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Abstract: A conductive hydrogel was fabricated through a one-pot free-radical polymerization of sodium carboxymethyl
cellulose (CMC-Na), acrylic acid (AA), and Fe**. The interpenetrating and synergistic double cross-linked microstructure
endows the hydrogel with excellent mechanical properties (tensile strength of 112.8 kPa and strain of 682.4%) and self-
healing performance (performance recovers to 95% of the original within 72 h). The hydrogel also exhibits excellent ionic
conductivity (1.75 S/m). The integrated mechanical properties and ionic conductivity enable the as-prepared hydrogel to
demonstrate high sensitivity (a gauge factor (GF) of 2.86 at 600% strain), stability, and durability in sensor applications,
allowing it to monitor both large-scale and subtle human motions. These properties make the hydrogel suitable for

multifunctional wearable sensors. Overall, this research provides a simple and efficient synthesis route for preparing self-
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healing conductive hydrogels based on CMC-Na.

Key words: sodium carboxymethyl cellulose; poly(acrylic acid); conductive hydrogel; wearable sensor; self-healing
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1.1 JERFRF

CMC-Na(%f & 800~ 1200 mPa-s) . FeCly:6HO( 4 #74li, w=99%) . i i FR £ (KPS, 4344, w=98%):
AL BRA Bl 5 NI TR (AA) : 43 B2, gk 4l =99%, gl T A (b BHE e 0y A BR A 715 N, N'-
P BTN H B A (MBA, w=98%) : b 50 A R R A7 BR 23 F]; MEM(Minimum Essential Medium) 1552 %5 | 3-(4,
5- T HJEWEME-2)-2, 5- T R PO A IR ER (MTT) FI#E IR £8 22 vhi W (PBS) : A= 97i0], db 5t 22 TR A BR A
Al ZH WA (DMSO) : A9k, i BT hr T A LR (A BR 2 )
1.2 MR 5 RAE

il L AR 32T AR5 (FT-IR) - SR 38 E #H JE 55 J1{U A8 A 7] Nicolet Avatar 370 FZT A1, H 7K BE it
FE S AR VR HEAL T4 2 d, BUH SRR S MET, B 1~2 mg #£50 5 200 mg 4l KBr #4458, & T H
FE R AR, SR 5 4 A KE fit it it

e 7 BB (SEM) : 2R H A H Tk a0 24t JSM-IT 100 AU 49 e 1 W 3B, 78 10 kV B9 s 5 T,
R 7K 118 W SR T %) T 3 A GO 285 A8 64T 53 AT o ZE DK, R /K B A VKBV R, SRS TE LS R R T
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X B TAEIE (XPS): R 56 [ FE 2R K K-Alpha % X 5286 B T AETEACGHRE i 19 70 K 21 & o 25k
1304

HLF 23 (o) : SR )N PUEREHRHEE A F) SX 1934 05 DU S BB A, 76 20 MR S 7E R A N
TR N T PRUEMERGEE, YEAT T 3 YR, Al FH P SAEDR PTAR K 5 M 1 L T

J12E AR SR HARHS A A AGX BUJT RRIRIGHL, 7E IR AT, DL 50 mm/min (474 3 5% 5 7K 5E
JEEAE i (4 40 mm., 5& 20 mm FE 2 mm) #4717 -7 A48 038 K A PR R AR . S AR o 3 o B LN g -
7 2 R B IX 8 (1 722 5 BRI AR 0~ 15% ) R KA o i 2k AR 3300 g - g AR #h 48 7 i TR BUR PEAG 4
R N2 . 28 it e 2 (R) A i s TR APOR TSR ORE o W4t 3 R, JF HISF- I (E R P 1 R

A WAS IR : R FH I3 P2 BT AL #5845 FR 2\ &) Anton Parr MCR301 %I i 5 i A5 4%, F R 28 () H4 5 (y
M 1% F1000%) TC SR S0 AR S E . SR 5 7E 1R E B A3 (1 rad/s) B #1728 8 AR F 4 52 0, AN B
AT R o RIS NS (y=1%, B> H] B 100 s) P14 R R AE (y=1000%, &A1 100 s), #1474 IRTEER .

