM(1.2 g) Fl AA(1.2mL), Fo 433 £ I MM WG 805, INA APS(1mg) 5
MBA(6 mg), % fi# 5 A 2 mL TA-Fe;Os@MXene 73 #0K, #Min 2 B 7K M BAFU R 10 mL; 5, BHRA KR
FE 3 min, 765 IR Rl A d IR A A B PSMTFG /KEERE . KT i3 K BEIE T 4 °C RS 1 h, DUEHES
THEPREEIT IR I 28 SRR E PR . BRAE DA B, J5 3P Firik “PSMTFG ¥ 48 R Lk e b AR it

E 75 %) 75 32 5 W 4« A [ B B (1.2 g AM+1.2 mL AA) . MBA(6 mg) il APS(1 mg) Wi T, &
G LT 3 A AR B AR ZE A PERE I B2 : (1) TA-FesOs@MXene 43 BUR S MR (0, 1, 2. 3, 4mL);
(2)w(SF) (0. 1.5%. 3%. 4.5%); (3)p(Gly) (0. 25%. 50%. 75%) .

1.3 M5 RAE

Y 0% St 4 T S 330BE (FE-SEM) « % i 72 [ 2% =] ( ZEISS) Sigma 300 K37 & 5t 41 1 it 1 S 13 B WL B
TES o T, K RE o BT 2B KPR 36 h LUE e H I, B S 2 VR T8 48 ho B 2 1T 40 8 4 4b B (&
FEZ) 5 nm) Dh4E R S, A R 10 kV,

Y % 538 5 i F S AUBE (FE-TEM) : 2R FH 36 [51 28 R & i /K (Thermo Fisher) Talos F200 X %137 % §i 385 §f Hi 7
BB MR TA-Fe;0s@MXene Z0K 194 BUECR . FE01 IR 7 WO BE 2 0.1 mg/mL Jo 88 75 4311, T in 22 6 7
TS 1 ] 099, 28 L8 08 JS F 200 kV IR EL R SR TA-FesOs@MXene 40K F | 24544

X SR FRE IS (XPS) « SR FH 35 [ #8 2R K i /K ( Thermo Fisher) K-Alpha % X §}28 5% i BE S o0 M ik
R T I T R A AL ZS, G5 AR LL C 1s 16(284.8 e V) Jy FEvfE HEA A Ui

X ST S (XRD) : 5% F 7% [ 45 2 52 ( Bruker) D8 ADVANCE % X SR 177 SR 4E K38 . Wit 4414 Cu
Ko fEFHE (2 = 0.154 18 nm) , L FE (20) 2y 5°~80°, LK 0.02°, T #H % 5(°) /min,

J12 AR SR AN LDW-5 AUHL 7 AR IR S0 ALK 7 22 M AR, 2R A7 14 B A A 500 N, Hir Al 3
SR FHME 4% 9 RE (50 mmx4 mmxd mm) , F7 458 5k 50 mm/ming [ 45 038 % A BRI 3R (B4R 15 mm, &
18 mm), JE4E 45K 10 mm/min, AFHSC8HE 3 K, 45 RECEAME .

PURE 5 PR KR BE B BE D 4 BT —40 °C VKA AN 60 °C HEAR T AEAE 10 h, OB JE 57 BDEAT J1 2R P g
Ko KA TA Q2000 A 22 /R 4 & H#UL(DSC), 7E A (Wi 50 mL/min) T, LA 5 °C/min A3 M 40 C
FHE 100 °C, W& Ltk 5K GE

1L RERE . FHITHEMLIE B BCF T T 3 (Keysight 34461A) S, 445 7K B8 I I T A M Bz ik, 7K o8 e 1% Jak
A TEAR R P E R (A X L B (AR/Ro) $5 A 2 (1) 5L
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2.1 PSMTFG /KRG M-S 1ERAIE

