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1989). ol FEA A ke WARGoz Az

1.4 £ ] ]

Aoy FURYTE tEn 3 WEs viach oo
FHollE T d¥uE REIEA (HUUY) E";%’% =3
Sao g 71Al 9EAHd dAFFAeE 30del ol2xn sk MPHE #HBaL qloh o] AES T S d4H 9
uuk 1 Ay Qi dugtel FWe] BA mef, Fue] 3 "ol waks 7 Flovh Ay ¥ AjHeY ¥wE S
Az3), T ostAR] Algd ujg FEAHQA Hrl B4 ZAst7] A8 719 I AERANZ2e Erbsstn AR
2 oAgH He] Al ol oig ols| A, W AR7E atEln ek AU HEEE Y5 Hzbe
Habe] eyl B W on FebE o dalwt zA sk o|FN WYL FARE YFRE, Ho|F-EY AES A A
A el digh Avd HoF B EF, BE TIHE Fn ojc}. o] AFule Yoz iy doels} FHow

ok Fdol gt Tk Q) AFEES FHH (Arterial AL 5 At (FTH 2], 19%).
Mechanics)el2t gt} FRAste] g4 FMFFHE 59 Hygo] o3 F9E PAsE pHLLe Wi Fod
of the EXa dgteg g wyged = @3 Aol ol etk AAR gz @ HEAITE A
) Fdeo EA utekd HF 9 Mass Transporte] &EIZE 249 2A% 7 (Wolinsky and Glagov, 1969; Fung, 1981)
gt Folol AWl e WM S Fn Uk =G T = JAFzFRATS e Wy 2 AdAd AT AR
o] Heldd AddS olHEe do wEgs ¥ $ WHEES AA)ET) (Glagov, et al, 1992). ZAzpA 9]
BEXTI $8% 842 988 dta ok e I W 3 dste dEEn WA (A mddxe
HEZ nFde] WE& Aot dlojg EAlubHo] H|&E H3lg BRI (Glagov, et al, 1989, Demiray and Vito,
7] wjRol] 9 2)e] QA9 soft tissue (T, A, &8, 1990). HEHA dyar =29l HAS gy o3 dga
T )l WE dFadelgns & 4 k. AM FAlel &3 Yok WHEARSE Bl AHS ut2 2327
B =72 dA7A] 29 T3 7 E aFsty 5 o AME AAEH 1A GEbe ARtk 2SR ATe] AR s
ghof gt @A T AAE RFHAT)E dlol] 71 53] itk gotate] FHAsE Aol N2 JFekeltd (Whang,

1994, Whang, et al., 1994).

_ dolle AlHE FA%H SAAE nddorsith wh
- éﬂﬂg"ﬂ A]7}_oﬂ ZX O ]_3 = b lie) =t}
Z23& gusfor vk 71ELY Wo g AHE vl
2 Al F71E FHAEHETL ofd £dd Fojydo] HAEc)
29 H¥dye= AlHo] o' FHefoA o= W%ake] SAAE Fol7] A8 ke SAYA] UYER ol YR A
Y-S Aerid wet 1 A3zt a2 7j2yes HE AF2 Uk FHlEE o) &8le] gde o83t 7ol
9o Hele Y5 AY B2 FAE d&ssyl A8 5 wastn ity 4dE Edl Jidlels WEe] AU R
ol HeE FHAAY R FHyuf FHo HIWHSE AE F ZAgch e X E S P HAsing FHAE F
Al Eupsko g zeha] ApzbEe] f|AEGOR AHE gt £ 4 U} (Vito et al, 1994).
THE ¥ EE whdpgEoe R 3E vheliA Y S SAse
g Uniaxjal"a‘fé: Hh o] 2} ‘G}f'l Ilc@ir ar{d backé, 3. golg 2A
1967; Fung, 1981), T8 & wdiwtsko g 38 7lejra HY
& ZA3sl= WS Biaxial 4@%Heler $ot (van Loon
et al, 1977; Dobrin, 1986; Weiszacker et al, 1983, 1986, Halo] 245w 7 Waldoly Zxlm 2¥€S AMEEA
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248 #osly] fal Constitutive 822 &t
o} Constitutive ¥4 HAE Fel& Jehlla, 934
o A+E FEL A= 2 A o] 7
a3tk vAY e WAPAL A M YEHE 2R
H1 Atk o8 (Vashnav et al, 1972, 1973; Blatz et al,
1974), A& (Kasyanov, 1974; Kasyanov and Rachev, 1980
; Fung, 1981, Chuong and Fung, 1983; von Maltzahn,
1984), th4=¥rA44) (Takamizawa and Hayashi, 1987)0] =
7] AGHAA T ZE AL Z4r] AEEy, AAHz
A, 48 718 5ol o3 5AsME Aoes gutrez g4
HE 342 ofA7A gk 182 WA A Y Parameter
ES ZAA=d 29Fd FAEH FAYU delHe I
-Condition® 37184 8l dlo} F82 £33 dlo|8] wiFo|
WA Ale] dwkabyl oY th (Myers, 1986, Bates and Watts,
1988). Bgo] Ho] ZA-BHEE s FA A i =
840 WFHI oA, AFAA FTHH WE 713}