IS SR bR T 3 ik X 2okt CKOIX53 700 480 8 . s WL W /0% 4 I T 35

W RE - R FE 2R KR BHEE 28 7] Varioskan LUX B¢ YERFARAL, IIRFE S 7E 570 nm &b 5906 R
1.3 XBRTEH
1.3.1 CMC-Na/PAA/Fe* & FF KB I H & AL RH—MERA R, 15, 76 50 °C 6 30 min,
FiPE TR 0.15 ¢ CMC-Na i f#7E 15 mL L 851K, ZERE I Hi P48 1 500 v/min AUBEHETOHE 4.5 ¢ AA TSR] T
i 1Y FeCly-6H,0 LA 2| CMC-Na ¥ Wi 2 58 2V il K5, A 6.75 mg MBA 1E R S8, 25 A 0.06 g
KPS YER 51 & LA LI . PR W AR V9 S Mt 2 (120 mm x 120 mm x 15 mm) o d5cJm, B e
i BT 70 °C A HEAR P 2 h, 15 3] CMC-Na/PAA/Fe* 2 DI RE /K BE i o AR 418 I A FeCls-6H,0 Jit & (0, 0.012,
0.016, 0.020, 0.024, 0.028 g), il £ 5 | ) CMC-Na/PAA/Fe3* & T 5 i /K #E 52 /3 51 fir 44 . CMC-Na/PAA/Fel’,
CMC-Na/PAA/Fe’,,, CMC-Na/PAA /Fe;t ., CMC-Na/PAA /Fe’,,, CMC-Na/PAA /Fe;,,, CMC-Na/PAA /Fe) . -
1.3.2 CMC-Na/PAA/Fe> B F 5 & /K Bt I 69 4 B b sl 3% 328 ML 3% 3 19 %% 5% J7 111 2% (Keithley 2000,
TEKTRONIX) il il CMC-Na/PAA/Fe> 7K & (1) 4% B HE 1 , 10 55 7K B I A% IR 6 AN [A] B A T A X5 Fi, BEL
(AR/Ro) 754k, 2 /K 8 e i 7K 17 Joit i 43 B0 1 R 75%

AR/R, = (R = Ry)/Ry x 100% (1)

o =L/(R,A) 2)

Horfr: Ro R TSR ICRAE | A5 AL IS 7K BRI 1Y) LB ; A SR 7K B I R R AT AR, L Ay X Fi AR 22 ) FU B
I A% PR T~ (GF) AT T T4 2K BRI P L A 22 e, 3 A X

GF = (R—Ry)/(Rpe) 3

Horp: e AMINRLAE . CMC-Na/PAA/Fe> 7K B I T A Bz ik, Wil A A 42 f8ORN Tl 2052 2l B AR/Ry 1 22 4K,
AT A @A S5 CMC-Na/PAA/Fe> 7K B AT AR R0 sl ) s B L T A PR BE

1.3.3 CMC-Na/PAA/Fe*" & T3 ¥ R E ik 69 A &AM aemliX O CMC-Na/PAA/Fe¥ /K BEME VI EI AL 2 4584y, 8%
JRTEER (XN 75%) T, FERA T IMFAST R T Fah Bk, FHHERRDEEESIE R T CMC-Na/
PAA/FSKEEIE A @A 5 B P mPERE . tbah, FT BRI ALIC R T A @& )5 CMC-Na/PAA/Fe 7K #E % i e K
RLARE AN AS o DUIRE R A T CMC-Na/PAA/Fe3* 7K B I 16 A [ i 18] B A0 VE T B9 S kB, I i
FHAS VAL ML A A3 BT CMC-Na/PAA/Fel, /K BEI Y H ATAPERE

