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Abstract

Abstract

Multi-phase medium are known as these materials which include some different
substance. For example, the polymer gel includes the polymer network, interstitial
water and mobile salt ion. Because of the complexity of the micorstructure, the
multi-phase materials behave the complex macroscopical properties that include some
multiphysics field coupling effect, such as the fluid-solid coupling effect, the
chemo-mechanical coupling effect and so on. This paper was based on the mixture
theory under the thermodynamics frame and developed the multi-phase coupling
theory of multi-phase mediums. In this paper the main studies are shown as follow:

(1) The theory model of biphasic media which describes the fluid-solid
coupling effect was built. The biphasic medium includes the solid phase and the
interstitial fluid phase. The solid phase is known as porous media which can’t be
modeled directly for its complex geometry configure. The fluid phase is the fluid
which fills the interspace of the solid phase. Based on the hypothesis of mixture
theory, the biphasic media is treated as the two kinds of continuous media which are
uniformly distributed in the whole material space. According to mixture theory, the
constitutive equations of biphasic medium were deduced and simplified by using the
infintesimal strain theory and the hypothesis that the solid phase is incompressible
elastic and the fluid phase is incompressible and inviscous.

(2) The finite element equations of the biphasic medium were deduced. And
then this biphasic medium model was applied on the intervertebral disc. When a
uniform press was loaded on the disc, the results of the numerical simulation can be
obtained. At the beginning of the simulation, the stress was shared by solid phase and
fluid phase. As time elapsed, the fluid phase was ejected out of the disc. At last the
stress of solid phase reaches the uniform press.

(3) The chemo-mechanical coupling model of triphase medium including solid
phase, fluid phase and ion phase was developed according to the mixture theory. This
model considered the chemo-mechanical coupling effect of triphase medium deduced
by the change of ion concentration. In this paper the constitutive equations of triphase
medium model were derived and the finite element equations of this model were also
given.

(4) The chemo-mechanical coupling model of triphasic medium was applied to
the polymer gel. The numerical simulation of polymer gel show that the material
stress was composed by stress of solid phase, the fluid press and the swelling stress
caused by ion.

In this paper the fluid-solid coupling model of biphasic medium and the
chemo-mechanical coupling model of triphasic medium were built by using mixture
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theory. The research shows that the two models can describe the mechanics behaviors
of the materials considering the fluid-solid coupling effect and chemo-mechanical
coupling effect.

This work is supported by the Natural Science Foundation of China (10872011)
and the Natural Science Foundation of Beijing (3092006).

Key words Mixture theory; Fluid-solid coupling; Chemo-mechanical couphng,
Polymer gel; Intervertebral disc
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Fig. 1-3 The micro-structure of polymer gel
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Y, ¥, SFENFEREE, LREMERNFNERSEE . ZHE
HEESBETRFISECRRESEE., ¥, EPERRBEETXN
H1%, EHRBEA RN REN % CREFFESMTEELEY
BT ARLENR D FERIELZ ARRH N Z.

AREEARTETRAVERNZHAN RN EHBEHE, BT RHANMR
(R SRR AN R E- P FRAEE, ZMERAEL T HRREE R
Rif S E R, BE T REMEEROAWKR, FRAERTHEET LR
B, AREB TYEE. ¥R HEEL 2RI, FaHtHL
HERBERHBEGES, ILHRAERHREBREAENEZR. REEDHAR
(fn: XHHE. NHARSE) MEHRETHELHBRBENEEXRE, K
BE - S HREMARNE B ETHEE —ERONE.

l
|
j 1.5 HREX
?
|






BT FHNEHREYER

FE ZHENMRESYER

21 BEEMERHEENE

1957 4F Truesdell XESWE LT T RANH R, RUETHRE. shEME
BYEFRNZE—EH it TR EE BN TRER. GRESDHE
RBIRKEE, MAHRBEAKNY K. 8RR, LHAE. ZHANE. &
FRMEARERNBHETREYELNHRTEHE,

REVERRUESEG AN EBRNIELEN T HEAEMEY), RIESGYE
M—NEERERRS, BREMNZN—A3X. ERAABKRK T
READPHAENRILRABHESLFYE., LERZOBE. BEVERRHAHH
U LEEEERRAERNYRABN RSP FERNNENZ 5B ARE,
XY RIRE T AR R A ESMRES (BREWRENER), BT
REHRALSERESSMREE (WBEFFBRAZIANTE), RE—YRER
R Y . ERATRESYTHERER, B3, 3h%¥, #h% R
A ER A — & BATT LHERE YT i e B 2 A0 A R R A B A R K85
AT, wH2-1Hr.

