mr MRS TR

38 HEHTHA Vol.38.No.7
202247 H POLYMER MATERIALS SCIENCE AND ENGINEERING Jul.2022

http://pmse. scu. edu. cn

R N-2 CE R Ml bR- AR E 7K 5 B % B as iy 1l 2 B 14 BE

£ 2, MEF,

&, FAR, B OE!

CLL RNV 2 B A T 5 0 R 2 B 8 48 S (0 3R (R T B E b CRE A 70 P 0o, R SR N 362000 2. P 57 17 RO K2 49K B # 0F 78 Bt » 19
27 L 0280005 3. 1l AR K2 2524 B, 1 AR BF RS 250012)

WE: H5k, KEREFWTF RAERBMBENE E R RATR, 2R b i@ § L5007 AMAER LA
T 69 F AP RE ALK PR A e b PR AR A9 R B IR A AE B AR A Pk, S AT T R a9 A R, R R A R
8« — 455" AR N-R T A B e (PHEAA) A= B AR (GE) 1 4 K B AR 4 A AR A4t 1 5 16 58 A AT BRAK I8 o Am N FUAL A
(NaCl)#= & —BZ(EG)#] 4 T PHEAA-GE-EG-NaCl K ## g . # A 7 R4 7 AL, o sh R 3B AL, £ 1302 AL A 35 T AL
Fo @ AL F TAEsEST KE IR BAT T A Fo b R A9 R 42, 22 R & W], PHEAA-GE-EG-NaCl K #t A 49 1A &2 % 4 1567%,
EL A RS89 3R 1 B ;s PHEAA-GE-EG-NaCl K 88 J2 7£-30 “C #9 da4b & % An b § 5 5 5 3 34 558%42 0.21 S/m; Bl i,
PHEAA-GE-EG-NaCl /K % & 3t 1< ] 69 F A+ AR & JLE B8 69 25 P AR 3 200 & %6952, PHEAA-GE-EG-NaCl K #t ix & 5
T RIS A K R A 5 AR B A AR F 09 PE IR AL R M, BB A% R AR T A9 IR TE B 1 (-30~25 "C)AR 52 3R I AR K B 69 M
PRIBF) A ) 18 B 6 £ 32455 . Bk, PHEAA-GE-EG-NaCl K £ A /2 B 0 7T F A5 B BAUSEA S 186 2 AT &

FBEIA - AKBEII s % A s PLUR TR BE s B MY 12k RE
FESES: ERFRIRES: A

bt AL A R R R R S T DUIE B L R B
PRI B AR R R A TTY . AR gifh ik Ay EE 2
HT <6 PR A % T AR5 122 D8 A% IR AT v RBUE
LR, O 20 78 v K BB 4% b A, (L2 WA KA A
JEE ve SRR AL 8 TR B B KR N A, oIk aE M
NARRIZZ . 5 4% g% AR AR LL, SR 1R A% IR 3%
HAT XI5 10D 1 A H 7 B BR S5 A 5 T
i [ 2 RS KB A KB K IF H R A
RSN B LR R S, B RAERRIE, 25
P A T 2 A S (1 B AER R

27 A U A T K Tt ) T B SR, (R T
FCAN R AR AR A, W08 A7 AL T e A 2 1
AR, B W) BT I AT P I 7K R e L A BB AR
T 30 B A AR T K R I 4 R B R R S 1 e
RN 3 e sk = W AR R e &
W B, Ge 55 DAL 2% 52 15 9 58 73 I 19t 1
AN T U B S HK 1) 58 0 T A D9 K Rt i ) 2 R A4

doi:10.16865/j.cnki.1000-7555.2022.0146
Wk H 39 2022-01-17

X E S 1000-7555(2022)07-000

B 8 e A RN AL % TR
0 7 L A P BE 1 3 ALK BRI ™ Liu 55 LA Ak 22 5 Bk
) BRI I M 3 T SR ST IR R 4 v A D K e
2 PR 26 P BB 26 T LA O S 1 E G LK
BRERE™ o ik XK KRR IR ) A% SRR AR A 2 A
NGRS I

