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DESIGN, SYNTHESIS AND PROPERTIES OF SELF-
HEALING POLYMER GELS

ABSTRACT

Self-healing polymer gels are a type of functional materials that can
spontaneously repair their own damage owing to the internal functional
groups with or without external stimuli. Compared with traditional gels,
the self-healing property can avoid the structural degradation and loss of
materials during use, effectively extending the service life and stability of
gel materials. It makes gels great potential in biomedicine, electronics and
environmental protection. However, self-healing polymer gels generally
suffer fromsome problems, such as time-consuming and complicated
preparation methods, low healing efficiency and lack of performance
diversity performance, which fails to meet the actual application
requirements. Frontal polymerization (FP) is a low-energy-consuming and
easy-to-operate polymerization method for the rapid synthesis of polymers.
It is also expected to achieve efficient and rapid production of self-healing
gels, which shows important practical significance in the development,
rapid preparation and integrated structural and functional regulation of new

intelligent materials. On this basis, this paper employs frontal
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polymerization technology to achieve the efficient construction of self-
healing and multifunctional gel materials, and explores their applications
in sensors and actuators. The works are carried out as follows:

1. Poly(AA-co-NaAMPS) polymer gels were rapidly synthesized by
frontal polymerization. The pure frontal polymerization process was
proved by a constant frontal rate and typical temperature curve. The
component and porous morphology of the gels were determined by Fourier
transform-infrared spectroscopy (FT-IR), Thermogravimetry (TG) and
Scanning electron microscopy (SEM). The as-prepared gels possessed
good mechanical strength, self-healing and swelling performance.
Particularly, compared with the gel prepared by batch polymerization (BP),
the gel prepared by frontal polymerization showed better swelling
performance. In addition, the gels exhibited obvious pH-responsive
behavior.

2. A series of self-healing patterned poly(MAH-4-CD-co-IBO-co-
AA-co-AM) polymer gels were rapidly synthesized by horizontal frontal
polymerization. The influence of different patterns on the frontal
polymerization process was explored. The prepared gels had excellent
swelling performance. The equilibrium swelling rate reached about 2600%
in alkaline environment. Also, the gels showed good adhesion performance
on different substrates, especially stainless steel. The mechanical

performance test revealed that the gels had good tensile strength (200 kPa),
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elongation at break (524%) and softness. Additionally, the gels was proved
to have excellent self-healing performance. The self-healing efficiency of
the gel without external field stimulation could reach up to 99% under the
synergistic effect of host-guest interaction and hydrogen bonding. Further
exploration of the application of the gel as a wearable sensor was carried
out. The results demonstrated that the gel sensors could monitor various
motions, such as stretching, bending and touching. Stable monitoring
behaviors were still maintained after multiple motion cycles and gel
healing. This work provides a reference for the application of high-
performance self-healing polymer gels in wearable sensors.

3. The heterostructured self-healing polymer gel of poly(AA-co-
NaAMPS)/poly(MAH-4-CD-co-1BO-co-AA-co-AM) was prepared by
horizontal frontal polymerization. The constant frontal velocity and typical
temperature curve confirmed the occurrence of pure frontal polymerization.
The mechanical properties, self-healing performance and actuating
behavior of the gels were investigated when the mass ratio of the two
phases was 1:1. The results showed that the gel exhibited good tensile
strength (0.24 MPa) and self-healing performance. In addition, due to the
difference in the structure and swelling ratio on both sides, the
heterostructured gels exhibited bending behavior in solutions of different
pH values and even achieved complex actuating responses, which has

potential application value in the field of artificial muscles.
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Fig.1-9 Schematic illustration of the polysaccharide-based zwitterionic hydrogel as a versatile
platform for stem cell delivery to accelerate burned wound healing!$8.
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Fig.1-10 Schematic diagram of preparation process of composite hydrogel by thermally initiated

frontal polymerization!!'?l,
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Fig.1-11 Schematic illustration of the fabrication route for preparing hydrogels by LIFP!%4],
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Fig.1-12 Schematic preparation of gels via MIFPI8],

1.4.2 Riim 5 & B FI| B {k 1E

C1) iy S T 1ok 6

I s 56 B i B S R R AL 22— 5902 S [/ SRV VR PP s S A R . & 1-13
Ca M1 b) P, W LLULEE ) s IR0 U E . K i s s 1 o7 L5 I TR) B4 24740
H, AR ELN (B 1-13 (e)), S0 1 i [ 8 28 00E B H R A A AR 2R
o ARARKAERKRE, HERFMENLE —FHL.

(2) i 2

AL LT A A AR AN T 33 ] R e U i ) B A, 15 38 L i 2 ot P 7] 32 A i
4o WK 1-13 (D Frow, #Ze—IFHa R — %K EEZ, 2By SO A s i
28 B [ T s ] ROR R AR B ONE il BE AN R A AR AR, I T AR SR B AR AE

11



oy W e VAT

WEE SO REAT S T SBR[ A8 i, RSB Ry 4 T 0 3 [ R
IR PEIL BN, BRI IR EICOY Tomaxe A 3m I B A 52 51, IRBETTAGEHT T 4. 1%
ST R B 2t — DR R T OB AR R SR, BRI R SR A

a - - - b
‘ 7 0

12?ime (1si);0

_________ " Toax=74.3 °C

Frontal Position (cm)
{
Frontal Position (cm)

60 120
Time (s)

o

Frontal Position (cm)_,
=

Q

@

o

~
o
T

.

N

N & O ©®
3 38
l\.\.

Temperature (°C)
g 8
l\-\

n
=]
v
-
:
L]
®

L

o
o

100 200 300 400 0 100 _200 300 40
Time (s) Time (s)

1-13 BRI FG RS () e (b) MMIRLLANEUER . (o) il fr B 5 I [a] A1
(d) i FE 201,
Fig.1-13 (a) Optical photographs, (b) corresponding thermal IR images, (c) frontal position versus
time and (d) temperature profile for a typical run of polymeric gel prepared by FPI!!1],
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Fig.1-14 Schematic diagram of the preparation of nanocomposite hydrogel(!!2],
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Fig.1-15 Schematic representation of obtaining gradient polymeric materials(!!3].
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Fig.2-1 (a) Scheme illustration for the preparation of poly(AA-co-NaAMPS) hydrogel by FP. (b)

Synthesis of poly(AA-co-NaAMPS) hydrogel by FP.
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Fig.2-2 (a) Digital images and (b) IR thermal photographs in FP process.
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Fig.2-3 (a) Frontal position—time curve and (b) temperature profile for a FP process of poly(AA-
co-NaAMPS) hydrogel.
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Fig.2-4 (a) Front position versus time and (b) frontal velocity and Tmax versus APS concentration

under the FP process for poly(AA-co-NaAMPS) hydrogels at NaAMPS:AA=4:12 w/w.
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=

Fig.2-5 (a) Front position versus time and (d) frontal velocity and Tpax versus NaAMPS/AA
mass ratio for poly(AA-co-NaAMPS) hydrogels.