///,/ -
-
-

.
.
.

(b)

B 21 BaY BB RN RE
Fig.2-1 Schematic diagram of mixture theory

B 2-1 FEME R a aTUAEERERR—FETHENRNESY, KM
RARYIBA BB 4, FERRURL SR R R AE . IREMERREME T iR —4
SEEAB S ATEEAM R Z RS, BV RERS MEBMIE
28] HEARZ A FEE MM, B0 2-1 AWK b Fos: #E$E—4
Yol A SR B ], AR KR A G R —2 00 . 2130 ER
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LRI RET 2R -2
e —————————————————————————————

BYER KL AF AR RAS I BRI T H{E.
BEYERURNFERMEM, BBV FELERBIARRE, BN
MEEREEATE R, RERFNERERRSEYE. ARBEEWNE—YRLE
REVA S, BEWAD Z BT S LEAIXIZS), T 7 B e AR,
REWREFEYREL HRALERNES). BRAYERTESHIRREN
REVURERNENMINREANRRTEERURN B BREPECH. B
BWR AR R B BB D MR — R A TR E AR .
BEYHRRETARSWAL SR, HEERANERHEELNE, LR
REVBHEH ARG FANBEVEHZARANELER. ZERE=A
HARRS.
() BREWIOMEFTE B LAN I RRE.
Q) EWRREVWH—ANHEE), REGELEEHAASDZASHER, &
A DIEEANA 2 WR & P05 B K
() REVIRIEEH B —Y) R IS 3 A F T
HTREYE b RA S RIER, BLABEREE—AN0ES), REF
SE BB ZA S B EFER, T U245 SRSV HAAE S5 5E
FRe ER—WZ, FAZORRTRN SEZROF—AE, TR —rZ%,
XER R T U S S EARKAE . FASRFRAE HONEE, BREDES
T) 25 ) P 339 T R B 7 1% 28 (R ) B L A B MK SR BRI B AL FE %
REY BRI S T ERER ML PR RN AT UME S A RBRAER
. BMAFNBRAEETE, WRETE. RN BIENE58H
VIR 3% RARR B 5 72
ReWaER XRHEELERNEENRN%, EXEARREYESE (BE
W R, BEVEFHNEANE (FRE. RENDETEERE,
FAER) MBSVNANER (BIIREVANFEOERRR), RNXT
MAEANTREANE-ERBEVERTH N EERE. ERLBEDH
AHHE (RAMKR) TTE, —BeTEN AR
(1) EFR—RET KA R N ELEA R
() ENFHREET A2 R BLELEA B
(3) AER—RETEE RN ELN R
(4) ERFRETHFE RELEN R
TR REBAER—RE T K3 R PLELES .
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2.2 REVEILPERER

AT RPARI RS, RIVBERNEN S AN TR MRS, HFE
ZEBRAP AR IR A AT AE XA IR i) BRI — SRR R R KR AT
RPN, FEARNGRRTEHR BB ETH AN RE TR, '

REEREYRLTERF-NAIOGERIY, BERSWREN Z AN
FREHRE R — A EAERL FEXAMER P IR B ARG B LA R T A%
BEASHRHALE . ROBREANAS CXBA)RTEEME) £B 2
B ER “HB” A, BEMSTERNAERMEREA I AE4AY
EBHHERMERIRIRY. RAVE XS AN R SRZ 0 HBENMEHIELB , T
HIBA R R 0B , XML R R BB EWHE R REHAEN . BMEEYR B
HASEREK, SHESELHEIERY, XEaREBa HAD. HTRRHK
BABMBESRIH— ARG RTd , KPS —HANKERERA v, 1
RSB R A

d®

¢a= (a=l,2,"',N) (2'1)
dv

i £ RS — 4L 5 MR B SOTT AR AR 3 BOR X R & 0 R 58 45 440 P R B
&, FEBANERIRT HTE A BRI B 2 -

N
2.4, =1 (2-2)
MAEFHESYHAREEY, BRRAVNASZAREZH: &

i%<1 (2-3)