R IR AE 7K UG I A% TR 5 B ) T AR 1 1 22 WE L
157 S S e N e U s ek R DU s A
A A B T Bk Sk B A% RS 5 R M TR] I R R A
IX 2 B ARG I (¥ v A 1 . BEO B, KB
B KR A B AL, i AR ARIE 2 1F T A 5 R4
SRR K FTAMRAE, PR T AR €A IR 5 T [
F o TR, WF A — il EL AT 6 PR 1 B8 R 05 2 BE 1) K
R B2 A A T 7 Gt 5 R A R 1N P Y R4 e i
A5 JEE (1 K B

TR IX G TR, 1 2 TN BT TR
FIPR R, B0 T B e 26 PR 1 E  Wang 55 DL IR 204

FE T H AR @A BHEE KT IR H (2020HZ06019); 48 144 H S8R %5 411 B Bh I H (2022]05224); 48 844 1 35 4F B 20 BHIFI
HJAT190517); W57 HR X H AR5 4 7 B (2019BS08005)
TR N - 320, 2 BN FEK BB A RL T T 5T, E-mail: jifeng@qzte.edu.cn



2

T2 R A AR D K R I AR MR il & T —Fh
FLA 5 PP BB R KR R AR IR AR O T R
RS PE Yo 55K 5 TR M T i AR DR e R K s IR v
TEH AR I B, 2% T BB PR 1 e K g
FE A AR T o H R, X K fiss B A TR A AT ) A
TR AR IS TR 5 2 R M AN 3 &) 55 1) L, X
J& 2 1 KRB A= 7= R0 S B =l Ak L A R TR HE
DAL b, ] S 3 7 B8 0 5 VR IE R HE — Al L B B
BB R BT 5 P B8 10 K B R I A5 JK S 2 HfE Bl K A
IS FH IR G B

TR A I T A R A R AE A % T
—Fp B L5 % 1 B8 1) PHEAA-GE-GI-LiCl /K %t
iU, AT 4 R B, 15 PHEAA B 28 K ki b 5
N GE W %%, 0] DL K 1 FE $ v 7K B e (¥ 77 5 1k e
) B 5 0 R 70 H i 5 K 4 2 [ R A A
H s BR T T K BERR I 7 LR PR RE . B RE BBk
KA WA FHMEERENFH M FHr
FREME, R R & K E A E LA ER
f10 380 R R B g ) BT R AR . 41, NaCl bt LiCl
HAEMMR SR EMAAEE. B, & TAE W
PHEAA-GE 7K #E i 1) F 3% 4 5 9 H 51 N & AL 2,
%, 4% 7 PHEAA-GE-EG-NaCl /K &2, I 7 40
T KB 1 F7 25 VE e L P M RE BB R B KL 1E
N AR IE Bl A I HR R R

1 XWEH
1.1 RXF5E

N-F2 25 T4 4 095 e (23 A 280« W e (s o 58 ~250
g Bloom). &AL 8N (7 H 46) A1 & B (4 #r 4y : 390
BT T A YRR A R A F W 3K SE S A
K BN EE T K,

ZLAN 61X - 1S50 Y, 3% [ Nicolet 2 7 5 i Ik i
Ji e B JIML: 3369 2, 3 [ Instron A BR 2 7 .

