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Fig.1 Concentration gradients of FITC-albumin in the tissue
of the frog mesentery (the mesothelium was gently stroked
with a fine glass rod to disrupt the mesothelial barrier to

facilitate albumin diffusion into the tissue)[!1]
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Fig.2 2D interstitial fluid model of inter osseous membrane

1.1 E T4 Starling 2R EEREIEHIFIE
1E 2 FLA 5 1 W AR I B B 5 FR A B sh s
7572, B Brinkman 7572 5] 1 5t & ~p1E 5 2, BP %48

2 1w 2009 4 i 41 %
) =RV =N E=N *_E *:L *:£
ﬁﬁﬂ; EX%E%E‘U _U’p pU27x D’
k _
k:fﬁBmmMnﬁﬂﬁﬁﬁﬁﬁﬁ%m%
* 1 * 1 *
VPT = pe A T g
Vu* =0

Hip vV ABKEE T, A4 Laplace 7, u AH
HIERER R, p WIEE, 1 WASURRE, b &
R FRRET 4 5 2 W IR Darcy BER,
p HUGURIMBIE, D HBMMEEE, U AR
g, T Re= 2
L1 8T &%

P - MBSO W3 TR, SV TR O, IR
H @, 1

_% %
Yo = oy’ Yy = T
gﬁ—%_auw __82_¢_82_¢
T Oz oy  0x2 Oy
M2 E 5 15 F)
1
2p =&
v k

BUPR b, 85 B3 i ol 8o 3G B 5 B8 &
(AN

1
i = 1(¢i+1,j + i1y + Vi1 + Yijo1 + P jh?)

1

Pij=——5(Piv1;+ Pimrj+ Dy + Pij1)

,] h
4+?
1.1.2 R &4

R ERAESEN Starling AKX u, =
ke[(pe — pi) — o(me — mi)] RZIEBH MEBH, H
How, AR B MAERE y J5 W BB B,
ke HBHMERENBBR, o REAFKN R
De, Pir Te R, 43 5152 028 1 20 23 ) i TR B A4 13
BIE. BRI pe WrE 4l ML RE I S koo B bk o 28 p
TR, ZBBREWBILREME, WAARRBREHN
MAFRE z 7710 - B3 u, = 0.

T, £EHBR (y=0) RTFHFR (y=4d) &

Yiy=0 = Yi—1,y=0 — Uyi—1,y=0 "

Yiy=d = Vi—1,y=d — Uyi—1,y=d " I



P % T Starling REHRIK AR IHEL 37

1M
_ (Ouy  Oug B
¢|y:0 - (% ay ) y=0 N
ke 9% B
=)= 55| =
ke 0 2(Wi0 — ¥ia)
I (Pa — Pv) (Ay)?
_ (Ouy  Oug B
Pt = (G2 = 3y e =
&( —py) — o’y _
l pa p?} ay2 y:d_
koo 2t = in)
I (Pa — Pv) (Ay)?
WEBR (x =0) &
¢v=0
_ (Ouy  Ouy\|
ﬂl_(%_ 6y)l_

R (v =1) &b, HBHME KT K T HEE
W, AR EUAA RS KRR, BIEER S

0wy _ O
0 la=t  0x2le=1
Ou, Ou, _
Qsoc:l_ (%_ 8y)z:l_0

1.1.3 BRI SH

FHAEHEE U € XA U = kelpa — pi — o (me — )],
F1ABUHIKEASY, RIEEL 1SR,
HHEHB U =133x10"°m/s.

®1 BgRANERLSHRSRE "

Table 1 Physiological parameter values of model™*!

Parameter Value

viscosity of blood in capillary pc(cp) 2
permeability coefficient of capillary’s walls

e(m? - /kg) px107?
plasma colloid osmotic pressure 7.(mmHg) 28
colloid osmotic pressure in interstitial fluid 5
m;(mmHg)
darcy’s permeability of = direction (m?) 2.26x10~17
darcy’s permeability of y direction (m?) 3.83x10°16
density of interstitial fluid p(kg/m3) 1000
length of capillary I(pum) 1500
diameter of capillary D(pm) 8
hydrostatic pressure in interstitial fluid _3
pi(mmHg)

pressure at artery sections of capillaries 40
pa(mmHg)

pressure at vein sections of capillaries 10
p»(mmHg)

the distance between two neighboring 30
capillaries d(pm)

reflection coefficient of protein o 1
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Fig.3 Distribution of albumin concentration in the tissue
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Fig.4 Flow field in constant albumin concentration condition
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and unequal albumin concentration distribution condition



