I RS BT S A O SIS B 47 577

ETEBREMRNOHEEFREGTE

" ORL,ERW,E .8 B
(P2 Tk K2 PUH TRRABE , BEPE P4 710021)

TR AT XL B BRI AL A% 1 S P i o 12 7R SR A g A R SR 25 I A A< 4 L R A
BERYPEAT A FRIT T , 75 3095 10 [V ARULAS 1] [) P60 2 160 S P 3 A AR R A R A 2 80 3 el ) 3B RS i 75 119 7
Tk AR UCEORI CP U [8] B X 1L, e 2% 16] S P A KA B R 4 Sy o JIE S 302 015 B0 B AR R R, 3 S i 852 14000 I 3 2 6T
B B FACE AL AT S R (2 2 RO S8

SEERIR Lo 5 SR AR s R s 4% fi S 5 R AR B

hESZES:Q811.6;0241.82 XEHE:1000-890X (2019) 08-0577-04
XHRARAERAD: A

8 LM AR TR BT AR AR R
IR 117 NN 1 N | /AN R 1 £ /O N =9 N = 7
F P A2 38 I i AR R S A DT A AR AR T
RN ARk, m PR RR TR Rz
TR SR T AR R , ~R) ] ) 28 AR i TR
— 2 BHAE TR BE R BE 5 T 0 KR AR
AR R P 08 BIF 0 At B TR A, T T e R R
f, X — DA T S AR AR Y A 5
M. Kotikanyadanam25 "5l 558 %5f O JIE 34T 1) 2% = 4
L, EEHT T 0 NS S B T2 R 1R
U O JUE ) 207 B, BT T R AR
PEXT O RS R 0 o /N U Rt 5 2SR
Mooney-RivIintg A AR /NS FEATRIESE
FEZST T /NI I R I -1 AR T, I
i Ik FUh R SRR AR B

A TAREEE X0 R iz 2l 18 2R % 18 N A8
A5 T AR PR A BB AR R R AT A BRI o BT, A5
145 ) [P A5 o ] o5 T S P 3 e A A A5
TR AE OGS B0, 38 3 0T 3B ASE AR SR fifk i 2 1 2 i 1%
AR B CPURY [A] (9 X L, E— 215 W38 & 0 BE
18 B 2 A FLA AR R ARSI | 33y R JIEASE Y ) B

EEWE MK ARB ISR BIIH (51073009) 5 20FH b
a7 AA S H (NCET-10-0202)
EERA: IR (1992—) , 55 W g PN, P22 Tl K2 AE 13

WL, 8 CAET B4 HT I FSE
E-mail:714966154@qq. com

DOI:10.12136/j. issn. 1000-890X. 2019. 08. 0577

T2 A RO M BE 1A

1 DAEEE i REEEE R T RER

O JUE F O JUL 8 M2 1, B A R S R A T
S PR RAIE , 75 2> 5 3 10 AR A8 B R R E A K
fiE o AR O NI B B R AR (AR Lt 45 ) Sk
TR I A R B 2 O U B B 3 A AR
AT 75T 19 38— RO T RS R 248
H LG AT ST 3 R AL R AR A 5 R
1.1 #EEHFEERER

T WIS I B B g B R A B R -0 A
A i ARk, GI AN AR RE R, AR BB — A
i, 0T R SRR, W bR AR S AR
TR TR TR A O, 5 645 J0 G B R 43 (L LR
A5 (1D 1 F i

1= [Wig.xax ()

Ao, QIR QWU AR, Wk B AR AR
ERE , o FLX3 5| 2 £ BE ARG
1.2 DEAHERENEAER

e L RO AR R . AR
#PE Sy 2% Hh, Cauthy-Green ) 75 5k & (C) 2% H
SR A H AR TR A8 1 RIS, AR B 5 A 600 IE T
RN Fe T LA 5, A 4edg i i G M
LB I 2B BE 43 A R LR I AR e (W) FIORG A 10 72 RE
(l//v) %%Bﬁ[s—s] :



578 B Tk

20194F55 664

W(C,C,ay) = W(C,a,) + ¥ (C,C, ) (2)
A, ¢ Cauthy-Green i 48 5Kk i, a, A £F 4 )
WILG T ] ) £

ONH B R AR G, 72420 435 4 Z ]
FEAE R E AR R T, 51 EA BR g g 2 v )
I, B RN YRR R AT SZ 8 7, v LG ik
T BT 5 ) 199 0E R R AR T DD 1) BB T A
A BRI Ty, B A 2R T 2 B R R4
IR TE O IE AL AL B 3R A HEZL T X ) 22 4580 i
17K f#, I R FH Cauthy—Green b A% 5K 18 AN 48 &
(1,) F% —Piola-Kirchhoffi¥ J1 5K [1E F T4 1
FTE v R AL 19 77 () DRFAER J7 .