WHREMREWAERIREY, IHBEWHALZREZER.
IR AR th—Fh % FLIR A S RSB B SR T B 4 DR AL B
SRR AAREIREEY, BAZREWRILERER

N

n=1-¢,=3 4, (2-4)

f=2 .
o g REAAS BRI 8,(f =2,3,,N) 2RI RFHALBRAH BRI E.
n R BRI ABUR SRR AALLN BT AR, R AR AY T EAERA
SRR REWE fHRAANHIEMER

_ ¢
T 9)

(f=2’39""N) (2'5)
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R T KEE T 20 22 A 1 3
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BRE
s, =1 (2-6)
I
B p, RF o AAWER, WEEVHEETURRN:

p(x,0=3 P, (x,0) 27

a=1

1 p, RSB BB EY P Lo AANRE, WAL o HAMIETRE. BAr
WRE a ANYRKRE y, RN MM THEE p, iy, W B o AN WELHE
K. Bo BABEERNELERENLETE NS o AAWERI g, , B
P, (x,1) )
¢, (x,0)="—2"—= v (50 (2-8)
KB ¢ RRBAEBREYHE o AARERIH.

23 BAYMZHFESHE

G IR AL I RE BB R PSR R (1,2, N) FERTIR A1 428
FUR—ANER—ANBENN, B a PANREESHEUT KM (P5FRE
) AX, ®on. FANFANBHERT REVHZEHNER, WE o Fas
HEs AT LARR A

x=Xx,(X,,t) 29
RPN, x AFRX, RN ERME. EFRERIE o« A4 0ER
BH BREADWIBFNHEEEMRE, WHEQ-OEZ M & x AHFRNE
PHE— P

X, =X, (x,t) (2-10)
EEMBRAMUREFFH A OB TS ET RN 2 QA S0 — A, TR

UL T [/l — 82 BN B R A BE R o 4 25 ) IR — s
R X, 1 ¢ 16 0 8 BRI B 43 30 58 S«

0
A" =x' = — x ’t 2'11

a

2

a,=x, = 0 —X,(X,,1) (2-12)

a a al a

K (), R a AR BEHERNI T L.
JRR X, 7E ¢ B R AR TR B s XA 2 e
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F, = GRADx, (X,,f) = F i, ®i, =%ik ®i, (2-13)

a

KHEHF, WEREF,1TUEA:

[F.,.. F Fm}
[F1=|Fo Fonn Fors 2149
Fo Fy Fop
‘ F, Rt

F;' =gradX, (x,) (@2-15)
iR

FF'=F'F, =1 (2-16)
XHE GRAD RR X TYRAAFEBEE, grad RApAXTERAIFBME, 1R M
BATKER. FiE X, SRR A

G, = GRADF, | @-17)
¢ B2 28 ) 15 x AL o A4 S BE R
L, =gradv,(x,f) (2-18)
R A S |
L, =F.F (2-19)

L, R AE R EKEd, F1EEKE w, RN

L, =5 (L, +LD) 42 ML) =4, 4w, 2-20)
4, A, A SHTREL, MRS MEAHES, L BT NREL, W E
K.
25 1 x AL A O AL TR R IACT A, 52300
V) =ix0 ==, @21)
Bo AN HEE w, R v, 5 vOEH:
1, (50) = v, (5.~ V(x.) -2

BT Ex B, TH5REWE o AENHE RNV HEXA:

E, = 2 (x) +Haradl (v, (5. -23)

-15-
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24 REYMTIERER

241 BREYMRETIEER

CAR & BT ZE R 22 18 P B B SE R 350 R TSN o KR R R IR S W8 o 4
APHRRTIEERTURRN:

2 I pdv=-— CI P,V ods+ |c dv (2-29)
at R R R

A dv REBUE; ds REKBRGF R LEEARSMIETEE: o, BEa A
FREHER, TR R ABIR A YR RGN R A M TN o A
FHFRR. KB RPREAYHREFEEEY:

-%Inh=—gpw® (2-25)

H_ BB AR T 40
Y j ¢, dv=0 (2-26)
AREESYHRETERERESYERERT,
BHX(2-24)~(2-26)FEAL, BHE o HARBESYFEFEERNBERR
A

%, div(p,v,)=c, (2-27)
ot
é;—/t) +div(pv)=0 (2-28)
Y, =0 (2-29)
H22DER AR H
P, +pdivy, =c, (2-30)
(P, |detE,|) =|detF,|c, (2-31)

HEFRQ-3)M R T %R (detF,|) =|detF,|divv, o ERQ-31)F5H X, At
HAL BRI SR

Py = Pag |det Fa|_l exp _rc—"dt (2-32)
0 pa

R e R 0 AR, ABHEMB A NBERE . RQIDEFEa ANFRA
X, EFEE p, '—ﬁﬂﬂ”l'ﬁﬁﬂo'r}ﬁ)?ﬁ‘ﬂ’?éﬁéﬂ‘]%% ERa ANHREHRS C =0,
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R (2-32) %k
P, [detF, | = p,q (2-33)
B o AR R BB E X h s
e, =gradp, (2-34)
#R(2-33)K e, RR A
¢, =|detF,|" (GRADp,, )F;' - p, (F;[G,])F;' (2-35)

HE SRR R T %58 0|det K, |/OF, =|detE,|F-' . L ARSI p, X AR
W SRAN BRI EE N o, BEXR. UMREREZAHIN, ¢ N5
AN RETA X

e, ==px (F;"[G,])F;' (2-36)
iq:l A[B] = Aklkz'"’prhbz"'k ,°
A B
r(x,t)%zpara(x,t) @37)
] LUE A
ol =Y [p,I, —div(p,I u,)+c,T,] (2-38)

WMRE o QPR RS, WHELERAEH. FHAEQ-8), K(2-30)~
R(2-36)EH I RTF o« A AR g, MTTHE, ATLER:

8, +4,divv, === (2-39)
(4, |detF,|) =|det Fal%'- (2-40)

-1 |
, =z |detF, — | =de 2-41
¢¢|e|exp£7fu¢aJ (2-41)
4,|detF,|=¢,, (c,=0) (2-42)
gradg, =|detF,[" (GRAD4,, )F;' -4, (F."[G,])F;' (2-43)
gradg, =4, (F;"[G,])F;' (GRADg,,=0) (2-44)

X g, R a BAE L, NABHEMHFRBRS .
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BB R YA S FARRHES) (B LA RERR AR F B AR

WiE3)) AR BEEXE-30)%E H:
(detF,pp, ) =DIV{detF,oF;"(v, -v,)} (2-45)

AP detFp REs LI BSEMHBERERINE FAI YRR E,
{detR pF (v, v} A% A RIS s AAYRE LM FEER: |detF|c, £
s UINBEMBRABHAS f AA 0 RRELE. R4)NYEENRE
M5 WE, ERTE s BN BHEMFPIE £ AN RBEFIETHRGHE. £, =v,,
W5 (2-45)% B I AR S B R

Py =paldetE [ exp [ L (2-46)
0 p/
LR R AW
Bf—=p—ﬂcxp _[ c—f—i]dt (2-47)
p: psR 0 pf p.v

WA s AR SEMBPHAS £ AR E RPN B S E .

