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Fig. 1 Chemical oscillation and periodic deformation in the self-
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Fig. 2 Discretization of ODEs by the configuration method

k
p(f):Z f(l,[)L[(p)
=1

(O:(Til_fi)/hi’ Iil:\xn(flz)’ hi:Ti+1_Ti

k

00
L,(p)= 0=
or f:]l_.[iflpli‘oj g
B2 p (o WEWESMS f() =

p (o) s BRI, 7 FE (10D fir s AR 03 el B R] 5 Oy

f“gfff<pez[o,1]> (11)

k
%(ﬂzxr%leﬂxﬂLKwdp (12)
Til=1
T R A7 F A5 HOR IR S T IR 4, AT 3R A P2
AT R R
k .
Iﬂ(T,‘j) = I + h,z Oljzf(l'ﬂ) s Qi :J“L1((O)d‘0
0

;n(n+0:=xf+}u§3ﬁf(xu),Bﬂzj:Lﬂphm
(13)

b D7 R (13) 27 — 2l 4 AH 408 B HILA P B Jg BB R
SEIVER B e A B B B B A R R R

B (13D MBS O i B i -1, T T
FeAyBEZTRAE o+ 1 AAERE R R, sE— 2,
PR A I<i< N, JEREZEHE [a.b] Lk
B 1) 3% 252 53 Br 22 T 2 R B X R BRI B ¢ b
55 ODEs # A&, 38 o 1F 38 Bl & /9 7 16 vl LU
FE(13) A 5 Runge-Kutta 8340 7] 095 B X
3.3 tRERIFHIENE TR B /R

i 28 1F A8 e TR 7 FE (6) B ODEs #% 4k iy
T (13) A i AR E 1) R, 9K T, Wk B B 1 1 30 Aot IX 1)
FAEG ) BVP ) @, %5 25 R (6) Rk T,
I FLA 7 7 B34 5 0 B ) 1 20 25 08 A0 JE BB A iR
25 I, AR SCOR FHBUE 28 40 ) AR S 80 0 A
A 1 1% B B 1 i 8 i

A R B U T BEEAT B B A AT, YA
SH p NEE T HEA NABERLT S0 o 4t R
G5, Y R B IEACHCE Ce.g. s A FRFE ALY Legendre
200 K RO B A L(k+1) s N+1]-
n+1NAREE . B2, JrFE(8) il =L (13) Bk
JE R — AN k1) NT » n 59 AE LR 1 7
A b B AR 0 A0 s — A A
T B R AL

RUCRAS AL AR « B HBUL AR B Bt R AT La-
grange i {8, il 1 Legendre 2 3l X 3 B IE 52 fic &
BT R ¢, A =0, (P BRI
(14) 2 KA H it AR Ltk 7 A — i 3k =X (D)
PR PEAE RN (2) ZR P BVP A4 57 40 14 1) B 4 S
%A% 8 5 R AT BR A B AR A B T A R



21 WEFE BT REAEE SR AR R AN 393

M(Z x“[,is.i(gi.k(av,g))> —

Tf(i iy (8, (asP) o) =0
j=0

0,0 N—1.k
—x =0

1

lij /N,0
[Ot;.j<l”;.j ’ Ioidj >+18N,o< Tij s XLold >] =0

0

2

N—1*k

]

(14

4 ETHEEZEHRARBIRZERK

H B R A

S5 B0 2 3 o 45 i B B ) A S A AT R F R
B Y JE A M (IR 2 B I L IR D AT R 45 L S
BZ 0 F R A P eocB/AH K&
N R AL f (5 BZ O A HAh 3 5T N Y AT
FREE IR AN pH (H 45 B 2 A O 5 5% i B K g
2V BT YA e N 2R AR (5 A AR R R A S R
JEA ) . B, 4R 280 e, £ X X AR
T8 I S 301V 1 52 )
4.1 HE R B IR R EH R R0