# 1M

P % T Starling REHRIK AR IHEL 39

KT B4 BE [ S BB KBy, AT [
e . NE BT, JEARAEYS S
AW, B0 U O AL R BN T E R
HEZ AR 12, B A SRS S 5 Ao 4141
(VL) Bt 80 Bl o R A I 3 i )

2.4 I M E H BREERT I B2 38 i 1 52 1

B 7 D4 A PR D BRI T SR 3R, 1E
0 Tarbell S5 HR 4 3 B AR A 7E 45 s 77 S8 o 1 1% If
MR EOHRRS, HET—EHHEE, ZH
HESETRE, FERASAEAE 2.

0.48—

0.42F
0.36}
0.30}
0.24}

0.18¢

radial velocity

0.12¢
0.06

o — |

—-0.06
0

5 10 15 20 25 30 35 40 45

time
B 7 A PR 7 R R T 1 R I A I B i AR AL I
Fig.7 Radial velocity exchanging by pressure suddenly

decrease

3 it i

4Gl 15 I 40 A 2 5 W A U0 Bl 19 T 1) BA K
. MNEEBRY MRS BT UEH, ARARAEA
2 ) B AR AL B B 7 1) S AR R S R A L B T T
M A —Z K. FE Casley-Smith £ A K HL 85 W 22 45
RN THLBGEE MR HZEBEY, fRESK
3 2% Bt mT DU 4 R0 Bl W SR SRR

A SC TR A B BSR4 L RE B B
FEAR/IN, 29 11075 m /s, {H & 1 577 8 40 M8 4 A
EHHER, HOLKERESERBL (KOHEK
FIREHME R, EER¥ISHMMERARYS
AAEE) 1.3x107*m/s I 6.6x10~°m/s), 124 T &4
Birem BRWSIHEE, 5REENEITELT
BLE RN PR BRI KRN B s AR, T4
LU Bl MY K B R T | s T I R 4 i SR T B BY
DIN 73 m, x40 AR sh A EENIEM,
B MH A S ) B 5 SR 48 s A 238 1) B R AR 14 32 Bl A Y
XoF 1) B2 4 B 400 5 B 446 45 AR = i HE T B

B, B B 1 8 F 2 L T R
TR B, AN, SIS R
A E AT SIS, 4L 25 B B R
55K R e R T 1 A A 4 BB
50% , 54141 25U B 1 S A A — [
R 2.

2K I B B BB MR A SRR, &9
SO LB U3 4 ST 31 0 0 B
BERK SR, BAGATIBRE. % Staling
SR FURT DL SR B B, S AR R
B R, Ti I 5 8 T T LI 2 A
SR LB A E RS R

SR - U MR AT ISR, 8
S o B 3 L B B 41 5 BT s 4 R,
FR uy = kel(pe — pi) — o(me — m;)] He+EL ML BE
5 U WO AR, R T TR T
T, up =0, AAEE SRR T AFREAL B p
Wontaby O = 0, B EPEEAL pi R # AR
B (py=const). A<M I B4 BOULR B (um BE4R)
TN A R E S, 1 A B A R B
R RE 3 TR R B 2 5, A St T A
Al ix— 2.

2 % X M|

1 Grodzinsky AJ, Levenston ME, Jin M, et al. Cartilage tis-
sue remodeling in response to mechanical forces. Annu Rev
Biomed Eng, 2000, 2: 691~713

2 Knothe Tate ML. Interstitial fluid flow. In: Bone Mechan-
ics Handbook (2nd ed.), edited by Cowin SC. Boca Raton,
FL: CRC, 2001. 22-1~22-29

3 Casley-Smith JR. Vincent AH. The quantitative morphol-
ogy if interstitial tissue channels in some tissues of the rat
and rabbit. Tissue & Cell, 1978, 10 (3): 571~584

4 EREE, HER. THEKBEFEM. bt ENEERER
4, 1998. 76 (Meng Jingbi, Tian Jiahe. The Detection of
Human Meridian. Beijing: Chinese Technology Publishing
House, 1998. 76 (in Chinese))

5 R, OB, mRESE. BRUEEREREEEREELEY
BT, ARIBFSY, 1992(1): 67~69 (Li Ruiwu, Wen
Chen, Meng Jingbi, et al. Analysis of the linear migration
of the radionuclide along meridians in perfused extremi-
ties of monkey. Acupuncture Research, 1992(1): 67~69 (in
Chinese))