242 BREMMHETEER
X8R WS o BOKIF B TFEEEAR SN BFEEEINRTH:

2 Ipa v,dv= —(f LoV (V,eds)+ Cj t ds+ I( p.b, +p,)dv (2-48)
o R R aR R

2 [pvav=—q pv(veds)+Jtds+ [pbav (2-49)
ot ; P R R

AHt, RE a AR AKE, BRRXE R IMORAYIEL Y T oR ¥ XK
RAE a AorHIER T p, RS o BABIBHS, FoRKHE R WHDAS TS o
AAWBER, XHRNREENLNES: b, £ o ALESMENTRE, (£
REWIIN TR EE R

t= Z - P, ®u,) (2-50)
L3 E LR EYIN S f}iﬁgtmﬂ.
t-pv®v=> (t,-p,u,®u,) (2-51)
REYIN 7K B 4 -

t=>t, (2-52)




B8 THANFROREYER
e ————————————————————————————————

BEVIMENEED 5F a AHIMENTERED, HRRA:

pb=) p,b, _ (2-53)
MARE2-27), ﬂﬁ%q‘ﬁiﬁiﬁ(ﬂs)ﬁ;ﬂ(z-w)mﬁ%Wiw%u%:
PuVo+6,V, =divt, +p,b, +P, (2-54)
pv=divt+ pb (2-55)
bl LA AT A
2P, =0 (2-56)

LR RASZHRALERNREYBEEFHEELH. ANAFHEFL
REYHETERRE,

243 BEYIMGEETEER
X% R W o AR BSHE C AR AN R FEERS NIRRT H:

%Jpa(s +=v, )dv——cfpa(s +—12-vi)vaods+g(tlva—qa)-ds

@-57)
+ I Pa¥s + PV, b, +£,)dv
R
2 Ip(£+lv2)dv = -—cfp(g+lv2)v-ds+cf(tTv—q)-ds
at R 2 oR 2 oR (2_58)

+ I( pr+ pveb)dv
R

K g, B5F o BAWINREEE (PEHEIIR); , ZF o AP MAFERRE:
r, RE a HAHMSMABA R, &, RO Ba ANNREHAR. : RESYNAR

1 1,
£=— +— 2-59
p 2(/}“8& p Pelle ) 2-59)

[s+ -V )-Zpa(g +-— v) (2-60)
e MR 2 2

a=%2ma (2-61)



: TR TR TR+ 2483
QEESYNABERLE, HEXN
a=q,+3 Y pin, -6
- Hig =) (q, -t +p,6,m,)
r%ﬁ%é&bﬂﬁ%i%ﬁ, HEXH
r= %; p,(r, +b,eu,) (2-63)
Hil R
p(r+bev) Zpa (r,+b,ev, (2-64)
R B TE T ERQ-57) Q- SS)WHW%EQ%IJ%J:

PLE e, (s; —%vj) = tr(tZLa) ~-divq, +p,r, +éa ~-p,*v, (2-65)

pé =tr(t"L)-divg + pr (2-66)
APLRBEAVKEERRE
L = gradv(x,f) = -/1;2( p.L, +u, ®gradp,) (2-67)

FAR@-20), KE-65)HEH

' ( l 2)
Pk te,| e, —=v, |=
2 (2-68)
tr(t;d,) —%tr(Mawa )-diva, + p,r, ~p v, +£,
57REQ2-66)5 M N fE 2
> £,=0 ) (2-69)
EWER YRR TE T,

244 REVHIBTAER

WSRO AT : BRI ELEA TR TR RN
A REFT A FEORSZ R, A2 0 P M A0S P M R B S 440 2
WL

B AYIN S o S5 SR 1, (x,0) RHREE, (x,) BB, 8 o A4 HON
%4, WEHR
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BE THAROREMER
et et — T ——

2 (omadv =g punvords - Leds+ [Plegys fav  @70)
atR R R 641 R 0(1 R
HRMYAR

i =pan;+cana+div(‘;—“)--”gi @2-71)

a a

IR Truesdell™RM R, SHEAYEASRMHE G, MEEMARE, RE

KBSV BB EER. SRERASVNEHAE, URBAVANEREN
Clausius-Duhem A& XA AR A

1,20 (2-72)
ERE-THRAR(Q2-72), AR E
;[pan;ﬂanﬁdiv(g—:]—%]zo 2-73)
1
pari+Zdiv(g—“+pana aJ-Zp 5’“ 20 (2-74)
AT BREVBHER R
1
= 2-75
n pZajpan., (2-75)