1.2 ¥l &

5, K N-F2 £ B Bt e (HEAA, it & 77 480
36%) B X (GE, Jii & 7 50 4%) - 2- 2 -4 -2- 12 4,
H)-2- H L R A (O 51 K 7112959, it & 53 21 1%)
S ALA (NaCl) . 2 — % (EG) A1 H,0 HIIE & W 1E 60 C
Bitt2 ho SRJG . H LR VAW G BB A b, BEAG AR
AMEERZRERG, ELMT TR 2, 67
PHEAA-GE-EG-NaCl 7K % i B i -

1.3 MR 5 FAE

1.3.1  #E# & AE < SR A B o A 46 20 A1 S 3 A300T K
Yok i B O P 5 M R AT RAE o IR 9% B9 Ll 1000~
4000 cm™, IR EE 32 I, R & 4 em .
1.3.2 7 5 bk AR 3K« SR F S MK R 5 RE AR LI K
TGk JE R it 7 SR R =30 °C I 77 2 1 g i e o
5E N 100 mm/min. 7K & (1) B AR R T (o) 78 LN R
WA H KB AT A 2 . F R AR (o) 8 XN
KEMENESRGKEZ L.

133 4 A& M A X : R E o8 iR A
(Discovery DSC25 !, 5 [ TA 2 7)) I 7K %8 % (1 45
m i S5 5 T IR BV - 60~20 °C, F i % 15
N2 C/min. %M e i 22 X (DHR-2 &, 3 [H TA A
)W 3K 7K 5 A 1D 2l 25 R U AR M RE L N AR [E] e A
1%, # % [8 5 4 1 Hz, & B 71450 B N -40~20 C,
B 5 3 72 2 °C/mins

1.3.4  Zh M AR 1K 2 SR FH A BT ) S 56 DK
JRE K M4 B B SR B . o, A2 AN AR R SR A AR
KB I AE R R], AR5 F RE RS JE 10 min, BLARIE K
B S H M RN A . B S F 10 mm/min ) 38 R
A7 hr A, Rz A o R e i A K T B LK B B 1 B 1)
THI ARLAS 21 7K 58 s e 56 A 1) 28 A o

1.3.5 5 & b A 03X : SR HL AL 2 AR o, ol o 2R 1

48 IR 22 v MR K B IR T S F R B . KBRS
E AR MR
1 /
7"p TRTA (1)

A o— KER B FHE [ 4A—5 7 2
2 A E A 2 R) 1) B R K g B T AR TR A s R—— K
5% s 1 FELRH
1.3.6 15 &% P A8 0 3K« SR LA 2 T A Sl Ay g L
FAWIE 70 7K % I B A a2 7E B A AUORE JE0E B2 1
BH A A4, 3E 1 A 70 A% B Rl ol o H BHL- N AR il 2
(17 AR% 26 R VA 7K ok i 6 B AR A% IR A% 1 R, iRt
RN LA T (GF), Hoat 58 :0in 5
_AR/R, (R —R)/R

Al Al )
A R— KB R EW GRS F R FHAR ;s R—
TN JAE 7 A AR B ) S i R BELAR s Al—— AR
137 K& R AERE EAKRZHERNF O8R5
Ao AT BT KB IR AE N ARz sh A ) B R
7K % I B 8L AR A R 2 W B AE 7 R S IR 5% T AN I g
S EOAL, R K B R R PR B B H A 2 AR

GF




- O
. Heating

@’.

Q.’
= n
Ock [ .
¢ nto
e
(%)

©

' HEAA . Gelatin @ Ethylene Glycol ‘ 12959 G Water @ Na*

® o

/N\_~/ PHEAA / \_~ Coil of gelatin

..........
,,,,,,,,,

Helixes structure

Fig.1 Schematic of the one-pot synthesis of a fully physically cross-linked PHEAA-GE-EG-NaCl hydrogel
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Fig.2 FT-IR spectra of different hydrogels
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Fig.3 Photos of PHEAA-GE-EG-NaCl hydrogel at different states of
(a) stretching, (b) curly stretching and (c) puncture resistance; (d) tensile stress-strain curves of PHEAA-GE hydrogel (Wpueaa=36%,
war=4%), PHEAA-GE-NaCl hydrogel (Weneaa=36%, wer=4%, wne=1.2%), PHEAA-GE-EG-NaCl hydrogel (Weu:an=36%, wa:=4%,
Wrae=1.2%, m(EG):m(H,0)=1:4); (e) their corresponding elongations at break; (f) effect of NaCl concentration on the mechanical
property of PHEAA-GE-NaCl hydrogel; (g) effect of the mass ratios of EG/water on the mechanical property of PHEAA-GE-EG-