1.3.4 CMC-Na/PAA/Fe3* & F 5w, K ¥k i 69 & M 4B A bl 3%, SR FH FP S e me 3L g s (MTT) 75 88 ) CMC-Na/
PAA/FeX K EERE A AN 751k o B B0 K A0 £929 40 it JRI3& 4 40 i 114005 B F 96 fLA P, & 7 i it
WREERRIE . B AR A RS 3240 (37 °C, 9=5% Y COL) KSR ZANMINGRE . FFFLINA 10 pL MTT 0k G4k 22 1
F% 4 h, fillA 100 L DMSO, %5 % it J5 FH EEAR IR 570 nm Ak A6
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2 #R51E

2.1 CMC-Na/PAA/Fe* B FSHBKERMNEH SHE

CMC-Na/PAA/Fe3 /K EEIZ i il £ a3 2 S AL AN /&) 1 fros . el i, S 24 3h 25 4 Ja e (A 1
ERZ 5T WM g, WK TKREER 2 DIRetE . B4, 4tk PAA 555 MBA {22836, M T 25 14K
2, M E8 AERE K A BUR 1 38, I HLAT DATE it Jin A58 4884 5 A AU AR L RE f . LUK, Fe*™ 5 PAA. CMC-Na
()R 5 B 2 1) 31 25 4 TR TS I 1 AT 308 () A T80 D 2%, TR e il 5 R /K BE I 1 A5 PR e . AT R A vk A rL PR B
T8, Na B FEAE Al i — 20 1 s 7K e 1) 5 i, 2 e o

HO, CH,OCH,CO0Na

One-pot method

e,

HO S
/‘I) - OH

) ——i =

/ OH m «/C;Q,
0" OH 7 H
! i HO \0 OH
! ‘

7

Y e Y

CMC-Na; "/ PAA; ® Fe3t; “~MBA; ----Hydrogen bond; - Metal coordination bond

1 CMC-Na/PAA/Fe® JKEERE il £ 1 A L HL 3
Fig. 1 Preparation process and mechanism of CMC-Na/PAA/Fe*" hydrogels

2.2 CMC-Na/PAA/Fe B FSHBKRKMNAERS EH

CMC-Na/PAA/Fe¥ V% i T 1 /K BE S A IR 25 A8 18] 2(a. b) iR o #E CMC-Na/PAA/Fe> 7K B I L 4%
BN R 2L 4 . SIS MU U 2L 258 1) T35 5 /K BERE B i A EIPE . FT-IR 3% T (14 2(c))
UESE T S AL O FEAE . B 2(c) A UL, 7 3460 e ! Ab B T MR Y O — H 14548 3%, T 7E CMC-Na/
PAA/Fe> BYIEE T O—H MIZaiRsHFIFIERS 5 3437 cm ™!, RIAKZ 1 CMC-Na fil PAA Z[AIf74E 5, 1606 cm™
Ib AA ) C=0 P2 P g Al 1725 em™ 4b CMC-Na ) C=0 JE X FR A 48 R sh e &8 F 2 1699 em™, £ BHIZ &
RTE—COO 5 FeX Z [AJE Wl T 2§+ BeAv 5

W 2(d~1) iR, 16 XPS Y6 ¢ %] Fe, C, Na Al O JLE M, 974.6 eV MILE G RET N T 5 R 3L i
{7 B Fe(1I1), 284.8 eV Kb il 454 REX I F /K BERR TR ) C—C Fil C—H [, 286.2 eV Ab B 45 A fEXT I C—O 3
A1, 75 288.8 eV AL ZE & REIHJE T C=0 JEHA1],
2.3 CMC-Na/PAAFeBFSHBKBRKMNANFEERSBER