R R(2-65)1H ER(Q2-73)F 1 p,r, T, FTLAR i R ALHOIR & VAN T2

1 pa ('7;01 - g:: ) + tr(t:La) -

B] A\ Helmhotz HH1HE (Helmhotz free energy) HEE v,
Yo =80y, -77)
RQ-16)NXREHT A :
| -p, (v, +1,6, ) +tr(t;L,) -
23, ‘l_a'_g_ff‘ﬁ‘fa_J,éa-pa.va_ca(%_%vb}zo (2-78)

T R—EHERRE S Y& AR, B
0,(x,0)=0(x,1) (a=12,,N) (2-79)
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- R Tl kS T 224 i
%
REEERQ-23), F :

0 =0+gau

a a

(2-80)
HH g = gradd(x, )
WAZR(2-78) LK -

Zp,,% p779+tr[Z(tTL )]—% Y.(9,+p,m,6n,)
—Zpa .va —an (Wa _EVZJ 2 O
LR TRE-22)FR02-56).

2.5 REYMMAIEL

(2-81)

251 AT EMEAER

BHFMERER, RRTE. BFE, BETEURHREML LR
BT AR N AR AR R SN T R RSB - 24 B R BARULATAR B R
AR FIRE RSN AE PR R A0 /R R0 AU B, 510 K 55 35 B /N O P 1 R PR T 2
TR, TRANEERT HAROR. WRE A AR R X s
VR EAFMNKRE . SN R %F, R RYRGETFEH, HiE
WERAE R

VREHHRELAEEETTE YRR EE—EHEEZ A
RREAMTTERIAGN . —ANAHITREE X —F AR O L 7E A B 0%
FPURERM RIS, DALY, BiERg—
MHBAREEB RS EOIRTEEN LB R, EYROHAT, RN
BFRERBESSNHNITE R ORSE RN R MR R, B K40
BRAREEBVRINAMBYE. BItn, % 0AEKETH 3080, KT uE
BUBRIITERE F7 T » MBRA AT A A 80 it e 0o SR T 4RSS 1 2 o R 22,
HMVRE — B AR RATE e — RIS, BT 0 AR e A — s K A
T o TR T Kot A R4 ) 96 A ek 33K/ B PR B 019 1562 e 2 7 A Bk
AN AR BRI B 52 B o BT DA 3090 L RAE R 7R A — S0 B PO 4 B O H—
S SEYV A PE T, E R 7R A8 X A0 B I SRR SR O R P — L A g
TREFN, W WUAHTTE. KU, bTFER—ME AR B oR
FHAR, PIUERE. AT HEXHAR, ERINGANHFRDEDHLSH
BHFHZR. Fitk, —FARER R R —FhA &Y R — L 5B
KIMERZ
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o8 EMNROREWER

ﬁ

AHIERTT LURI FIGEE H TR X ES, YR IR R T
WEA T AT RN EAMRRTRS TARN. A FHRERRSMIE,
i LEFHZBZRAANN, REEMrERE4FE M RRREanER, u.
WS, EANERNESE, St FRFETURBERNRS. AH¥F
AYEEMREAIEX LR ERNETEA.

HE R E — R SRS RN R MR ENELFHER. B2
H— i S0k 0 AT DU RHERR A T R R AR LR R

2.5.2 AR LB RS

(1) EgRAmiT]

EMERE— RN ZRED, RITEERM B S B REINEEE
B BTN, THEMASRANEEFETHESE (RREBFEHERE
BRIGE) BREMEANEE. BHREEAEKENAETREELERFRNY
TS AR FHAR T LAt B — S mT A AL B — ST B A ik ep
i R B TR — 40 RIS KB L I R AT 0 51 R
B, —HERTHITEZE, EANBLERENAHZRPERNERMERA
R,

Q) REHAH
ZERE 2 e Ah B R IOMIR £ X AL, BB AR (t,q,6,n) ROMEE B T HTH

BRI AEE R RE. REMABE—MHREE, EHRX
90 5tk B T A A 0 RV AE 1] 25 DA AR AT B (o) ) A Ak« REMMAFT L
BHRCMN, TP RYkt NIRRT SRR
() HHFaHLE