FAAA L A Xof T Sty 2R 5 o R v 0 i D A R B A AR RS . AR AN TR Y
NaAMPS/AA Jfi s R T T 2 k5. g558 K 2-5 FioR, 4 NaAMPS/AA i
B HON 2:14. 3:13. 4:12 F1 5:11 |, SmEEZR 73709 1,168 1.052. 0.774 1 0.561
cm/min, Tmax [H2 5N 11720 113.4. 107.9 Fi199.7 °C. 4iFH AR AA HIF
BEEAERIRT , iy ity 5 - S IS R 114 B v P2 R iy T T8 32 0 2 2 M PARARG o (LA I 22
24 NaAMPS/AA bl 6:10 B, Ridmsmim AN R, Toikse AN BT~
XK AA F IR 2 5 800 R AR RER B TIEARE R T, &
AEK FRAD i 0T T8 € 388 07 70 s 5 A5 A AR AR AR AT 2R, BT A 7 o i R S A1 o T v 4
FEE ALY
2.3.4 poly(AA-co-NaAMPS) B S 45 AV LI LT IS TE 4R

Kl 2-6 278 T NaAMPS. AA Fliil & I SRS V)RR 1) FTIR Jtil . AA BART
FHEIERL T 1716 cm™, J& THREEM) C=0 M#4i#k3). NaAMPS FLA4 (1M A7 T
1192 em™ A1 1064 cm™, 437t T S=0 M4E RN AR AL B S-O MgEIRs) .
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IR W AT I BT A R SR S I ) FTIR Y6t dr .1 NaAMPS fl AA [ C=C
1R YER EERAE IS BT T 1637 e Fi1 1657 em™, RAERSYER P K. FT-IR
GERLH, AR A INH % T poly(AA-co-NaAMPS) 5 &t .

AA

—\/ww
NaAMPS 1716

A
Poly(AA-co-NaAMPS) 1657 o, 1064

1042

Transmittance (a.u.)

1718 1171
I 2

"

4000 3000 2000 1000
Wavenumber (cm™)

2-6 AA. NaAMPS 1 poly(AA-co-NaAMPS) & WL 21 A6 1 &
Fig.2-6 FT-IR spectra of AA, NaAMPS, and poly(AA-co-NaAMPS) hydrogel.

2.3.5 poly(AA-co-NaAMPS) BB S4B IR U E D4R

100

N A O O
o O o o

Residual Mass (%)

o

150 300 450 600 750

Temperature (°C)

P 2-7 poly(AA-co-NaAMPS) A 5t i 1 #4 2 h 28 1]
Fig.2-7 TG of poly(AA-co-NaAMPS) hydrogel.

KHMESHT (TG) KR poly(AA-co-NaAMPS)EE & Wk I ke e
W 2-7 B, AEMEIRINAE] 800 °C MIZ&AE T, WMER| T R EW R =
BR: (1) 300°C LA A RES G PMIEE I A o0, (2) 301 4 448 °C Ju [ N
R E R EY C-C R M= E R FRBE T REA K (3) 449 2 800 °C B H
B T RE S R TR (R RGOS, TG S5 RAEW T R R I fb o i — 5
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2.3.6 IN[E] AA/NaAMPS JR 2 bt Xt B & 4R RS W 5 9 520

AL 35 SR A 9 4 1 poly(AA-co-NaAMPS) R A Wit e IS 4T 1 W 7C .
FiTH B AF NaAMPS/AA Jii & LI R AW R H A MM 2 AL, RF
500 um 24T (] 2-8), IXERE T ENIFEE AT BA R EKERE .

2-8 poly(AA-co-NaAMPS) % & Wk () SEM E{% . NaAMPS/AA JRE L2514 (a)
2:14. (b) 3:13. (¢) 4:12 F1 (d) 5:11.
Fig.2-8 SEM images of poly(AA-co-NaAMPS) hydrogels with different NaAMPS/AA mass ratios
of (a) 2:14, (b) 3:13, (c) 4:12, and (d) 5:11.

2.3.7 poly(AA-co-NaAMPS) B & LB YIS Bk 1 B8

400

w

=

=
T

—m— NaAMPS/AA=2:14 w/w
100 —e—NaAMPS/AA=3:13 w/w
b= NaAMPS/AA=4:12 w/w
= NaAMPS/AA=5:11 w/w

Swelling Ratio (%)

0 20 40 60 80 100 120
Time (h

Kl 2-9 AN [F] NaAMPS/AA Jii & LL R, i dim 5 45 1l 4 B poly(AA-co-NaAMPS) 5 & Wkt /e
KA K 3 S VA I N ] R 9 2R
Fig.2-9 Swelling ratios of FP- prepared poly(AA-co-NaAMPS) hydrogels versus swelling time at

different NaAMPS/A A mass ratios in water.
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WEFC T AR BAAR 5 B LE ) poly(AA-co-NaAMPS) R AWt va ik g . P
A R ENEIRAE— 78 (A K B R] P4 BRI H VA K 2R 3, B 310 3 e KA Tk 26
(MSR). 1l 2-9, fE/KH, NaAMPS/AA=2:14, 3:13. 4:12 Al 5:12w/w K&
B I MSR B354 300%- 235%- 255%F1 375%. AL, K% NaAMPS/AA
o LG AR IZ T, B K TE IR RSB BRI T
2.3.8 poly(AA-co-NaAMPS) B S 4ELEZ B pH Mol Sz 4 BE

2000 } —=—NaAMPS/AA=2:14 w/w
—a—NaAMPS/AA=3:13 w/w
—b—NaAMPS/AA=4:12 w/w
—~1500F —v—NaAMPS/AA=5:11 w/w

1000

MSR (%

500

pH
K] 2-10 fEAN ] NaAMPS/AA i LL R, Al 2R 54145 (1) poly(AA-co-NaAMPS)Z & Wikt
(%) pH i B fig
Fig.2-10 pH-dependent swelling ability of poly(AA-co-NaAMPS) hydrogels prepared via FP at
different NaAMPS/A A mass ratios.

K] 2-10 J&7r T A A NaAMPS/AA & LR, poly(AA-co-NaAMPS) 4 ikt
IRAEANR] pH 1H T HIEIKAT . T R E W IRAE R VE 564 # AT B s K
PERE. FRRIZBEE AA STEMMEM, MSR HRXKEE, XAFee T RAYM
25 T R ERFEFE AT O, M BUR G eI 0 25 2 I FE g n - 1 i 3
BB IR BE I AR 2 pH B TH i BImsE X 4k, RSB H) MSR 18 22 1Y
m, FrAREERAE pH=13 FISRF VA R - #8Rs i 1 MSR, IX 1] e A& i
TAEGPE IS R B R A B 5T A BIOR 1 EE, [RIIN R IR AR B T I R AR B8 1 2
AAETERR A FRIE R, AT SR AW 48 Ab T RA sk, 3k 5 S0 R Vs Tk 1 R
TR
B 2-11 i 7 R EHI4 T 21 poly(AA-co-NaAMPS) 5 & Wkt s 1 v
IRYERE . S5 RARW], SR A b 5 A ik 2% 1 B S MBI 1) MSR A ) & i 1>k H
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AR TR G VA T B ISR, T LR Al i R S IR % poly(AA-co-
NaAMPS) % &V BAT ISR AR RE 77, X il sl BRI AT 2 5 .