AR A2 gol] W AHaeirt BasA HAch
A47 AgdielHE ol&3te] {KIALEE o] §3ld
1A 98 o4& 9 BAE g A7 8dEit (Vito et
al, 1990, 1991). 59 &4 Hdo] 83 84 Fof 3
vl B4R ge] dutslse] A F7] "@E 7E Y
e 2EE 2T ol o} UukAQl AEE WY
A o]

=

st o4 FHOA U A7 A¥AnRE Iz
EXo] Foidx]2 FohlE Inverse Engineering 477}
&gt T8t o] dFE F HolH setS XTI
dle] AoAA Fod ZAZE diFHa ok a2y B
3t Kera o] g FTHEAE FH H#HeE Y AE
gdolel2 E&3t3 A3 FAE Hdste dodx & 4
g gdwdtn ot (MacWilliams et al., 1989; Oh, et al,
1990; Vito, et al, 1990). & F=H9] {4 #%50] 7153}
A st HAE 4E Fad T mdo] sdse] o
(Weinbaum, et al., 1989; Simon, ,1988, 1990). o] 242
A Fad, vivd BA, 549 EAS ned T

¥ 22 BAo] BY Agolrh

o

4. FM9 EHAT

Bl &gt
200%7t% Eoide] dA¥Hor FHEHAY (Weiszacker,
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1986). ¥E & FEH o2 HYsr] &l SAolo] HY
HASH olRL EA7L e UYL BHY ut o]&8FHo
2 Hfo| Pk vt T Po] E ML BHY o
T+ Green ¥¥Hol&°| X3t (Fung, 1981). & 2 4hate)
Green Strain (E)&

=7 [8-1]
i= 0 (JAF8D), z (RoB), r (FALH)

A Hol MBS Yehled 4 W] daide g8y

—r S _ L, _dr_t
=R AT L AT RETR
r& HEE WA, RE Wyd 9g, [ udd o) Lo
HEA Zo|, = ¥WEHE A, T= ¥3dA FAZ 712
th o] ¥y g mE 3L &3 72 Kirschoff $8
(SH& &4
Lo 0
S.= "
o A
= WEF dxoln pv ¥MEA dxolth o& Caushy
ez EAo 718 ¥ HyE WHyez Uy otk
2322 Kirschoff £8% &3 (true stress) o224
HEE Aefrt SEANY FEdez ol g}
Tl glojA &I WM EL HANETGS dAZ e
v o] uAEE+E 9el Strain Energy Density &4
(W)E o]£3t} Strain Energy Density: ©¢ #A4A9 &

ol ZHAaL sl @Al A e Fojth. o] Fhpele oW
oo Mygex 1 & 7 dok We oS3t 2o

poW = f(Eﬁ Er_Ez)

dp, W

Si = 73E,

Strain Energy Density 34+ H8&(E)E EdHH, &4

(S)2 Strain Energy Density #49] ¥& & tls) &

uid @2 deElhdoh E=23 Jo2  Complementary

Strain Energy Density &5 (W2 3 &8 308
3 7 ok

poI'Vc:ZSz?EU_poM
MuE MEe A4 A8 Be AT Q98T 9

H Strain Energy Density &2 Al:=dH1 ot a8y
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i u}9} o] o] Strain Energy Density @42 dnk

Yol E7bssit

8 BUsE Qutdoz ge Aoz A Aol
HEgol} $HE YT A7 Mt L
12 9233t (Fung, et al, 1979). Laplace H& ol <]
1 gge H4A AR 5 Aok F 4H (P9 W3 0
A (ol B8l S80S dat 7‘01 A7 gt

s
e
E
2

2

]

OJ

9 =
o
g8

M

mHﬂr*°rd_;.