ST BT 2 K2 B B R R L A MR Bk R R, BRI 52
RN 1, XA MR ATE, BRI AL MEIHEE
KK B L B §, EHTE AR R P BRATRCR A R 0 T AR
=,
(4) BFMEAE

EHFTEN T2 RS EFLHRIE DA RERAER IMABEREEA
AL, YRR SMEENENTK.
) YAAREAE

Wk R IR A5 4 T T M B LT R S AR B AR AR
(X, X, X,) K (X, Xy~ X, ) B, A2 B AT AR BRI R RRAYR
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IR T KRE T ¥4 83

%
SEBRKTFE X, = 0K XAMFAT LU H MM T AR5 BB,

- (6) FHLE

WA R X BOZ YR R B WA X A BB X &
HE.
() BIZLrE

AR BAET B IAE (38 22 M 2 M R B B A A B B
(8 HAHRLE

PR AT RS R SIS 2 (A AR A, B0 R A B
FEE#. BTE. BRTEREURHISR,

253 REYMMAKMIERIZ

NTRENREVRE, MBIMENFE b, MR, (@=1,2,-,N) B
M, WaFEHERE-30), R(2-54). RQ-56)HRQ-65)RMAZRQ- YA
WIRIEBE £,.¢,0V,t,, P M, £,,7,00,(1,2,-, N) o BIRASFRFIEHE
(2-30), BIRFETEQ-54). SR TEHRQ-56/ s R EHEQ-654BIE
XTF p,,v,,M F16, KR, FHEKXTFc,,t,.p,.¢,,4,,,M7,1,2,,N) I FH
KRB, WTEFRRIAWHBOSESEhaamRmERsEHE, &
AT U BRI ME AT AR . S RA M 7 R R %0 X B 1B e i R
SR ABMERK,

BENRE—-BEREY, FABRCASZRAMFREL SR, o
¢, =0a=12,N). TRENREY, AHEFEGRELNY:

P, +p,divy, =0 (2-82)

k,,v:, =divt, +p,b, +p, (2-83)

t,—t =M, (2-84)

Pafy =t(tL,)~divq, + p,r, +£,-p, v, (2-85)

BHE R EPRRERQ-73) 4

Z[—‘P; - p.0- tr(p,K,L,)- %-(qa +0,1.9v,)-p, -va] >0  (2-86)

a

AF

\Pa = paWa (2'87)
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p.K, =¥ I-7 (2-88)

¥, REMARBAYT B A4 AR K, RE o AFRLERKE.

RAVER—NIFRERNERSE, HPREMEMEULEHR ME3T
B, XM EsidRR R
x(X,.0), 0(x,t) (@=12,,N) (2-89)

k. B—NAENPEDTIBLRE MO EZH, #h¥ETEA
FWARYHR. —HRBHERREEREVESASNHHRAZELE, W
t,(x,0), q,(%0), £/(x10),
M.(%0, b,(x1), (%) (@-12,,N)
B—H R R RAMAS 2 RMHEER, W
(%0, P.(x1), M,(x1), £(x1), 7, (@=12--,N) (291)
AHX R BRI ST FRB(-90)FQ2-91)5HIEF R E(2-89) Z AR R, EHXK
ANRBETREAM R, AMXRAREVLAEAMABERZ LI, BEHNA
BB 2 B AH) A B Eringen M/\ABARM Noll =ABAR, MIERA
MYBEREMLE, FENRAUABNELES . A PERLEHKERN, N
HBERNLASHABER: | FEhAE; 2. SHEEAE; 3. REEAL
B 4, YFHEMEZRAE., RBEN=40H, OFHE, ES, TR &
HRZ BRI RE VAR FRRRA:
(¥ llgoPartesM,,0, ) = £ (6,8 F,.F, G, v,) (@,b=12,-,N)  (2:92)
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Fig.3-1 Schematic diagram of the incompressible of the biphasic medium
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¥, KB, (@=5,f) (3-30)
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- IVw’o(—pI+o_f)dV+ jwfv-v’dm ijf i—/VpdV