400
- P
350k —o— BP
3300
=
'
=4 L
E 250 __—
L ]
200} —
° /
sl e
2:14 3:13 4:12 5:11

NaAMPS/AA (w/w)
Kl 2-11 A7l NaAMPS/AA Fi&E LT, A SR & AAR B S £ poly(AA-co-NaAMPS) R &
YOI ) MSR H .
Fig.2-11 MSR values of poly(AA-co-NaAMPS) hydrogels prepared by FP and BP at different

NaAMPS/AA mass ratios.

2.3.9 poly(AA-co-NaAMPS) B & Y8 B BOHLAR 1L BE

80 (a) [ ('b)/\

L —_— i
[ ./. l\.
-m- Tensile Strength
-m- Elongation at Break
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=

Elongation at Break (%)
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'S
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NaAMPS/AA=2:14 wiw
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=
1
o
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w
S
=

N N N
0 10 40 2:14 S:11
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2-12 A[F NaAMPS/AA JiRE T, BRI (a) NA-NARMER (b) WRYHKZR 54 i)

SR o
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Fig.2-12 (a) Stress—strain curves and tensile strengths and (b) elongations at break as a function of
gels at different NaAMPS/AA mass ratios.

WL — RIS - AR SELy, € EVFE T ANF NaAMPS/AA & EE R Y
poly(AA-co-NaAMPS) A 5E R AU B - 4l ] 2-12 7, BSE NaAMPS/AA
JRELEN 2:14 224 3 3:13, REVIEER HIRL R 5N 63.4 kPa 4N 81.6 kPa,
[ B T A 26 N 23 3% N 21 39.5%. #R1T, #2019 NaAMPS/AA i Lt
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S G ECRL AR 5 RN W 2 KR 1K R B
2.3.10 poly(AA-co-NaAMPS)E & 48R B AL & 14 RE

il

K 2-13 HEA poly(AA-co-NaAMPS)Fi i IR A .
Fig.2-13 Photographs of self-healing poly(AA-co-NaAMPS) under stretching.
H T poly(AA-co-NaAMPS) S & WEE I HAFE A S B 1 W E AR IL A A

H, BRAEE— 2 AEaaE S, WK 2-13 EWMER T RN E&S51T N, &
HERN R G EAE A 3 min J5 AT DURSZ IR AR AR A 2L, R PR
AR H BAT A
2.4 KEINGG

(A T IS TR I 51 & R A fal SR 1) % 1 poly(AA-co-NaAMPS) R &
BB, eI o T g s A i T 7 B S TR OC R S IR R AT, IESE T
BA R R BT AR RT3 R A, AT E RN 0.634 c/min, RN 105.1
°C.,

(2) BRFCAF 51 RV XS BT o SR A I R FEMR, 2 APS R M 0.2 190
F 0.5 wt%, B 5mE M 0.634 FHE 2 0.98 cm/min, B =6 E M 105.1 FHEE 110.1
°C. #RFCAIF AA/NaAMPS Jii & LU il o KA FE AR, 29 AA/NaAMPS 1)
i A 2:14 A 2 511 I, HCATSmIE ZE M 1,168 FERZE 0.561 cm/min, =i
JEM 117.2 fEZ 99.7 °C.

(3) I AT FE A AT KIS, B AN [F AA/NaAMPS (157 & LR ) 56
B RAE — 58 BV KT T) A R B B KBTI 3 (MSRD e B4R, X W AR AN [7) )
2 T2 TS 20 BB AT I I, 5 IR FH i o 28 A 1) % 000 SR B D 2 R S T
EReft e, HE S T AREREGH& MRS YEIR .

(4) KA E pH BB FE AT, &I poly(AA-co-NaAMPS)
KEEIALTRIE SRR BE 18022, AERUNE SR N B IV IKAT N, SRIH pH
M 4 B
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(5) AR SE TUEWHEMLAERT, REVWERERE EMEEERt
77 BEFEENREYEIRAE &S 3 min 5 0] DURSZ KRR AR T AR, R
HPRE A R H AT N

27



oy W e VAT

3 E FiRanmblEFEA. FMHMERERRT HERE
RS- TG -co- 5k i R IR ERBE-co- R HEE-co- IR TR
)R SR

H &5 RS WRER AT AR 2 B B0 5 R B R I 4584 5 Thie, AT 4E
KA R A fr . R, B G RER 2 BB 2 1 SGTE . T Al 5 & BoA
e BRAEJT ARG O FEAR S AL, fE5 B &G R T I %7 55 Sk A . B H i
IS SR AV A 10 B A R E A AE B A ROR AN HL DR 1 e it
A, T S SR SR S R R BRI 98 K 22 2 R X T BRI Cln B AT A K T T8
B B Ao R A ) B AR IR R 5 A, T AR B R RS W — AL P
PRI 7D o BRIk, JET AT R AVE LI A 2 DR - ZAGEER R
A R B A L S ORI 7R S AN

A 2 DL SRR BT 4245 D 1 -B- 3R RS (MAH-A-CD) - 0K 2 R IR R (IBOD.
WIEIR (AA) FIPIEIEG (AMD SHBAR, SRS R CPARETo SRE G il T B &
P RGBT B S A RO T 4 — BRI A - B - PRI -co- S 0K Fr JE TR A IR T8 -co-
P R -co- T Tk %) (poly(MAH-B-CD-co-IBO-co-AA-co-AM)) . TR 1 il 4 AN ]
IR R SR Tt 72, BRI 4Lr SR T T 3RAE, TR 1 pH
W S HUBEPERE . H A AR B VEREREAT TERTT, ICIRR T BRIE R A
FENPRIRTT . LA 30 00 77 1 R o

3.2 SEIGER Sy

3.2.1 SLIG IR 5
7 3-1 5237

Table 3-1 Experimental materials

SIS SR A% AR5
PMEIEZ (AMD Sybrat T
WIGEER (AA) AN BT

FOK T FENIRIREE (IBO) s M4 I RE

28



oy W e VAT

232 3-1 B R

Table 3-1 Experimental materials

SO R FAk HFET K
B-HRIHE (B-CD) Sl BT T
T e — R T Pa L (IEAN
N,N-YEHHESUN I % (MBA) e BTHE T
AR (BPO) syt el (TETAN
N,N-—HHKIE (DMA) PaIEA (GENAN
N,N-Z— R &z (DMF) e (e
AEMA (NaOHD srrat [TEVAN
R (HCD PaTE 2
EX L Pa e 2
P4 T VA TE B3]

EBTK LG A A PR 7]

3.2.2 LU R

R 3-2 LR XA
Table 3-2 Experimental instruments

SLIRAX A GRSy CVRIIE
B R FA2004B I RM AR A R A 7]
AR R R DHG-9036A R SR B A IR A
A M-CL BUH T BAC A PR 2 7]
ZLAMERAX LXZ919025 GINEALTRHA PR 2 7]
TR TR A E6-XT FEFEFRA R THEA T
(EENG AW S TR IRPrestige-21 H A B33 A ]
ARG T B Hitachi S-4800 HAH A
ZETR AN S HTAX DTG-60H H A By 2 ]
J3 REAREE ML GT-7001-H EEAG IS (R5E) ARAH
S WAN P Y& P DAQ6510 I A S PR A
LT 0 BEA RS PT-1198GTD-C TR PR 7]