PSMTFG 7K %k i i il & i B2 54 FHALE AN 1] 1 fr s o R E ARG 855051 & 7 X, 20K R =0
Josbmie s B CNT 1 min) B9 H 5L R G AR &6, B TA f B YR8 1k S/ 5 71 28 Fe;O4 4K R T
MXene# [, #4 ## TA-Fe;0s@MXene 40K F; Bl J5 76 H il /KR R, DL APS 5| &5 . MBA SN ACHEF, SEEL
AA. AM 5 SF ) —875 H R R G o %R R 0 PO BE AL B — B U A 3 51 & BLENBKR S0 24 A APS )&,
Fe;04 1Y Fe? A A 204 J5 it B2 AR 251 (S,0877) , A= ey 1 PE A B IR AR ) H 2 (SO4e7) (8,082 +Fe?™ — S04+
SOy +Fe) ; 5 ULIAI B, TA 43 v i &0 28 — 1 /1 480 Ak 3 J5 X6 AR A% 1 A= 1Y Fed il 3 i AL Fe?', AT 52 3
FeX /Fe> MmN o X —IFIRAALGERE T A0 A RR e 6 v, I ORBE T A i S 0 e b4, £ F SR AE
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MXene; ’ TA@Mxene; - TA-Fe;0,@Mxene; V\M/ SF

Kl 1 PSMTFG /K BER il friod - 55 4 FH AL
Fig. 1 Preparation process and mechanism of PSMTFG hydrogel
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] Fe;04 T1387F MXene R HIFHLIE T2 HHES, JZHBERE 2 H K. TA-Fe;0.@MXene A H1 H B Fe;04 AYHFE
g, RUTEFR YR A 8. AN, X SO F BRI RAE W — 2P IE S T TA-Fe;0s@MXene 1 B & A
(K 2(b)) o XPS4r#T (& 2(c. d)) B7n: C 1s iR B IE (C=0) i T 288.68 eV, Z5 B REIERS 1.2 eV, Bt
Fe¥* /- S50 L T R4 O 1s 3% 529.86 eV(Ti—O—Fe) il 531.34 eV(C=0-Fe) {5 5L 5% MXene, TA 5 Fe;04
(B8] B HE o7 A% AL ST s FE-TEM R (&) 2(e) ) it — 248 78 FesO4 94K UKL 24 5] 434 T MXene 12 | FE-
SEM EHZ (& 2(1)) k78 PSMTFG EA ¥ 5] 5UE (1) 46 550k 2L 454, W] TA-Fe;04@MXene 44K 5 Al 5] H.
o MR 5 T 2R G I 28 P30, g 37 2 e R B, A 52 bRk S I v SR AR I A AR R M R B T S A
PRl . 3L X Y FesOs 5 AN 5 FesO4 MUZKBEICTE 2 U0 N ARG 1 72 (18] 2(g) ) AT, & FesO4 MK EEREFE
1 min N EV A ARG R G, I I R AL G AN FesO4 7K BERE BT 24 h R AR RIS . X2
KR 24 TA SUBAEAERT, TA AR H B ERE BR A, (A R A MELLSE . ZE5 R B T TA-Fe;04@MXene 7E4K 5]
P [ B G T A O AR E

(a) (b)

TA-Fe3;04@MXene Ti2,
o g MXene Fe 2::.15 Ol ‘ '
03 - Ti;AIC, | A [ Cls
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g 3¢ 522 |
7 v | hrder Y L
I - Y ) TA@MXene - - —
i e
' ‘J*—" o MXene “«. )L,,i ) ) ) ) )
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20/°) Binding energy/eV Binding energy/eV

Ti-O-Fe
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(@) Binding energy/eV
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?_¢. 19.9 € .Q_ 189 G uéﬂﬁ Al _<>_ 192 <G o 59.0 C 'O 19.5 C EMS C _¢_ 18.9 C {o_ P3.2: °C '<>18.1 e
y

0 0.5 min 1 min 2 min 5 min

Kl 2 (a) Ti;,AIC,. MXene & TA-Fe,0,@MXene HJH# K XRD il; (b) MXene. TA@MXene } TA-Fe,0,@MXene Y] XPS 43%;
TA-Fe;,0,@MXene [ (¢) C 1s 5 (d) O 1s & 4+ B XPS i &l ; (e) TA-Fe;O,@MXene 1) FE-TEM K15 ; (f) ¥ ¥ T #:
PSMTFG 7K BEM 1 FE-SEM R EIE (2) FEiR T /K BERCI eI e R i R 1) R R B LD MU 5]