FeX 15| A B P 1T /KBERE A 1R Re DL i i PR BE . An1&l 3 Bk, CMC-Na/PAA/Fe* 7K BEIE i I 77
o AR T G R B 2 Fed 1 d i B N 3 5 2R 5 PR s o Fed* 5 R A WBE L R EL R 5LIY i 4 Ja e o 2, f
1A TR 2 BE 3, Mg s L AP RE A i bEBE . FeX S RELA 3 R 2, AL . BURE A A = A .
M Fed i B8 i i, Fed IR FLA00 ) F B e 457 AL A7, JLFECA VR FH S F = Bo A7, B A EBE R T R8T,
A t, CMC-Na/PAA/Fe> /K &EIE 1) 71 24 PR Rl I T i M BB I o 3, P i ol 112.8 kPa, R 682.4%, 5%
BN 0.42 MPa, L5580 1.75 S/m. 5503l JUAR & 2% (A K 6 AL B4 AH L (3% 1), CMC-Na/PAA/Fey,, 7K B
JBE B iz A i BE L PAM-Lignin-LM 7K 5 e U4 5K, 25 - HiL 3 % [ PVA/O-carboxymethyl chitosan/AgNPs/ZnSO./
1,3-propylene glycol 7K % 151 B 57, {4 R )& AL-Fe3/PAAIS K EERL I 2 £i5. AL, CMC-Na/PAA/Fe,, /K B
JiE e T 2R BA AR 1 oK o

R AT 12 P RRARUE T R AL IR AR AR B 1217, A By F 7 1k ARl A R rp o e sk, AT i Pk B
W LRAIE T 2 PEAG IR AR 1 R . nI&] 4(a~c) FR, A SCRT il 48 0 K B8 e nT LAAR 45 55 M F 145 . il . S fdim
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Fig.2 (a, b) SEM images of CMC-Na/PAA/Fe*" hydrogels; (c) FT-IR spectra of CMC-Na, AA and CMC-Na/PAA/Fe*" hydrogels; (d)XPS
full spectrum and XPS spectra of (e) Cls, (f) Ols of CMC-Na/PAA/Fe** hydrogels
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Fig.3 (a) Stress-strain curves;
CMC-Na/PAA/Fe*" hydrogels
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# 1 CMC-Na/PAA/Feyy, K BEIE 5 SCHRHRIE 17K BEIE 14 BB L 3K
Table 1  Property comparison of CMC-Na/PAA/Fe;?,, hydrogel with the reported hydrogels in the literature

Hydrogel Fracture stress’kPa  Fracture strain/%  Conductivity/(S-m™") Ref.
CCH-TENG 23 201 1.48 [11]
PAM-Lignin-LM hydrogel 23.7 176 0.29 [14]
PVA/O-carboxymethyl chitosan/AgNPs/ZnSO,/1,3-propylene glycol 2.2x10° 407 1.4 [15]
AL-Fe**/PAA hydrogels 38 330 1.6 [16]

CMC-Na/PAA/Fe’* 112.8 682.4 1.75 This work

0.020

R, 38 7] AR —5 200 g B FAL, dE— 5 UL T Bl 45 B0 K e RS ELAT R A0 o2t . BTl 45 7k
TG J5C 20 2% 3 L 5, T LASE LED T 28 (&1 4(d) ), Xttt — 2506 B 1 7 il 4% 14 7K 8 e 5L 5 10 3 e
. Kl 4(e. D) /R T CMC-Na/PAA/Fed /K BE i 7E TG [H] % 1Y 10 N #-EI G 3R N P o5 e e . 565 1 kG
W5, CMC-Na/PAA/Fe> 7K B M (138 il [ 26 AR R Sy B0 T @ 2 R . ELRR IR, #2585 1 Won 28 - 1145
PEFRH, CMC-Na/PAA/Fe> K BRI 1Y AE R FE RN 2.16 kI/m3, FiHIHR A 48.2 kPa, 5 T4 2 KB EHE (FE e

(© (®
>0 —1st; 6th 23
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O 4t ——om £ 20
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£ B
2 2
5 (5}
5201 2
-2 1.0
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é 0.63
10} 0.49 0.49 0.49
T 0.5 0.38 0.38 0.38 0.38
0 0