3.2.3 MAH-$-CD R

# 5.68 g f-CD 1 30 mLDMF B T =Hikeii, =\ NHIEZHEM, REhA
4.90 g T M —FREF. £ 80 °C 25 MF T, FRRIZUSEHE S R 10 he FJa H =5 H
e AT XS = AT 45 A a4 1R
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3.2.4 AR R EHIEERURE SRR

526, B — 2 R 24 4k (MAH-B-CD. IBO. AA 1 AMD, ZZBL7] (MBA)
FGIKF (BPO) MIAZIEA DMF #R MRS, E=IR T2 nmE, 193
B—IREWW. R, IN—E &M DMA I8t 5. BE)E, KRS mmsm
FERRAPISE . BE, R ERESmA, — BRI, RIZ)
AR . I T 2 AR RO DY AR . RN RE, 133 poly(MAH-

B-CD-co-1BO-co-AA-co-AM) -G V)i — B o 2GR ML )7 72

AM/AA/IBO/MAH-4-CD=5:2:2:3 w/w/w/w, DMF=50 wt% ,

BPO:DMA=1:4 mol/mol.

= OH NH,
HO 0 z 2t
Lo+ 7Y+ 7
MAH-B-CD AA AM IBO

MBA=0.3 wt% ,

|

Preparation of pattern gel by frontal polymerization

él
e
-
T

Ii

2% B Z4L poly(MAH-f-CD-co-IBO-co-AA-co-AM) &R 7~ = K -

Heat

Pattern gel

B 3-1 A o 3R A
Fig.3-1 Schematic diagram of preparation of patternized poly(MAH-/-CD-co-IBO-co-AA-co-
AM) by horizontal frontal Polymerization.
3.2.5 RAEFER
(1) iy 8 2 5 i P )
W.2.2.4 (D
(2) PRI B (FT-IRD
W.2.2.4 (2
(3) HEN (TG

224 (3)
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(4) AR (SEMD

0224 (4)

(5) WK TERERT T

W.2.2.4 (5

(6) BB RENX

0224 (6)

(7 A REHERENR

W2.2.4 (7)

(8) Fi PRI

e 5 B R R A K T VA e B AEAS [ A (LA (Wood) 4
MlE (PVAD. 5 (AD. EHENKRTEE (PMMA). BIMAHMN (SS)) E
FIREMERE D). RO AT, EMEANRERIFTR. A5, B EREHN 25mm, & 1 mm
IZH PR S AE RN T 3T (25%75%1.5 mm?®) 28], Fi 200 g (IEMI%E 10
min. FE & TRER I (GT-7001-H) A 10 mm/min B3R BEFiAH, B2 B S
B EFIES . B G RRE e OB B AR M TR i TSl . AR B b E R
BEAT IR, DABA DR S50 R HE R 12

(9) AR RE I

BE AR MIER G KR, KA PT-1198 GTD-C Fi I 54 Pkt
B (K 30 mm. T8 10 mm. JE 2 mm) #HEATRA. fEREART, B A R F)
DAQ6510 #7727 IR S A RAE 35 FD U v A5 S5 8 . AR AR IR R AR
R (GF) s fliy & AR 2% R BUS B 28 br 2 —. GF v hiEid A= (3-1)
BAT 5

__ AR/R,
- g

GF

s ARNHFHA R, RS FHURTC AR VI ARE T B, B0 Q;

NP, BAL Y%

33 ER5TR

3.3.1 BTHEE A HI R E 2 poly(MAH-B-CD-co-IBO-co-AA-co-AM) B & M5 AR
&l 3-2 Fros, WG HR v 5 2040 ARG 8 R mT DA RE 7 31 5% Il TE A R
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S S TELD DT o 6 545 T 85 o i i o B [ £ 0 T A A AR 4 - 55 AR L
A& 3-3 Ca) HI (b)), 735l 9o TR I B8  de e w0 i i i 160 57 2P 11 5% 2% JEL A
TN TR] R 2k o S A B N R B SR RAT S 2R R, AR IIE R G AR o A i
RS E HAESE, EW] T RE R b RAFE 2 B i 3R & o R LIS TR i 2 b
il 2k (R A6 3 XA R ORIR AN, IEWERT I I AR DUAN A KA B KRS -

6 i T 25 ] 58 pGBRARGBRIT R R SR TR, R B ORE (86.5 °C), B
Tmaxo SRJG, WA I HIZC 25 ] 78 o, RN P X — B AR IR B A gt —
AR T AR A AT SR A R BT B KR & -

a 0s 6 FOS 150s
- EaBaSE ) e

1cm

| l l |
b 86.5°C
71.1°C
55.7°C
40.3°C
25.7°C

K 3-2 Z5 IR EEI T I 3R & T 2R (a) HglE A (b) AN IEE .

Fig.3-2 (a) Digital photographs and (b) IR thermal images for the FP process of strip gel.

b 100f
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Fig.3-3 (a) Frontal position—time curve and (b) temperature profile for a typical FP process of strip
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P13

hydrogel.
& 3-4 Ca-c) s, RS HE  FZL ARG G R T DLIR b b S0 5 39 i S S
AR+ ANEAEIEE B PRI ALRERIH O, 5. SNERA
BRI FE - TA) i 2 Canl&] 3-5 Ca-c)) 55 i o 1 o7 - [A) i 2 Canf&] 3-5 (d-
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) A T H & R P AU pr i R A R R A . FEE B R AR, HERE
IREEM 86.5 °C B InF 95.3 °C, il bty ity [ 3 K 5 M 1.53 cm/min B& A in %)

2.19 cm/min.

a os 4%H_ﬁos"l ﬂ14os| J]..
| i i c O

b 0s 40s 100s 135s
: \l,/ '/ N P
/H\ / ~ /E\

Kl 3-4 (a) TFIRER, (b) NEEM (o) J\ETEHT b
F&.
Fig.3-4 Digital photographs and IR thermal images for the FP process of (a) cross, (b) six-arm star

and (c) eight-arm star.