Fig.2 (a) Powder XRD patterns of Ti;AlC,, MXene, and TA-Fe;O,@MXene; (b) XPS survey spectra of MXene, TA@MXene and TA-

Fe;0,@MXene; High-resolution (¢) C 1s and (d) O 1s XPS spectra of TA-Fe;0,@MXene; (e) FE-TEM image of TA-Fe;O,@MXene;
(f) Cross-sectional FE-SEM image of the freeze-dried PSMTFG hydrogel; (g) Photographs and infrared thermal images illustrating the

sol-gel transition process of hydrogels at room temperature

2.3 PSMTFG /KR N Z RSB IERE
Fe;O04 ZKBURHA G B E T T /KBRS F1 2 ERE . W& 3(a) Bios, 2R 8 i 0 B A 386 K AR 1
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FET S rag B, (AP -4 28 2 R T R AR T R 24 3L AR 3(b) TR, 4 TA-FesO4@MXene 43 HOR AR N
it 2 mL B, PSMTFG 7K %6 B e 3 00 5 09 77 2 P Be, H 58 B 3k 282 kPa, Wi R4 3K 1640%, A&
TA-Fe;0s@MXene 7K BERE 50 B & T 1.76 £i5 1 2.29 %, TA-Fe;0s@MXene i 51 A 51 K BA RIS T
PAPREG AR, IR T R B0 | SC I B T Y I 28 S5 48 . MXene K1 35 -OH. —O. —F L1 5 TA 1yl 58
SE/BRSL T R A 2 o SR I 2%, — 7 THIAIE TR A K R 3895 3 IO S B0 e sl e A% 8, 55— TR AE oz Al A v
o A 3 U R 24 FE AR B, KT DR R S A SR . SR, A i TA-Fe;Os@MXene 5 340 B 22 1K, S 1
REAR Ty PEng . & 3Ce) Al DL, H AR o B A e e A, 3 o sl IR ) 55 BE I 1 ) 2 ke . kP
22 VR T84 00 W B TRV - SF $2AE NI S 5, TA-Fe;0s@MXene A4 37 5 L 5 38 55 15 20, H- 3 DUk 5 9 4% 50
AiEYE, = FHE— A0, K 3(d) JBR T PSMTFG 7K BE IS 75 A ] e KPR AR T 2k - 2R G PR h £ . Bl
e KA DN 200% 32 25 3402 1200%, X5 A /Y B & FE BUE KK R 2.21, 16.22, 38.35. 89.87. 209.69.
347.24 kI/m?, FWIZOKEERCEAT R 5 Lol Y A RE R FEIRE 1. AnT&] 3(e) Bz, ZEAS ARG AE I A9 B0 4l k.
o bR R B RAF M BUEYERE . BLAh, W 306 TR, 78 50% [ 5 b A8 T JEAT 40 YR L2060 40 ik, H:
55 1 F 40 VARG FR 4 9 ] B4 1 R0 510 9 0.96 kI/m3 F1 0.50 kI/m3, 25 40 Y545 1 Yk A9 101 BR i AR 22 ol 0.52,
FHTMORL R e fE FEBURE J) ERT 1R JLIRIE A 5 A P o ek, (H B o e TR o (A B2, &0 40 RT3,
IKEEIE W BRAR N AEAN 2 4%, FLENERJE I R4 0 B 50 WK, R WIE SRR JC I s . R B Ui i, R4

F RE T FE HURE 0 A TS, (R R 32 I 2% 25 R DR Ar S 4, ELAS R AT I 2 A R T A R B A A A, LT R
PR AT 5 (PG PR R e M S — E BT 7 R

@ (b) © )
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[# 3 (a) SF. (b) TA-Fe;0,@MXene. (c) Gly FHt X} PSMTFG 7K&EEEH I BE I RE; (d, e) AN [l fe JORE AR T IR 28- 30 28 T 2.«
(d) Prf, (e) FE4H; (f) PSMTFEG /KEEIETE 50% FE4E AR T ESE 40 UG B 45 75 T i 2%