(3-75)
= wa‘p endV - Iw ot'dl"+ Iw’JdI”

PAEXTALA mmm&nm,
w =Nu,, v'=Nv,, p=N_p, (3-76)
KA &%, WRBIIHEE R A
w'=Nw;, w =N,w/ (3-77)
KRG 716G INRARG-75)F, THERTHE:
Hu} +Ap, =f° (3-78)

-36-




B=% RAMNRER-EESEY KBS
e ———————————

(A)'u, +Ep, =f; (3-79)

GHERERR, WA
& ek A i

Hep

H=[B'D’BIV (3-81)
A= L(LB)TdiV (3-82)
E= [ «"B,'B,dV (3-83)
= L N#5dr + 4[:, N pndl’ (3-84)
ff = L; N,'q"dl (3-85)

XEN,N W BREERE, B,B,, SHANERERE. D AMERIEKE. Bt
AT T REVRERES BUEBNE R NHRTTRE, TUER:

Ciu+Ku=f (3-86)
Hrp

SHREHN T I
3.6 BIERE B
3.6.1 HE[E] £ 4H 4R

MR R T MR ERHAZE, BRER. FEHF. BRARK—1E
k. ETHERER RENKEES THAL, THoHFROFE. LT
KRER ST —REEL TR ER. FERHRRAERNAEREWR, A
FREZMIE. AEFHTERBIATENES, FEERRNELHAR,
RE AR BRI H R A% . ST RORI I R PSR, TR . F4EsF
RTE A SR RIIBTATIN, MG AT HRE. B’E.

TR -RAMERRYR, hATRAMKERTE5S. BETEIENS
BEASAK. RRKEENKEKS, BEAFRRTERRGE. REHE
BHESHARBRKEE, HEAHSKEANEN. BREARENNER
TSRS IR Ty 214 AR08 B0 SOAT B AL R RO R R, AT £
B FERE A B AR e v I AATAE BB RS, IR 2 HEAA 2 6] R $F AR B,
WRRERIRER—F, Zr T BB LHNES, RPTHERNTREZ. #

-37-



R TR T2 22483 '
%
SRR RS RARK R AR LB P FLBB, MT S SRR RS
MR REBEE.

TR R AL TR T Rk, LHEREASESZINNERN, RESE
MRS PR, MTIRIH T — PR3 R . RATEH A A E e —FB
AT, BAERNREH. REARANKS FEARARMERMbA, BFE
SR W RBATRREHERN A AR ORI, EHR S AR E
MBARAI B RRAEZ R LS BRI, BT LEHBERENTURRS
"0 5 R T 4 ) 25 40 4 A - AR A 3R

3.6.2 #{HEEHR

W 3-2 Bi7R, BSLAE R 440 ABCD 9 JLATHERY, HR~F%0.004mx0.01m ,
HARTREER A 3-3 fir. HRSERTEROERSENNE, BE
VI . A S1 A1 S2 (AR H1k (0, 0.001) F1 (0, 0.005), HHZHRE
h: EHIGR ACHBD Hill; THUACDERY Hil, ACHEHEXHE
HIfc#s; LA R AB AEATWIE 34 Fix. EUREMY: CDBRESH
AE, H{KAURES . HESAZME B hE 3-1 .

)Y
0.004m

— -

A
SZL

S1

0.01m

C D |
ST X
Bl 3-2 MR AL LR Bl 3-3 A R4 4 48 A R G Y A A TR
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Table.3-1 The material parameters of intervertebral disc
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Fig.3-4 The magnitude of uniformal force Fig.3-5 The final deformation of

model
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Fig.3-6 The press distribution of the model in different times
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Fig.3-7 The curve of press in point A, S1 and S2
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Fig.3-10 The stress curve of solid phase in the
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Fig.3-12 The stress curve of solid phase in the

point A in the X direction
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Table 5-1 the material coefficients of polymer gel.

E 1.08 MPa D 49¢—8m*/s

v 0.48 K, 298x8.314 J/mol
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Fig.5-3 The deformation of polymer gel in different time
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Fig.5-7 The displacement curve of point D in X and Y directions
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