Wenl LA R L (i=1,2,3,4,5) B by &
PRI :

we(C,a,) =W 1,,1,,15,1,,15) (3)

' ] LR O AR ki AN AR i, (=1,

2,3,4,5) brit sRAL:
' (C,C,a) =y U,,J,,J5,J4,J5) 4)

S B 7K () FURGPE R ) ki ()

LS e

S=$+S=M%§+%%=
S QW AL, <~ Y a,
2 4
2.9 a0 * 2y o))

(5)

2 DR A RS

O JUE AL AR 0 D B AR AR, e
LA M AL, AR AR AR S | 4% ) S R A
o 748 Y ) 2R, ok O A L Y U0 B R A TR
iR R AS R AL 7 EL o0 A, O 5 R e Rl AT
XF.

OMERY = HERRL AN TR

Bl DR =R

2.1 BEMNTEERRRE
TSGR T R 5 2 AR R AT B
55, W W iR RS N AR R (W) T AR AN A8 e
(W) Fngy I AZ e (W) —&B43, 70 WA T I o
We=w,+WiH+w=V.W,.+VWw+w, (6)
A, Vo AV G 5 Sk JE U B R 2 4 14 12 ik — i 4
WA 43 L, W B G353 Sk o JE VD B 56 25 07 A5 g
BRI ESORI A 0 A5 RE PRIAK
2.1.1 DREYIRE R MR R
W T O MEYTH A o] R4 44 KL, i35 Yeoh 5
A FIMooney-RivIinf Y | W, SR E4[AZ 1 B AR AR I
iy 22 0 2 R A
W = 2Ci0(11 —3)'+ ZZ;DJO(IZ —3) (7)
Kp, Co MRS EL (B MPa) 5 D, BRI S5,
FEIR X I AR 2k R v B UTRRLA A Kb 2, SC B0 R
BEAL A TS
2.1.2 D BEFLfER R 35 BE R AT
SO JE A foft 07 A8 i 2 O LT 4 o fift e 1)
Iy w e F 22 7 bR A

W, = ia(14—3)" L>1
62 L<1
K, C(i=2,3,4) FAEZE (FfiMPa) .
2.1.3 BEBTYIR 35 68 R 4
O LT 4 22 8] (55 DI ] S 30 S i ff B AR
&, £ 85 U) A8 B W 3R 7 5 A RS R A FE A Ak
A7 I R A
W=W,(I,.x) =f(1,) (ay’+by) )
X,y =tan’p, a MoK 35 Y] M fE S 50 R (7
MPa) ,
2.2 D AEEBTE AR REE

H53k (8) 1 (9) fLAS (5) 94w =

GEp
SE=2[We+ LW =W, C+ Wiao®a, + (10)
Wi(ao® Ceao+ o+ C® )]

3l et Jo /s T AL A LAY A
P30 WM 0 9T 14 2 8, LA s i
wr.

(1) 00 ME RS L S0 B, 180 30 A iy )
ZHC,-

(8)



%8

I RS BT S A O SIS B 47 579

(2) $UUE e A B D)0 40HE | 45 2 # BT D)
AR RE R R AW B B HLb |, Fb, o

Q) G AR B A B S5 A A T
R IG U , 15 2 B2 50C,

2.3 EEEMEMBSHAEEME ST
ﬂu%ﬁﬂmwﬂﬁ T E AT, AR Sk
[3]—[614% ZI AH & A 44 B Y (14 4] b S8 45 1] [+
m%zﬂwzng@ucm:o. 178 1,Cyp,=3.988 8; 1
W25 1] [7] 4 A5 78 ) U 2 4: €, = 0. 434 6, Cp,=
2.080 7; 4% 0] PR i 24k . Cp =1. 114 0,
Cp,=2.75211,b},=8,b,,=12,

Kt S8R A K (2) —(5) T8 45 o
PEAR BRI S8 A& ) [ PR B A S 4K € =
0.449,Cy=0. 011 ; fEULAS ] R PR AL B4 C 0=
1.70,Coy=1. 11; & [ MRS € =1. 358 5,
Cpy=1.356 8,b,=3,b,=6.

3Py LR B SR A T L AR 3 AR BN
CPUR [H A5 1 F7R , 3% 25 i 2—4 7 .