a b11D c 110 N
am Tonax=90.5 °C 100 Tpa=94.6 °C L oo Tnax=95.3 °C
90 f- O T . | © -
gx . g ! gw :
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E 70 ::: 70 ER)
E 60 E 60 g .
a 50 a 50 2 4
E
E 0 E 40 3 4
L) [, -
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20 : 20 2 :
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—y —5 u =5
£ £ E
& 8 L
£, u =4 =4
k] 2 L2
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B 3-5 (a) T, (b) NEBM (o) JEILEIHT R A T 23 R A7 B-i ] ¢
o (D 15, () ANEFEM (O J\ETEEI TR & T 200 A% B3 E - 18] 5¢ R K .
Fig.3-5 Temperature profile for the FP process of (a) strip gel, (b) six-arm star and (c) eight-arm
star and front position versus time for the FP process of (d) strip gel, (¢) six-arm star and (f) eight-
arm star.
3.3.2 poly(MAH-B-CD-co-IBO-co-AA-co-AM) BB & ¥R AR HN G 9 4R
I FT-IR A1 TG X} 8 %4 56 & & 1 poly(MAH-B-CD-co-IBO-co-AA-co-AM)
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REVERL I RGBT RIE . W 3-6 (a) s, AM 7E 3633 em™ P H
DURFIETR I, St 7 N-H B2 IR R30: AA AR C=0 JLHI7E 1700 cm™
B3t B AR S AE IS ;s MAH-B-CD (1) C-O-C & A1 1R HE U BILAE 1027 em!
BicAb; IBO HIRHIEUEHILAE 2955 em™ &SR T-CHs 1 C-H E= B Hi i IR) o
FEH £ EER FTIR S6ilk h 2k E g3 PR pARefbig . SRR A5, H C=0
LR AEIREI M 1700 cm™ 5458 1666 cm!, 3X AT A & 1 T-HER R 1 Sk
b4, BTA BARTE 1600-1660 cm™ FHIEALIAELE C=C & [ (1 hi iR 20 0 Ifi 7 4
B IASAEAE . 45 R X DU F s pAodi st B B SR A & LT poly(MAH-B-
CD-co-IBO-co-AA-co-AM) R AW . B 3-6 (b) RMERHTE, BEWERK
BRI R ADUA BB (1) BHEZR 180 °C LLR AR R WR PR 7K DA K 45 A 7K 352K 5

(2) 240-463 °C JE [ N I BRI K B 5 RS EE R A < (3) 464-563 °C K]
HEREEDATREH T C-C EHERII R IE B R R E A K (4) 564-800°C
R o B B 20 P RE 2 R T RV B R SRR . B3R 55 AR W] 1 B AT LA RO
A TG o

5

il

Poly(MAH-B-CD-co-AM-co-AA-co-IBO)

3447 295 666, v
i y 1BO y 1028
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B 3-6 poly(MAH--CD-co-IBO-co-AA-co-AM)ER AR ) (a) LTAMEIEEAM (b) #AE
ik .
Fig.3-6 (a) FT-IR spectra and (b) TG of poly(MAH--CD-co-IBO-co-AA-co-AM) hydrogel.
3.3.3 poly(MAH-B-CD-co-IBO-co-AA-co-AM) B2 & 415 B T W 712 55 B4 22 M)
i3t SEM M %2 B4 [F] #AA 5 & EE R poly(MAH-A-CD-co-1BO-co-AA-co-AM)

BB W IR I N ERAOULZE A8 o G B 3-7 B, BE A DI S B BRI 22 L A5 44
4 IBO/MAH-A-CD Jii &L 7:3 18/ 3 3.7, BEMER LB A, X5
Je B PR 435 SR B
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3-7 IBO/MAH-f-CD Jlig 45y (a) 7:3. (b) 5:5. (e) 4:6 1 (d) 3:7 1)
poly(MAH-B-CD-co-IBO-co-AA-co-AM) B &5k 1) SEM El1%.
Fig.3-7 SEM images of poly(MAH-4-CD-co-IBO-co-AA-co-AM) hydrogels with different
IBO/MAH-$-CD mass ratios of (a) 7:3, (b) 5:5, (c)4:6, (d) 3:7.
3.3.4 poly(MAH-B-CD-co-IBO-co-AA-co-AM) B & 4EERZ Y pH M) 214

3000
:\? B AA/MAH-B-CD=2:6
‘g 2500 b AA/MAH-B-CD=3:5 X
= AA/MAH-B-CD=4:4
S —F. ol
g, 2000 b ¥ AA/MAH-B-CD=5:3 -
= X
<]
= 1500 | x
£
3 1000}
2
g_ 500 | B
w ]
o LX X X
1 4 7 9 11 13
pH

3-8 poly(MAH-f-CD-co-IBO-co-AA-co-AM)EEEZ [ pH i B g
Fig.3-8 pH-dependent swelling ability of poly(MAH-A-CD-co-IBO-co-AA-co-AM) hydrogels.
H T 7€ poly(MAH-B-CD-co-IBO-co-AA-co-AM) B &Ikt it b & R % &
B, IXEILH S50 pH {EXT poly(MAH-B-CD-co-IBO-co-AA-co-AM)SE & itk
VB IKAT N o 9 T W 58 i 45 B4 poly(MAH--CD-co-IBO-co-AA-co-AM) R & Wikt
JBS ) pH Wi R, FRATTHEA R AA/MAH-B-CD Jii & EE I BERIE N AR R pH 1B
o (pH=1+ 4. 7. 9+ 11 A1 13). M 3-8 1, AJULBHEE Y pH M 1 42103 7
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I, BRI R LT A28 . Y pH BT = B X, B8R 1 P AT ik 2R
BE pH RGN in. 24 pH=13 ¥, AA/MAH-B-CD=5:3 w/w I}, KR &
K, 2174 2668%.

3.3.5 poly(MAH-B-CD-co-IBO-co-AA-co-AM) B2 & 405 B AN A M BETix

89100 23458 *v‘?Cv’StretCh =
> ﬁ ——

3-9 poly(MAH-S-CD-co-IBO-co-AA-co-AM)EEREIERiA# . T 45 FIFHLEE T IR H
Fig.3-9 Photographs of poly(MAH-B-CD-co-IBO-co-AA-co-AM) gels under stretching, knotting
and twisting.

ikl 3-9 Fiow, EERTERARE] 300% N A8 M AR R IARA, HAEFT45M
FHHPIRS TR R Wbt BEAh, &SR TT T AN [F) S 5T 5 LS e 5 B AT K % 11 5
M. 4P 3-10 7R, Bl IBO/MAH-B-CD Jii 2 Ll 1 FEAR, A 5 B A BT 24 &
AN, 2 IBOMAH-A-CD Jfi&E LA 3:7 b, BHREA & m M bih e
(0.2 MPa) FIWrZARK R (524%). &55KEKW], 1BO & &l 5, poly(MAH-B-CD-
co-IBO-co-AA-co- AM)EERZ 1) 775 PERERRAIG .

E‘ 0.20 T‘; 0.24 s 4550
o o / 1500 —~
= = 020 2
" 0.15 ‘;; {450~
0 n S
g 2 016 14005
& 010 f = ful
t ] {350 @
@ o — 5
‘B 0.05 —— IBO/MAH-B-CD=7:3 7 0.12 [ ] {3003
c 0 —— IBO/MAH-B-CD=5:5 c * _
P IBO/MAHp-cD=4:6| @ */ —n—Tensile Stress 1350
g IBO/MAH-B-CD=3:7 0.08 —u— Elongation
0.00 , , , h A h A , : A 200
0 100 200 300 400 500 600 73 55 4:6 3:7
Elongation (%) IBO/MAH-B-CD (wiw)

&l 3-10 A [F] IBO/MAH-B-CD it T, &M (a) NJJNMAHIZEA (b) Widh KR 54
GRS o
Fig.3-10 (a) Stress—strain curves and (b) tensile strengths and elongations at break as a function of

gels at different IBO/MAH-f-CD mass ratios.
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3.3.6 poly(MAH-B-CD-co-IBO-co-AA-co-AM) B & 416255 B A & M ezt

& 3-11 poly(MAH-B-CD-co-IBO-co-AA-co-AM)EEIK (1) B AT N IR A .