TH REL f 02 BZ RO RS 40, 7 b5
BRI, f2HR0.5~2. 2 B BZ 2 T8 Bk B 3A
. Xl EYE ODEs & G0 JE ik BR 3 7% 19 I A 2
&4 Andronov-Hopf 4375 . &K 3C ¥ & 3] B9 DAEs
Wk f BYEEHHIE B4 Andronov-Hopf 737
MHLHYP H, N £=0.6871, Hy, i f=1.624, 817
F€CH: s Hy) B AS[R] B 3E 1 {16 23 T8 B 37 i i B
W HB RS BZ A A, 3% W) 8 e 1y I8 22
AR X BZ RN P A F G E . niEl 3 s,
WEE £ B3I, BUE A 4 25 7 4k — R PR 3R, JF B
HiEE S B HE H, B IRE SRR,
HIER o5 offfE——XR R BEAL £ A9E AT LA

i AR 5 B I IR A8 s T WD I, (ER R SRR AR S

MEMRESEIEEFHA H, R8T
FE . AT 3(h) AT LLE . 3R] 2 S 3
P R AR /N AR &Y <1 3 i, [ 3R 3 A 0 4
Fr497E 33 s,
4.2 BB R B RS 5B B A M
JR S e W] 4 BT DLV PR
MR . BZ R EERRMESAMETH A+B—>P. K
Hh ] ) R MR B A PR35, DR, PSR AN
[Fi] 1) 5 7 40 B T M 2% AP i 1 9 90 T M 1 ) 3 P 7
B, ZIEF) eoccB/AH ., P& AT 22N Y/ N
M ALBEk H ¥rIfl e ARk, & 4 fioR,
W& er9m/N, B B FREsE AR H B, e M%UHE

FEF L2 7 A — R R E  OF IR E SR, S5
FIRZ B IE A T U8 . XK 4 Al LA
s e N2 1 4% 5 FR G2 0 T AELUR X I A
E AW/

(a) HRFRIRFREAEGL

(a) Phase trajectories of limit cycle clusters

351

B2E O M@ 903000
30F m%%}g
4
a@
e

20

Period/s

15 ©
@
-3

10

5 . . . . . . . . .
08 09 10 1.1 12 13 14 15 16 17
S
(b) R AL
(b) Oscillation period variation
3 ARG BRI £ R AR PR PR A B

Fig. 3 Limit cycle variation of self-oscillating gel model with f

¢ Decrease

02 “u

k 0 0.0
(a) MRPRIRFFEA A

(a) Phase trajectories of limit cycle clusters
50

45
40
35
30 e
25 . . . . . . .

01 02 03 04 05 06 07 08

e
(b) PR AR
(b) Oscillation period variation

4 ARG BERARE R BE 28 Al FREF A (1% 1L

Fig.4 Limit cycle variation of self-oscillating gel model with e

Period/s

09 1.0

AR e T E A IE 19 F A RER IR BZ
IO 4 T ] 5 R SR BR B, Sy 1 IR 3 S ) OB A4
PR B S SIS ECf, o ZEE An-



394 I S F41%
dronov-Hopf & ET s AR X B NAT & pramolecular hydrogels [ J ]. Jouwrnal of Materials
TAERIRRIE AR . WK 5 R 745 58 X Che-mistry B.2020.8(40):9197-9211.

AR B e fH BE R H A Andronov-Hopf [3] Chen L, Liu M J, Lin L, et al. Thermal-responsive

SaE TR B9 EFFLED B FFF sk A fH F hydrogel surface: Tunable wettability and adhesion to

IZ%, f TRk AR G K A A5 A5 A W I I T oil at the water/solid interface [J]. Soft Matter,

2010,6(12) :2708-2712.

B ARz B SEAT I ASE W . WP 6 BTN, [ Zhang J X, Huang Q T.Du J Z Recent advances in

X XoF 12 A T B4 JE B S e AN BH R magnetic hydrogels[J]. Polymer International ,2016,
Lor 65(12):1365-1372.

[5] Kulkarni R V, Biswanath S. Electrically responsive

08 NonselFoscillating smart hydrogels in drug delivery: A review[J]. Jour-

0.6 nal of Applied Biomaterials & Biomechanics: JABB,

*oal 2007,5(3):125-139.

Self-oscillation [6] White E M, Yatvin J,Grubbs J B III, et al. Advances
02¢ in smart materials; Stimuli-responsive hydrogel thin
0.00.4 Of6 018 1“0 14'2 1?4 1.|6 1.I8 films[J]. Jowrnal of Polymer Science Part B: Poly-