2

Pr Pr
O4="3 +Os="5; » 070

1Al AAA AYsa sbesn W

geog pF@g aev AT WAEHY v
t 01-03024 ge Ao ARl 2 FAth U
Moz wygol A4 st 71€718 AR gk W
g 71e7E oEd wag RFow A WS A7

3}4 {von Maltzahn et al, 1984; Vito et al, 1994; #7123
9] 19%). 2uing FAd Wi 95y aeErpES oA
"’E% Hojxa et

eawloe 8o TSI e B2 9o tF-Fo]l AR
FAH 7] mEo] vAEAHoR st S ofd W
o] glolx A Ry wyge BAY g A ot
= 7pAelth HIgHEAS Uehys WA Ale ofefie} Tk

Aeh A, =1

99 A3 2709 Strain Energy Density &5 A4S
£-%3} (Vashnav and Vossoughi, 1972),

dp, W
SZ_SQ - aEz"

dp, W
S,_Sg = 8E5

28 (§)58 FIth o &€ wWEE WAL (B)ELS
Lagrange Multiplier (A)Z o]-&3}] Hydrostatic $¥z3
9] 7tAH ez g&x o] 3l (Chuong and Fung, 1983,
1984).

o W' = poW+%/l (14 2E,)(1+2E)(1+2E,

Tuslz FAzhe] FAHFEOl %}735]%1-71 axe §FI
3ol FFE £ F Axe M) F
Massaro, 1976, Chuong and Fung, 1984). ’é‘*ﬂi w3 W

st FAYE AE7t obde] ddAoez dHHm Ut =

BREEEEE $H45% 83t 1996%F 88

S49) YIS S

& FA BeE3y dgda LFE EAEL oA oE
H|gtE Ao 71 B FE =go] Azt Aok (Tedgui,
et al, 1984, Mow et al., 1985, Simon, et al, 1990, Gaballa,
et al., 1992).

Fudo] AWy gol EHG U A7) By
28 o ?‘é%}c’] Qe g wxRgog AE H
Zo] Wtgko g A2 W ¥ l go] fo] dElA "k =
6:10] g]‘q‘” 2=

:go

65]‘?’;‘.'% 7&%‘3%‘% 13}3}2] Egt o]]:} o] t‘gﬁg%oﬂ
suMags NP WYL YFINS oAU o=
Wag 2¥E dFsAETE A

A QE} (Fung 1984, 1991). z&fv} o]&jgt 7hdol o
Agd AFE & A vy g FHE BEoF1
oty ®E FAo] 3 JFRPF ] BEo| dig HEH
A7 5 gwsltl (Fung and Liv, 1992, Vossoughi, et al,
1993; Matsumoto, et al,, 1994; 3713 2, 1995).

Eaele olz] Fiber2 olFoiAd ok sHde] xA&
Collagen Fiber# Elastin Fiber2 o] 9121 Smooth Muscle
AFE7}b FFE o153 Yk o] FAHLAE A A4
7} FElastin®= #4lo] F7} =2 Collagens HlE“*"] 7V
7} & EAo] 9li Smooth Muscle Cell& dEtdo] F7t
HE EA4S A2 ok EF Collagens -‘?ﬂ?“’o‘f’b¢7
wavyé}ﬂ uj 2o ZA¥sla 9l Elasting B3 & 31%—

I 9= Mojr} (Fung, 1981). FAIAA & 3744 T2
ololtk Wiek(Intima), %"HMedia), ¢<(Advantitia). 0] =
¥ 2 Collagen Fiber, Elastin Fiber, Smooth Muscle A ¥ 2]
FJu)-go} thEth (Wolinsky and Glagov, 1967ab, 1969).
ez #Hetol oF 2@ WMyxe) Q46 dig <
7 gwsl AME 9oh (Demiray and Vito, 1990). &

o]
EQLH'

¥

ote] Z7bslH Smooth MuscleMZ 835 s 4 5
o] Fulwlo]l T Wi 4% 7% ¥wal T8 540

Aol ghgk vk wsle) f1glo] Flt (Glagov, et al, 1989
1992). A 2 8YEAC dF e #g AT AR

ol Eizte] zlo)2 WAsle dHo F43% J8E sti U
Dﬁ AkA o)afloll AR &S F3 3tk (Vashnav, et al,
1990).