Fig.3-11 Photos the self-healing behaviors of poly(MAH-f-CD-co-IBO-co-AA-co-AM) gels.
HT7E poly(MAH-B-CD-co-IBO-co-AA-co-AM) A Pkt ke 7 51 N SR
HERANEAIMAEEAER, BRAE—EBRBERT. WK 3-11 A3 R
TEIMEEE AT A A 1 min 5B AE SR A S48 B0 R A
i, N T VN BRI BB A RS, TATIRF T AR & A R A IBO/MAH-
ﬁ-CD R B A 3R . fE IBO/MAH-A-CD IR E LN 4:6 HI%4ETF,
IRAAHRAE 12 h JGIEH] 85%, 1F 24 h J5ikE] 99% (B 3-12 (a)). 74k, 4
IBO/MAH-4-CD JRE LM 7:3 /b3 3:7 i, BRI B & A SR THE G K.
XGRS THRIR A AR A AR (B13-12 (b)),

a  100F b 10oF
2 R

80} = so}
) )
; ;

5 oof 2 6ot
4= =
fr o [

w 40 w 40l
g g

® 20} T 20}

g g 20
T T

0 0

1 4 . 8 12 24 7:3 5:5 4:6 37
Time (h) IBO/MAH-B-CD (wiw)

Kl 3-12 (a) IBO/MAH-f-CD=4:6 w/w I &R &G BCR S EK KR (b) BE 240 )5
B I 5 2%0% 5 IBO/MAH-B-CD Ji & X R .
Fig.3-12 (a) Healing efficiency versus time at IBO/MAH--CD=4:6 w/w. (b) Healing efficiency
versus IBO/MAH-f3-CD mass ratio after healing for 24 h.
TR AV B B & & 2k T H AN 5 LR EAEH .
SRR TR E B JRdE. RN, TR BEAEHTE T MAH-4-CD
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BI1E T RIAAT IBO WA 0K dE . SR B A0 AWt e 5 B ALt
ITHE— DRI, BN H R AR BAE IR 5.
W
500 3000 2500 2000 1500 1000
Wavenumber ¢m™

aNa

3500 3000 2500 2000 1500 1000
Wavenumber ¢m™

K] 3-13 (a) PITFEERAT (b) REEEHIRAE 2973 em™! Kb AT MRS AIAH B () 20 /M A5

« Transmittance (a.u.)

£
g

Transmittance (a.u.)

Fig.3-13 IR spectra and the corresponding IR images at 2973 cm™! of (a) cut and (b) healed gel.
nE 3-13 Ca A b) 73 53 B V) XA @ & X IAE 2973 ecm™ (IBO 5
UK T FERFEG ) AR LA 15 A R LD A MR, o 2D B R R A 2
(IBEH, 5 ERRANNT BRI . ST HIEIXE, HReBlkRRE, #5
RO G RO, MEDBRIIESEE, 1BO MNEAERKAHE MAH-4-
CD 15 F RIF £ % A FLAE A9 R 8 10 B Re kb, i X ask i 20 Ao P
5 R AR A A0 X 3 FEE A G 35050 o X AR Ak R B R 1 L T8 B R A3 35 T MAH-
B-CD 5 IBO Z [Al E&ARFH EAEH
3.3.7 poly(MAH-B-CD-co-IBO-co-AA-co-AM) B2 & 4163 B Fh BT M sE M i
el 3-14 froR, AT LA [ R R CE SR b, BN . B AN
WL A DA R KM A L. KR T R WEE R LAk
S [H 58RI 22 I T I B e, DA S | PR
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] 3-14 B AE A R A LRI BE DL )T

Fig.3-14 Digital photographs of the adhesion ability of gels to different matrices.

NT ERVEHG LA MRS, MR AE IBO/MAH-B-CD Jii & LU 7EAS [F) 544
RUBREE R T R AERR L R LM B AR 5 AR b R RE
WK 3-15 frz, 24 IBOMAH-B-CD W& A 3:7 B5ImE| 7:3 i, H 6 PERE
BT . 24 IBO/MAH-B-CD=7:3 i, BERIEAMR . SRR LM B3 AR
AMA RN 52 3R B B E 43 38 37.84 36.7+ 36.1. 552, 27.8 il 22.4 kPa.
XEEN T IBO RGN, SBERGYMZ A EERUK, BRI EEm,
MR E T 515 5 e 2 [R] ) 78 43 #e 5 AH ELAE A

?80 I iBo/MAH-R-cD=7:3 [l IBO/MAH-R-CD=4:6
& 1 I 1BO/MAH-B-CD=5:5 IBO/MAH-B-CD=3:7
=

5601

c

[<F]

=

) 40 -

c

=

(7)) 4

o 20

=

©

< )

Al PVC Glass SS Wood PMMA
K] 3-15 BER AR PVC. BEIE. SS. A PMMA FIB 55 (1 Bk i o B

Fig.3-15 Adhesion strength of the gels on the Al, PVC, glass, SS, wood PMMA and glass.
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3.3.8 poly(MAH-B-CD-co-IBO-co-AA-co-AM) B2 & 45 BE By 1% B 14 RE
b

—1-49 e 5(0-98 em——09-147

[ ——0-50%
| ——50-200%

GF=1.89
R?=0.997

ARIR, (%)

GF=1.25
R?=0.986

0 50 00 150
Tensile Strain (%)

3-16 (a) AN[FEINAS R EER AR L FEAR L 5 B4R R4 (b)) BERAE 50%MI AR R IE 147
AR L BHAR A

600

200 300 400 500

Time (s)

200 0 100

Fig.3-16 (a) Relative resistance changes and gauge factor of the hydrogel under different
strains.(b) Relative resistance changes of the hydrogel for 147cycles under 50% strains.

R L 1) E P R W P T S P A e ) I P AR B 8, A% B R R T i AR
FH (GF) Kol . GF B ZAHXS ARG S REIR AR (I LU - anf&] 3-16 (a) BT
N, BRI GF P NPy, — 09 1.25, W RIER 0 3 50%1 4
A, 5N 1.89, STRBEER 50%3] 200% M MHEAL. iR GF AN
T BN N AR (1 T RN TE TAETU . 4k, R st T R AR AL ka8
WA EE, WK 3-16 (b) Fin, BREGKIE 50%M N T 147 MEHH
RIFRRE, R T R AL B B RTS8 e

400

e 25%

100 |

[ = 50%

e 100%

[ ——150%
| ——200%

WH

0 200 400 600

800 1000 1200

Time (s)
B 3-17 AN[RIFAR S AZ T REFRE FR AR FL BH AR AL o

Fig.3-17 Relative resistance of the gel with different tensile strains.

TAh, FEF IR I E AR TT, BRI NN 100%0, @&

40



ZRTRERF AR

RIS S = A B s, 5 R a AT R R DL AR LA A AT 0, R
B 5 BB AR AR B2 A AT (T 3-18 ).

a . b 200 —
200} 0rl9ll‘la| ealing P
Ca—dp—— | E—psampe E
~— 160}
< 52 120
n:o120 ] =
x
a-; 80 E 80
<
40t 40
of 0
0 50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)

B13-18 (a) JFUAAT (b) Ak i A 7e fr (- S AGFR 0 S IR AR FaLBEL
Fig.3-18 Real-time relative resistance of (a) the original and (b) the healed gel under the stretch-
recovery cycles.