f mer Physics,2013,51(14) :1084-1099.
B 5 ARG R E Andronov-Hopf 43845 i 28 [7] Yoshida R, Takahashi T, Yamaguchi T,et al. Self-os-
Fig.5 Andronov-Hopf bifurcation curve of self-oscillating cillating gels [J]. Adwanced Materials, 1997,9(2):
gel model 175-178.
0251 [8] Yoshida R, Takahashi T, Yamaguchi T,et al. Self-os-
0201 cillating gel[J7]. Jowrnal of the American Chemical
oy x Variation Society.1996,118(21) :5134-5135,
0-10 A [9] Yashin V V.Balazs A C. Modeling polymer gels ex-
0.05 hibiting self-oscillations due to the Belousov-Zhabot-
0'0300 insky reaction [ J ]. Macromolecules, 2006, 39 (6):
54 2024-2026.
0~0.0 0.1 o [10] Hong W,Zhao X H,Zhou J X,et al. A theory of cou-
B 6 R e B A R 5 A pled diffusion and large deformation in polymeric gels
Fig. 6 Limit cycle variation of self-oscillating gel model with X [J]. Journal of the Mechanics and Physics of Solids.
2008,56(5) :1779-1793.
5 & it [11]) Em & 1Y% At 5. 8% % RIS A F R
R T HTT]. 5% F4R.2013,45(6) :888-896.
AR A 41 7 5 1 19 f 5% R 5 R AR A (WANG Peng-fei, LIU Shao-bao, ZHOU Jin-xiong.,
FHEEHE T Oregonator BRI [ 4k & BERAL AL . % et al. Dynamic model of self-oscillating gels and the
B0 Sy - AR B A A SR i FE R BR R L A7 A controllability analysis[J]. Chinese Journal of Theo-
Pebk . 1z B IE A2 B B sh S B B Bwoik L 90 R FH &K retical and Applied Mechanics, 2013, 45 (6) ; 888-
FELHE 4 4 L 8 6 1 R 5 S A 2 0 A 896. (in Chinese))
BB S A A A B R (R G G, WS R A [12] Yashin V V,Balazs A C. Pattern formation and shape
3 5 V50 G JE S P 1 S 8 B W Tk BE el SR 3T changes in self-oscillating polymer gels[J]. Science,
o - e 2006,314(5800) ;798-801.
BRI f LSLIVE S S ER AR I R 2L E LS [13] Zhai C,Palazoglu A, Sun W. Solution of the periodic
HRO S A BT TR 45 A 40 0 B M i (S 9 Belousov-Zhabotinsky reaction using a closed-loop
% % i ﬁjk (ReferenceS) . mechanism [ J]. IFAC-PapersOnLine,2018,51(18):
738-743.
[1] Gupta P, Vermani K, Garg S. Hydrogels: From con- [14] Yashin V V, Balazs A C. Theoretical and computa-

trolled release to pH-responsive drug delivery [ ] ].
Drug discovery today,2002,7(10):569-579.
[2] Xian S J, Webber M J. Temperature-responsive su-

tional modeling of self-oscillating polymer gels[]J].
The Jowrnal of Chemical Physics, 2007,126 (12):
124707,



g2 REE,E ETHREEE T E W0 ARG 5KAE N E 395

[15] kAiA. AR BBe 35 =] ] H EH =, 1999, [16] Mallon N J. Collocation: A method for computing pe-

16 (4). 337-345. ( ZHANG Suo-chun. Numerical riodic solutions of ordinary differential equations []].
method for calculating periodic solutions [ J]. Chinese American Journal of International Law, 2002, 25
Journal of Computational Physics,1999,16(4) :337- (4).717-719.

345, (in Chinese))

Self-oscillating gel period regulation based on numerical continuation method

CHAI Xin-ming, ZONG Kai-qiang, ZHAI Chi’
(Faculty of Chemical Engineering, Kunming University of Science and Technology, Kunming 650500, China)

Abstract; Self-oscillating gels are a class of deformable polymers driven by self-oscillating reactions,
which can generate periodic deformation without any external stimulation, and are widely used in the
research of biomimetic creeping robots. The chemical-mechanical relation of self-oscillating gels has
always been the focus of research. In this paper, based on the mechanical properties of Ru (bpy) 3-
catalyzed N-isopropylacrylamide (IPAAm) polymer gels and the 3-dimensional Oregonator model of the
Belousov-Zhabotinsky reaction,the chemical-mechanical coupling model of the gel was established,and a
numerical continuation algorithm was constructed, by which the variation of the self-oscillating gel
periodicity with varying parameters is studied. Through the numerical continuation method of
differential-algebraic equations constructed in this paper, the limit cycle of self-oscillating gels can be

effectively determined,which provides a design basis for the period control of self-oscillating gels.

Key words: oregonator model;collocation method;differential-algebraic equations;limit cycles
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