NacCl hydrogel
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Fig. 4 Anti-freezing properies of PHEAA-GE-EG-NaCl hydrogels DSC curves of
(a) different solutions and (b) hydrogels; (c) storage modulus and (d) stress-strain curves of hydrogels at -30 ‘C
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Fig.5 Effect of (a) NaCl concentration, (b) mass ratio of EG/water, and (c) temperature on the change of conductivity
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Fig. 6 Adhesion properties of PHEAA-GE-EG-NaCl hydrogel
(a): adhesion behavior of PHEAA-GE-EG-NaCl hydrogel for attaching various substrates, including plastic, rubber, glass, metal,
ceramic, paper, pigskin, polytetrafluoroethylene, stone, and leaves;
(b): adhesion mechanical curves of PHEAA-GE-EG-NaCl hydrogel to different substrates (paper, glass, metal, PTFE);
(c): adhesion strength of different hydrogels on different substrates
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Fig. 7 Strain sensitivity of PHEAA-GE-EG-NaCl hydrogel.
(a) The relative resistance changes and corresponding gauge factors variation with successive tensile strain from 0 to 500%
(b) the relative resistance under different small reciprocating strains (5%, 10%, 15%, 20%, 25%) and large reciprocating
strains (50%, 75%, 100%, 200%), (d) the relative resistance change under cyclic loading of 50% for 300 cycles



8

NaCl 7K #E st 75 0-500% F7 A 5 4% ¥ Fil P 1) 55 B A B
A5 4k, 5k 2 fiIF PHEAA-GE-EG-NaCl 7K 5 Ji2 % )37 4% 1) i
. WE TS R R, 1 0-500% Hir A 5 A7 T [ A,
Bt & A% [ 389 40, PHEAA-GE-EG-NaCl 7K %t Ji (11 41
Xof FELBH (1 7 A0 6 AN W 386 0 . 24 R AR 7E 0-150% 7
P9, K B e (1 B AR (R GF /2 3.05, 4 B AR 78
150%-380% 10 [l P9 , 7K &% B 1) GF /& 6.93, 24 3 4% 7E:
380%-500% 35 [l 4, 7K & 1K 1) GF /& 9.48, 7K i JIZ ¢
&1 B GF 11 % W] PHEAA-GE-EG-NaCl /K ¥t ik B A %
RN AR RE . RS R, B T W

HEMBREE, &FERLGREN. Fig7b) M
Fig.7(c) % W] PHEAA-GE-EG-NaCl 7K 5 JI¢ 3 % Ji& 2% 78
IIN RS (5%-25%) 1K N AF (50%-200%) T Bl Y, 24 B
A5 [ 52 I , PHEAA-GE-EG-NaCl 7K % i J& 4% % 2% &
LI B 5 02 T E 51, X 3 B9 PHEAA-GE-EG-
NaCl 7K # Ji J2 15 8% 45 o B A2 B R 57 10 Fa e

N 7 #— 5 E B PHEAA-GE-EG-NaCl 7K #t JIg it B AF
1 J 28 1 R4 58 1, % PHEAA-GE-EG-NaCl 7K #i it 3
AL IR TN T 50% IR A, I 3% 22 33E 47 300 (A5 4
PS5G0 Fig.7(d) Fr 7~ » 45 £ 32 B, PHEAA-GE-
EG-NaCl 7K ¥ i 3 % B 2% 75 300 178 P8 B 4 - 2 Jit ik
FEFART B RBLE TR R R, X
UIE B 7 PHEAA-GE-EG-NaCl 7K #i Ji 3 b 25 1 Ji& 4%
HAMRRMREEE.
2.7 PHEAA-GE-EG-NaCl 7k 5 B E £ B8 & A UK
iE B A P Y R F