3.3.9 poly(MAH-B-CD-co-IBO-co-AA-co-AM) B2 & #15E B % L 28 A 2 FB
T HAR R A& AR R, R B AARE ML sk ae, &
JRAB AR R P 2 AL s, BRI A Bk b, R AR (1 %% Foh A2 BEYE By .
Kl 3-19 FoR, DAAREMAERFRE MG, SFRS MmN o B3] 100 AR
b, AR B EHAR AL IZHT N 0 3% 25%, SRJEREE F-F6 10 B 2 BRI A .
A5 IBRERRE 2t IR AT A o

ARR, (%

o

Healing sample

0 2 4 6 8 10 12
Time (s)

=
o

K 3-19 TR (D BHIE] (V) KGRI A USSR AR A @A 1 i R SR X FEBE

Fig.3-19 Photographs and the real-time relative resistance for original and healed samples
during finger bending from (I) to (IV).
BRI IE 2 AR T LABE IS e U AT 2 ettt i 90 REZS e, AR FLBH AR 4K,
N 21% (& 3-20 Ca)d; AT DAMEEE T 0, kIR ZE301E (& 3-20 (b))
AT DL I s (B 3-20 (e))o SRS INAT T A Sk T 25 s Bk
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AR SE PR N AT

2op 30 P 7|
a Y b - ca - 70
16} v . 2 |
2 1af g g
4 08} £ s
z " Z 1 P
< < <
04} 5 2
0.0f 0 0
0 2 4 6 8 0o 2 4 6 8 10 12 0 1 2 3 4
Time (s) Time (s) Time (s)

Bl 3-20 BB RARTE (2) A . (b)IEZEM (o) fltZE i S AR BH /7
Fig.3-20 Real-time relative resistance of gel sensors under (a) elbow bending, (b) fisting and (c)

pen-tough.
3.4 KENE
(1) AFIEE G AP 2R S SRR S 7 BE . R R R
poly(MAH--CD-co-IBO-co-AA-co-AM) TG WA L o a8 it % A [6] B S 40 1l g
a8

SR IR b ) iy g 7 R R FE BRI A, UE SR T SR I AR R R AT A I T g
HX AN
2R o

(2) SRR R BEATEIRINAR, 49 pH BN 1 25403 7 i, BRI AKAT
RIVTFEAE KA 4 pH H B EEERT, BRI RE R, 7] L
FRHEAE IS5 B pH R

(3) poly(MAH-B-CD-co-IBO-co-AA-co-AM) FL A5 R UF (LI RE, e K
LRGN 0.2 MPa AT ZHHK 5N 524%. SEF S0 32 5 R W] 13 ) 254
HAEA, BREZETEA 24 h Gr&Z R fRemAms, $aas
AL 99% .

(4) poly(MAH-B-CD-co-IBO-co-AA-co-AM) & B A R UFFIZE B AE, T
DA R AE R . MRS BN, Ab . USRI =80 BIR. RMAIRA G
HAER b

(5) poly(MAH--CD-co-IBO-co-AA-co-AM)#ERAE N R i H A2 2 A% R8s
IR A A T DL I 22 g 2 (R i, &5 i Al 2 Pz sk, 1EZ ki
ENIEIR LI A5 Ja A T H AR AR R 1) M A TR
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£ 4F FRGEFRREEWEBSRAMER

4158

S 02 R AR DR L E BB S 1 I £ B 22 M AS [R) D e T 46 32 R0, IXAEVF S
AR AR 2 N A AR R, BLESR AT E E T  EEORL AT
WBhes o B R A AR MR POl RS VAR T, A e S e A
o3 T BT AR PRI RS ) 2%, 340 R SIS U 485 R F A R R 1) 46 o 54 B 7 =i 5
IRITIEAALL, Hiom SR A R TRE . R H S T HR R & R A B MR %52
Hk.

AREELEZ T FURIEAL b, SR PSP I ot SR A V2 SR B 1 S I 45 ) e 1
PO B Rl FEH SR OB T H —BR BT R - PO RS -co- 0K 25 DY AR R BB -co- N )
F&-co-TR M) (poly(MAH-S-CD-co-IBO-co-AA-co-AM)) 5 SUN Gel-1, F(H
TR -co-2-TN M e & -2- FR L A I ER ¥ ) (poly(AA-co-NaAMPS)E XA Gel-2,
WAL T 2% e R A M IR i i #2, ) SEMLSRAE T HREI M TES, R T
e ERE . HLMRIEREAN B @G ERE, RZR T BERTE SRS e 87 T B B

4.2 SLIGERSY

4.2.1 SEIGIRF
2 4-1 SLIGEH

Table 4-1 Experimental materials

SR 5k A% CVR I

P (CAMD VA TEa (GEVAN

2- T e g -2- PR BE U R R AL (NaAMPS) sy it (GEvAN
WIEIR (AAD syt (GEvA

H VAL (GEVAN

UK EETEIREE (IBOD VAL (GEVAN
B-¥BIG (B-CD) Lt (TEvAN

T 4 — R T syt (GEvA
N,N-JEHHESUA I i (MBA) I3 Hr 4l (OEvAN
EL R P (BPO) I3 Hr 4l (G
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B3 4-1 KB
Table 4-1 Experimental materials

N,N-ZHHRZ (DMA) P (GENAN
N,N-Z— R &z (DMF) e (e
SEAH (NaOHD v (GEvAN
#HE (HCD Gyl [ 24
= H b G4t 2]
P4 T PaR e B3]

EETK MG A A R 7]

4.2.2 SRR &S

R 4-2 IR AR
Table 4-2 Experimental instruments

SIRAX A GRSy CVRIIE
N FA2004B R CR A IR A
AR TR R R DHG-9036A RS T IR B R PR A
ARG M-CL WU T A AR AT BR A 7]
LLAMARSURAX LXZ919025 GINEALTRHA PR 7]
PRI TR A E6-XT FEEFEM KA RIEA T
(EENG AW S TR IRPrestige-21 H A B33 A ]
ARG T R Hitachi S-4800 HAH A
ZETR AN S HTAX DTG-60H H A By 2 ]
J3 REAREE ML GT-7001-H EEAG IS (R5E) ARAH

423 RREWREYRRIEIE

R IR R G BRI 2 FE (G 4-1 B . B, BEH Gel-1 (HTIR
VW : AM/AA/IBO/MAH-A-CD=5:2:2:3 w/w/w/w, DMF=50 wt%, MBA=0.3 wt%,
BPO=0.2 wt% , BPO:DMA=1:4 mol/mol . ¢ #] Gel-2 I I X % W -
NaAMPS:AA=5:11 w/w , H =60 wt% , MBA=1 wt% , APS=02 wt% ,
APS/TMEDA=1:4 mol/mol. PitHEELA 1:1, REMHKIKHKE Gel-1 1 Gel-2 FIRT
RISV BFETE AR R A, RIS BRI E— o, from AR, B ZIR 2 FA0E
Fe B E, FEIREVEIR I — S 5.
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B 4-1 Ao S G54 Gel-1/Gel-2 GV R~ 2K

Fig.4-1 Scheme illustration for the preparation of Gel-1/Gel-2 polymer hydrogel by FP.