6 MIJKZE, e A0 R, TEIF . IR B U A0 T LR B B B g A . T A
i, 2002, 34(5): 696~704 (Liu Zhaorong, Teng Zhongzhao,
Qin Kairong. Stress distribution on arterial wall under pul-
satial flow. Acta Mechanica Sinica, 2002, 34(5): 696~704
(in Chinese))

7 Ng CP, Swartz MA. Fibroblast alignment under intersti-
tial fluid flow using a novel 3-D tissue culture model. Am
J Physiol Heart Circ Physiol, 2003, 284: 1771~1777



40 il 7 = i 2009 £ F 41 %

8 WEICHE, BEHUE, 4R CEE. FEEHT AR X Fish Ik A5 T esis in a cultured monolayer of bovine aortic endothelial
FIBAETIR. J1#%, 2006, 38 (2): 270~275 (Jiang Wen- cells. J Vasc Res, 2003, 40: 351~358
tao, Fan Yubo, Zou Yuanwen, et al. Numerical study on 13 Weinbaum S, Hu XP, Roger H. A new view of the effect of
the influence of a symmetrical stenosis at the carotid sinus tissue oncotic pressure in starling hypothesis. Bioengineer-
on the flow in the carotid bifurcation. Chinese Journal of ing Conference, 2001, 50: 459~460
Theoretical and Applied Mechanics, 2006, 38 (2): 270~275 14 THE, WER, HkES%. AR SRR T2 BES A
(in Chinese)) Hhagg. ARBEMHE, 2005, 15(1): 61~70 (Ding
9 Tada S, Tarbell JM. Internal elastic lamina affects the dis- Guanghong, Shen Xueyong, Yao Wei, et al. Dynamic mech-
tribution of macromolecules in the arterial wall: a compu- anism in directional flow of the interstitial fluid and merid-
tational study. American Journal of Physiology-heart and ian phenomenon. Progress in Natural Science, 2005, 15(1):
Circulatory Physiology, 2004, 287 (2): 905~913 61~70 (in Chinese))

10 Chen CT, Malkus DS, Vanderby R. A fiber matrix model 15 Tsay RY, Weinbaum S. Viscous flow in a channel with pe-
for interstitial fluid flow and permeability in ligaments and riodic cross-bridging fibers: Exact solution and Brinkman
tendons. Biorheology, 1998, 35(2): 103~118 approximation. Journal of Fluid Mechanics, 1991, 226:

11 Hu X, Adamson RH, Liu B. Starling forces that oppose 125~148
filtration after tissue oncotic pressure is increased. Am J 16 McDonald JN, Levick JR. Effect of extravascular plasma
Physiol Heart Circ Physiol, 2000, 279: 1724~1736 protein on pressure—flow relations across synovium in

12 Pang ZY, Tarbell JM. In vitro study of Starling’s hypoth- anaesthetized rabbits. J Physiol, 1993, 465: 539~559

(Ftethsh: xiam)

NUMERICAL SIMULATION OF INTERSTITIAL FLUID BASED ON A NEW
VIEW OF STARLING’S HYPOTHESIS OF CAPILLARY WALL"Y

Yao Wei* Chen Nanf Ding Guanghong*?)
*(Department of Mechanics, Fudan University, Shanghai Research Center on Acupuncture and Mozbustion,
Shanghai 200433, China)
t(Department of Mathematics, Fudan University, Shanghai 200433, China)

Abstract Interstitial fluid is the surroundings that cells live in. Spatial distribution of protein in interstitial
space is not uniform. This article is to numerically investigate the interstitial fluid in interosseous membrane
of lower limb based on a new view of Straling’s hypothesis and to study the effect of unequal distribution of
protein in the interstitial fluid. The results showed these parallel capillaries could lead to directional flow of
interstitial fluid under the equal and unequal protein distribution conditions. The fiber matrix in the capillary
wall opposed protein filtration induced the unequal distribution of protein. The high pressure in the capillary
near the artery prevented protein from diffusing to the capillary wall to induce the lower protein concentration.
Furthermore, the unequal spatial distribution of protein in interstitial space had a strong influence on the
interstitial fluid flow. The numerical results in the present work were in good agreement with the experimental
data from Weinbaum.

Key words interstitial fluid, fiber matrix, filtration in porous media, Starling force, numerical simulation
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