1 T PHEAA-GE-EG-NaCl /K 5t it B 0 5 4
{d P BE L S ELPE BE RN AL O RE .LH:E/\VISJEZJJ’@
W B B KK N A AT 5. 8 7B 5t PHEAA-GE-
EG-NaCl 7K ## Ji 1 & 2% 75 N A2 Bl ks T o 1 552 B
J§i FH , K+ PHEAA-GE-EG-NaCl 7K ¥ iz 28 %5 Bt /i PH =%
S A A J 25 R N AR KR FE ) 0% TV 58 Bl AN A

150 -
()
et CIEE
< 9ot
&5
54
<
16
Dol (€)24 (®
dh i 12
§16 S
&5 & g
= <
< <
0
10 20
(2) (h)
32r swallowing 16

ARIR)%

[oze]

t/s

Fig. 8 Real-time monitoring of human activities based on wearable PHEAA-GE-EG-NaCl hydrogel sensor
Relative resistance changes (AR/R,) of different human joint motions of (a) finger bending at different angles, (b) wrist joint
bending, (c) knee joint bending and (d) elbow joint bending; relative resistance changes (A R/R;) of subtle motions of (¢) human
shock expressions, (f) look up, (g) swallowing, pronouncing word (h) “gel” and (i) “hello”
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Fig. 9 Real-time monitoring of human activities based on wearable PHEAA-GE-EG-NaCl hydrogel sensor. Relative resistance
changes (A R/R,) of different imitative human joints motions:
(a) finger bending at different angles; (b) wrist joint bending; (c) elbow joint bending; (d) knee joint bending
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Preparation and Properties of Poly(N-hydroxyethyl acrylamide)-Gelatin-Based
Hydrogel Sensor

Min Jiang', Xuefang Hao’, Lei Ye’, Shuiyuan Luo', Feng Ji'

(1.College of Chemical Engineering and Materials , Quanzhou Normal University , Fujian Engineering and
Research Center of Green and Environment-Friendly Functional Footwear Materials, Quanzhou 362000,China, 2.
Nano Innovation Institute, Inner Mongolia Key Laboratory of Carbon Nanomaterials, Inner Mongolia University
for Nationalities, Tongliao 028000, 3. School of Pharmaceutical Sciences, Shandong University, Jinan 250012,
China)

ABSTRACT: Recently, hydrogel has shown great application prospects in the field of flexible wearable sensor, but
the simultaneous realization of remarkable tensile, anti- freezing and adhesion features via a facile method remains
challenging. In this work, based on intermolecular physical interactions, poly(N-hydroxyethyl acrylamide) (PHEAA)
and gelatin (GE) were employed to prepare PHEAA-GE-EG-NaCl hydrogel by adding sodium chloride (NaCl) and
ethylene glycol (EG) into the gel precursor solution via a facile “one-pot” method. The universal tensile machine
(UTA), Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), rotational rheometer
(DHR) and electrochemical workstation were used to characterize the structure and properties of hydrogels. The
results show the tensile strain of PHEAA-GE-EG-NaCl hydrogel is 1567%. The PHEAA-GE-EG-NaCl hydrogel
possesses outstanding anti- freezing capability, it can maintain the excellent stretchability (558%) and conductivity
(0.21 S/m) at -30 °C. Meanwhile, PHEAA-GE-EG-NaCl hydrogel exhibits the excellent adhesion property to different
substrates. More importantly, the PHEAA- GE- EG- NaCl hydrogel- based strain sensor has the excellent strain
sensitivity and cyclic stability for both large strain and small strain, and it is capable of stably detecting and
monitoring both large-scale human motions and subtle physiological signals in a wide temperature range (-30~25 C).
Therefore, the PHEAA-GE-EG-NaCl hydrogel holds promising potentials as wearable sensor.

Keywords: hydrogel; sensor; anti-freezing property; adhesion property