424 FRIEFE
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HUOR SRR A R A A R RS

111°C

1 2 3
Frontal Position (cm)

4-2 Gel-1/Gel-2 AW v 56 A RE vh B0 8l RN ZL AN A UG B o

1 2 3
Frontal Position (cm)

Fig.4-2 Digital photographs and IR thermal images for the FP process of Gel-1/Gel-2 polymer
hydrogel.
WAL T Ao SR A AR 0 i B SR A, W 4-3 (a) B, Rl i i
T B 5 B 8] 56 ZR 0] LA B G, ORI 2R 207 g i TR 2, FLom TS 264 0.634
cm/min. 415 4-3 (b) AT A AR IR 10 . ihZmIaE KT X
AIE B T AT FR AR FOR RS, M DT [ 78 AR, ] s 5 400
W TR KRAE (111 °C) . i 53 B g5 ey il B 5 XN Trmaxo
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K] 4-3 Gel-1/Gel-2 B-EWIEe AT B FE ) () RTsA7 B - ¢ R B (b) iREE - [a]
KRHE.

Fig.4-3 (a) Frontal position—time curve and (b) temperature profile for a FP process of Gel-1/Gel-2

o

polymer hydrogel.
4.3.2 REREMBR AW RRBIMYL SR

WS SEM KM &5 R 45t GBI . Il 4-4 P, RIRERE
SRR AE AR R ALAR, SR RS YRR B AE R R . Gel-1
RITES R /NI SR, FLRIIME N 250 um. Gel-2 TSR KL, FLARIIME A
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800 pm.

v 500 um

4-4 Gel-1/Gel-2 EEMELIL ) SEM K& .
Figure.4-4 SEM images of Gel-1/Gel-2 hydrogels.
433 RREMREVERRIBLRMERE S

P 7 GEEEIEESEE]
m (e

K 4-5 Gel-1/Gel-2 FERLAFAIFHAEL T HIHE .
Fig.4-5 Photographs of Gel-1/Gel-2 under stretching and twisting.
il 4-5 fos, RREE MR EMEIRIEAZ —ERRh, e, &
A SR AR RS, U0 IR 2% B RIGFRONURIERE . 13— 20 VP4l ML
PPERE, XA RSB AN R R R A 11 R IR S50 S A i i A T B A
. Wkl 4-6 Fizs, Gel-1 HAHEREE N 0.06 MPa, Gel-2 [Hi{H5RE N 0.13
MPa, 545K KA DR MR 5REEA 0.24 MPa, RI UL, 55450 R AP0t
P 5 B2 S0 g T B2 90 R B DB (R AT 588 EE o T B T S 5 2 IR A 7 LB A
HAER 7, BN T RO S R SRR, i T R A
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a b os
0.25F Tensile St
Gel-2 = ensile _ ress 1450
Gel-1 o —s#— Elongation -
~020} Double gel = s
© <4t
e @ {300 §
=015 8 3
] 5 o
$ 0.10 4150 ©
[0 202} =]
(7] g w
0.05 [ 40
|—
0.00 v 4 L L A 0.0
60 120 180 240 300 360 Gel-1 Gel-2 Double gel

Strain (%)
& 4-6 Gel-2. Gel-1 FIF R R EWENL (Gel-1/Gel-2=1:1 wiw) BHIRI) (a) [J-RiAg
AT (b) W SR 5
Fig.4-6 (a) Stress—strain curves and (b) tensile strengths and elongations at break of Gel-2, Gel-1
and Gel-1/Gel-2(Gel-1/Gel-2=1:1 w/w).
434 RREWREYRENBEBSHREST

4-7 BRI B AT IR

Fig.4-7 Photos the self-healing behavior of gel.
N 4-7 fon, A e IR SRR AT DL i B — i K AN A &
B IR I, U A I SR S YRR B R B i a v RE .

0.25F Pristine
— Healed

0 60 120 180 240 300
Strain (%)
4-8 JE AR & I SR A IR 1) L - 8% I 2%

Fig.4-8 Stress—strain curves of pristine and healed gels.
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N T BTN B B A vERe, BEFE 7 RUHERTTE Ly 1:1 I, 4k
WREGERES 240 J5, BRMIAEEHE. WK 4-8 R, 5 HRAMERE
EHTHH RN 0.24 MPa, A JGHIHEREE N 0.17 MPa, 53 i 25 05 2 B
TEMEN 70.8%, X2EHTREWEE LAamGE T2 BRI AR, FREME
TAHEAEH .

4.3.5 RREMR AR AN BA K RE 4

HFRMESAR, R T Gel-1 5 Gel-2 fE/KPHEKMERE.
4-9 (a) Fon, Gel-1 fEKFHFEIEIK STy 588.62%, Gel-2 £E7K T H-FHT I
N 75.36%, Gel-1 TEKHFIEIKMEREZ KT Gel-2 MBI MERE. B 4-9 (b) £
Gel-2 5 Gel-1 fEAN[F] pH fEH BT HVEIK A, TTIRMRIEM L RIEFEL, Gel-
1 FVE I PERERTELR T Gel-1 VA PERE HLTE pH=7 I, Gel-1 5 Gel-2 Ak
fEZiR K. AFE pHH T Gel-1 5 Gel-2 FIVAKIEAE 22 S A5 AWkl & &
ANTEIFRFER Ay, AT R4 SR Bl AH S B 2R S R

a b

600F og0e © © @0 0 O © [ Gel2
- 1200 | | Gel-1
Ss0f o
o ° —_ [
"g 400 F H Gel2 I 900 |
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2 - ) 600
=200} =
e o .
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o []
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4-9 Gel-1 il Gel-2 (a) FE/KFAT (b) AN[E pH TR A B BE

Fig.4-9 Swelling abilities of Gel-1 and Gel-2 in (a) water and (b) solutions with different pH.
4.3.6 RREHRRIBENIZITA

Kl 4-10 (a), FETRURMMSE AR, FEEHMAEKEGEAR, 2
FREIREER TR AL HILA . UEREWEBIRNK T, F IR RS DR
i Gel-2 5 i FZ W2 #h 2 360° (Wi 4-10 (b)), XAZHT Gel-1 fEKF
fE RN L FIER T Gel-2 REWER (I 4-5 (a)). Fi4b, HER S ih A
K, — 7 THEER B K SRR, 53— 777 THI AR T AR AR 25 5 ke 4 B vl s o ¥ 791 149
BRI

49



ZRTRERF AR

b Gel-2 o
Gel-1: - ' 1
1cm 1cm 1cm
1 min 3 min 5 min 7 min

K 4-10 Gel-1/Gel-2 I (a) PIIZER S EIA (b) £EZKH S T o
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Fig.4-11 Scheme of the bending behavior of dual-layer gel, where 0 is defined as the bending
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Fig.4-13 Photographs of the actuating behavior of four-arm patterned gel.
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