200 1 2 3 4 5 6 7 8 9 10
Strain/% Cycle times

4 (a)/KBER R ZE 400% A Wi, FL5 720000 A 1 22 ELRE ST 25 )5 -0 0 09 8 s (b) A B I r A 3k A2 1) 805 TR s
(c)CMC-Na/PAA/Fe* /K BEIE RE AR FE— 8 200 g F-HLAY IR 5 (d) /KBERE T HLDE# 8155 (e) CMC-Na/PAA/Fe K BEITE
200% N T EESEAER 10 A S0 Ad in 48 2Rt 25 (6) 4 IMIBPRXT AL Y (I FE e

Fig. 4 (a) Photos of the hydrogel stretched to 400% without breaking, twisted 720° without tearing and still able to be knotted and then
stretched; (b) Digital photos of the stretching process of the hydrogel; (c) Photo of the CMC-Na/PAA/Fe** hydrogel supporting a
200 g mobile phone; (d) Optical image of the hydrogel’s electrical conductivity; (e)Loading and unloading curves of CMC-
Na/PAA/Fe*" hydrogels tested for 10 consecutive cycles at 200% strain; (f) Corresponding hysteresis energy in every cycle
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5 0.86 kI/m?, Hu A5 FE 39.1 kPa), X —45 2 M TARILM IS TE S 1 RN 48T 48008 B b & 2B T 7™ 5 i 9 R
Wi%d, I B2 5 ANRE ST RIVK S o 26255 2 YOI 48- 11 206 20 1, CMC-Na/PAA/Fe¥ 7K BEJIE (1 A48 T i 2 T FRAR
AN, RIAES 1 RIEIR 5 K BEIE B R4 TR IR B B8 R 95 M R, X Rl &2 47 R AT A PR 4 28 0 4% 1) ]
SULE RS
2.4 CMC-Na/PAA/Fe* B F S B IKEER B 15 R AR

7 AR PRS2 P Ry AR 1 e RABRE Y A FR A . X T CMC-Na/PAA/Fe 7K BEIZ , 7 0~250% [ A% 71 [l
WY GF AR ETE 1.15; 7E 250%~ 600% N A8 S [ N, GF {8 i 35 34 i 21 2.41(1&] 5(a)), &I R 47 14 1 A8 Uk
P . GF {H Bl B AE (0~ 600% ) A3 i i hn, X Ui B T 32 4% B i hr A i A8 A2 B IR T

(a) b
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K15 (a)CMC-Na/PAA/Fejt, KEEITE 0~600% MAZAIAINS B BEHAZ 1h; (b) FAEHEE 5 UK BERF T R AT L BEAE L
Fig. 5 (a) Relative resistance changes of CMC-Na/PAA/Fe}, hydrogel under 0~600% strain; (b) Relative resistance changes of the hydrogel

surface when the finger presses 5 times
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Fig. 6 (a) Electrical signals of the finger bent at 45° and 90°; (b) Sensor tests at different finger bending angles (30°, 45°, 60°, 75°, 90°);

(c) Electrical signals detecting wrist movements; (d) Electrical signals detecting elbow movements; (e) Electrical signals detecting

knee joint movements
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Fig. 7 (a) Schematic diagram of the healing process and mechanism of CMC-Na/PAA/Fe;},, hydrogel; (b) Tensile properties and (c) electrical

conductivity of CMC-Na/PAA/Fe},  hydrogel at different self-healing time; (d) Relative resistance changes of CMC-Na/PAA/Fel',
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hydrogel at 50%—150% strain after 72 h self-healing; (e¢) Comparison of finger bending electrical signals before and after 72 h self-
healing of CMC-Na/PAA/Fe}},, hydrogel; (f) Optical images of conductive hydrogel of CMC-Na/PAA/Fe} ,, hydrogel during self-healing;
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(2) Relative resistance changes of CMC-Na/PAA/Fe’*  hydrogel after self-healing with 50% strain stretched continuously for 40 cycles
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