MIE2—4n LIE W, k2 dh gk 50 f 5k 22
il 28 FE AR — B, 4% 1) S M AR RS SR ARt B[] IS
SRA R H 00 TR 0L 45 1) [ P AR 7Y 4% 1) [] A A 7Y
W%ﬁﬁ%ﬁ%%%*fmqm%ﬁﬁﬁ%ﬁ

WL LRA R RS 1) AR R

R IMEEREEZHF A RORBACPUR E

1 i L BN/ €:1 CPUIRA] /s
£ 1 [n) 14 8 226
ot 45 1] [ 12 337
) 1 11 306
10 .
5L
0k
& .
= -5t °
I -10
®o-15] .
pic)
,20 L >
-251
-30 ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12
AR AR AL

W5 i) [ 5 @ — (LA 1l [ 5 A — 2% 1) e
E2 HRDREMLE

fiRg5k2E 1 IR EL

-20 | <
-25 |
-30 ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12
AR AR AR
WA 2,
E3 RBBEREML
0 A
5L
§ -10F
am -15}
& 20t
5
STE -25
=301
-35 ‘
0 2 4 6 8 10 12
ERUB/SAW/E
HREE2,
B4 EBIERIE 1k E Lk
3 it
(1) FEF LA )2 RIS TR Y —Fh R o

ARIAS R AL B R i i oo FEEASE BY 1) A 97 A 250 T
A RARTE (AR 4% 1] S 1R R o 107 /A8 R N ) 2

Z:J‘%O

(2) 8 31 17 /A% RE Bl 2 it o 1 T 2 0 B9
SR AR RE LA AR RE A BT DI AR BE , 45 ) TR
RISH A 71 o

Q) UA MAKIBRISEL 82T 45 ) R A

R 45 i) [v) e R 45 1) S 4k 3 o A A A TR SRR e 75 2 1)

A 32 AR B AN CPUR [a] i X L, 38545 1) 551

A LAY AR Ry 00 A2 Bl 2 B AR R LAY L 3X R

Jei S 10 0 I 3 2 S ARE | A B T R 2 A AR
TSRS AU R

SE k-

[1] Kotikanyadanam M, Goktepe S, Kuhl E. Computational Modeling



580 B ok Tk

20194F55 664

of Electrocardiograms: A Finite Element Approach toward Cardiac
Excitation[J]. International Journal for Numerical Methods in
Biomedical Engineering,2010,26:524-533.

T BT BRI O ) 205 LD W RV WG AR Tl ok
2,2015.

BN AR AR A MRS T S B R R AR R D]. B
g BEACERA,2016.

AR A KB ZE, % JE T Mooney-RivIinf& R UL A Kt
W RSN B B ISR LT]. AR Tl , 2018, 65 (5) :499-503.

Peng X, Guo Z, Moran B. An Anisotropic Hyperelastic Constitutive

[2

=

[3

=

—
=

[5

=

Model with Fiber-Matrix Shear Interaction for the Human Annulus
Fibrosus[J]. Journal of Applied Mechanics,2006,73 (5) : 815-824.

[6] Holzapfel G A, Ogden R W. Constitutive Modelling of Passive

=

Myocardium: A Structurally Based Framework for Material

Characterization[J]. Philosophical Transactions of the Royal Society

A,2009 (367) :3445-3475.

[7] Genet M, Lee L C, Kuhl E, et al. Abaqus/Standard-based

[

Quantification of Human Cardiac Mechanical Properties[A].
SIMULIA Customer Community Conference[C]. Providence, Rhode
Island, May 2014.

[8] Walker J C,Ratcliffe M B, Zhang P, et al. MRI-based Finite Element

=

Analysis of Left Ventricular Aneurysym[J]. Am U Physiol Heart Circ
Physiol, 2005 (289) : H692-H700.
[9

[t

Hurtado D, Kuhl E. Computational Modeling of Electrocardiograms:
Repolarization and T-wave Polarity in the Human Heart[J]. Computer
Methods in Biomechanics and Biomedical Engineering, 2012 (5) :
1-11.
[10] FRFEMR, s2rfEdT 887 — b5 0y DA FH Bt 45 1 S P i P AR A
BRI J1242F41,2013,45 (3) :451-455.

WFs B #3:2019-03-12

Simulation of Cardiac Mathematical Model Based on Hyperelastic Materials

TIAN Liang, FAN Qingming,CAO Yan,ZHAO Han
(Xi’an Technological University,Xi’an 710021, China)

Abstract: In view of the mechanical characteristics of large deformation, nonlinearity, anisotropy
and high strain rate during cardiac motion, the hyperelastic material mathematical model for cardiac with
consideration of the strain rate effect was used for finite element analysis, and the relevant parameters of three
constitutive models, 1. e. isotropic, transverse isotropic and anisotropic model, were obtained. The number
of Newton iterations and CPU time needed to solve the three models were compared, and the anisotropic
constitutive model was selected for the kinematics simulation of cardiac,which provided reference and data
support for subsequent cardiac mechanics modeling, physiological analysis and mathematical model iteration
calculation.

Key words: cardiac ; hyperelastic material ; mathematical model; anisotropy ; iterative convergence
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