Fig. 3 Effect of (a) SF, (b) TA-Fe;0,@MXene, and (c) glycerol amounts on the tensile properties of PSMTFG hydrogels; (d, e) Loading-
unloading curves under different maximum strains: (d) tensile and (e) compressive; (f) Cyclic compression curves of PSMTFG

hydrogels at 50% maximum strain for 40 consecutive cycles

WA 4 (a, b) BTz, FrAS K EERE T S A2 T4 . A1l AR AR i A B 584, o — 253 B 1A O 52 09 24P
5 5l JUAE e 38 0 /K B A% AR AR LU (3 1), AR SCH 45 1 PSMTFG 7K 58 B¢ 19 7 1 58 B LE STk [16] 19 PeNA/
MXene /KEERE B 55 . GF HSCHk [17] 89 SA/P(HEA-co-AA) /K EE I 51 5, H HMr 244K 2 35 ] PANI/PVA/CMC-
P(AM-co-AA)-Zn>/EG 7K BEREUS 119 4.97 £ . DL 255 R W, PSMTFG 7K & 78 4316 J& 7] 2 3 A% S 45 %o b )
PEREMZIR .

PSMTFG 7K ¥ it (9 5 B 1 fiE I T TA-FesOs@MXene 24 K H 76 B AW Bk h e il iy i e S o M 4% . G
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(@)

e rp——— e
15253 T4 ~HERCT, & o N L
O L 1 10 L ‘ &
R R Uil ’*'l!‘. -
o - \
// 2 -
(b)
= LY =
K4 PSMTFG /KEERLHY (a) Hrffi 54541 K% (b) R4
Fig. 4 (a) Stretching and knotting, and (b) compression of the PSMTFG hydrogel
#2 1 PSMTFG /K BEIE S SCHRARIE (1 /K BE I 1 1 RE X L
Table 1 Performance comparison of the PSMTFG hydrogel with hydrogels reported in the literature
Hydrogel Fracture stress/kPa Fracture strain/% GF Ref.
CMC-Na/PAA/Fe* 112.8 682.4 2.86 [8]
PcNA/MXene 64 930 1.86 [16]
SA/P(HEA-co-AA) 546 300 332 [17]
PANI/PVA/CMC-P(AM-co-AA)-Zn>/EG 838 330 2.94 [18]
PSMTFG 282 1640 5.92 This work

[’ 5Ca) frs, A& BORHW K BERL LS T HL, TR % TA-Fe;0s@MXene H i H 1 mL ¥ Il 2 4 mL, PSMTFG
KB ) L S R 130.4 pS/em HE K E 206.8 pS/em, 75 I 5 L B A S i . 1K 5(b) B R T PSMTFG
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Fig. 5 (a) Electrical conductivity of PSMTFG hydrogels with different TA-Fe;O,@MXene amounts; (b) Relative resistance-strain response
curve of PSMTFG hydrogel; Relative resistance of PSMTFG hydrogel under (c) small strains and (d) large strains

(@ 120 ®) 150 (©) 200
Wrist joint Knee joint Elbow joint
5 150 | ——— ——
o P | L-R-A e
N S = =) =\\°
Ske %Ieé’ Sl
l AMM/ Tl \ﬁ
0 é 10 15 0 5 15 25
t/s t/s
(@ 6 (e)
6.
YES THANKS
4t Sy
=15
2 2
|
\| |
\ﬂ. V \! .\ \u /. | . \ . .
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
t/s t/s t/s

Kl 6 PSMTFG /KEERFEIERARTE (a) TWi. (b) BEFEAN (c) M iPOC T AR RAE Y SEE T2 S TIN5 55 BEE T IR PSMTFG 7K
BRI B AR R U (d) “OK™. (e) “YES I (f) “THANKS 1 St Hi B

Fig. 6 Real-time joint motion monitoring signals from the PSMTFG hydrogel sensor at the (a) wrist, (b) knee, and (c) elbow joints; Real-time
resistance of the PSMTFG hydrogel sensor attached to the throat during vocalization of (d) “OK”, (e) “YES”, and (f) “THANKS”
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glycerol contents during heating
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