THas #A4, YA TU oo w7k st
A77k AAHel Aok FY Qoo $gyorzA
QFFeel e Bk L A, gel 2 ge
A4 5 oata £gel glold we sbEE BAO o

glFol ANHR Axn FHAH % FH7E LE Q4
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THE wE AR 5?11]@]*1 *33134 Tzﬂi’ﬂ A&
7tAol ¥ RFo] T8 AL B HPe uHYHA #
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A, B WyAdolth olE dRE £ U= F3E nde)
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FE AEHOIEE AARZ Agol} daHor A&aH
o] 8% FIUEE JEdln glon HIeLEME AEH
ool EAS Z 23 nde] AlFHEgH oz =
A3 slo7t ZA = ok w13 Jadalel o

N A

g HAE g3kd mde ol 3

%]
K
A

rot

[1] Bates, D.M., Watts, C.G., “Nonlinear regression anal-
ysis and its applications,” John Wiley and Sons, New
York, 1988.

[2] Blatz, PJ., Sharda, S.C., Tachoegl, NNW., “Strain en-
ergy function for rubber like materials based on a
generalized measure of strain,” Transaction of the
Society of Rheology, 1974: 18 145-161.

[3] Chuong, C.J., Fung, Y.C., “Three-dimensional stress
distribution in arteries,” J. Biomech. Engng., 1983:
105: 268-274.

[4] Chuong, CJ., Fung, Y.C., “Compressibility and con-
stitutive equation of arterial wall in radial compression
experiments,” J. Biomechanics, 1984: 17: 35-40.

[5] Demiray, J., Vito, RP., “A layered cylindrical shell
model for the aorta,”
neering Science, 1990.

[6] Dobrin, PB, “Biaxial anisotropy of dog carotid artery:
estimation of circumferential elastic modulus,” J.
Biomechanics, 1986: 19: 351-358.

[7] Fung, Y.C., Fronek, K Patitucci, P., “Pseudoelasticity
of arteries and the choice of its mathematical expression,”
Am. ]. Physiol,, 1979 237: H620- H631.

[8] Fung, Y.C., “Biomechanics: The mechanical properties

International Journal of Engi-

of living tissue,” New York, Springer-Verlag, 1981.

[9] Fung, Y.C., “What principle governs the stress dis-
tribution in living organ?,” Biomechanics in China,
Japan, and US.A. (ed. Fung, Y.C,, Fukada, E., Wang

Science Press, Beijing, 1984: 1-13.

[10) Fung, Y.C., “What are the residual stresses doing in
our blood vessels?,” Annals of Biomedical Engng.,
1991, vol. 19: 237-249.

[11] Fung, Y.C, Liu, SQ,
blood vessels with rzero- stress state taken in con—

Junjian),

“Strain distribution in small

28

[12]

f13]

[14]

[15]

[16]

(17}

(18]

(201

(21]

(22]

(23]

(24]

sideration,” Am. J. Physiol., 1992: H544-H552.
Gaballa, M.A,, Raya, T.E, Simon, BR., Goldman, S.,
“Arterial mechanics in spontaneously hypertensive
rats: mechanical properties. hydraulic conductivity,
and two-phase (solid/fluid) finite element models,”
Circulation Research, 1992, Vol.71, no.1:145-158.
Glagov S., Grande J.P., Xu, C., Giddens, D.P., Zarins,
CK, “Limited effects of hyperlipidemia on the arterial
smooth muscle response to mechanical stress,” J.
Cardiovasc. Physiol., 1989, vol.14: s90-s97.

Glagov S., Vito, RP.,, Giddens, D.P., Zarins, CK,
“Microarchitecture and composition of artery walls
-relation to location, diameter, and the distribution
mechanical stresses,” J. of Hypertension, 1992, vol. 10.
Harrison, R.G., Massaro, T.A., “Water flux through
porcine aortic tissue due to a hydrostatic pressure
gradient,” Atherosclerosis, 1976, vol.24: 363-367.
Kasyanov, V.A., “Anisotropic nonlinear elastic model
of the large human blood vessels,” 1974, Mekhanika
Polimerov, vol. 5: 874-834.

Kasyanov, V.A., Rachev, Al, “Deformation of blood
vessels upon stretching, intenal pressure and torsion,”
1980, Polymer Mechanics, vol. 16: 76-80.

Liu, S.Q, Fung, Y.C., “Relationship between hyper-
tension, hypertrophy, and opening angle of zero-stress
state of arteries following aortic constriction,” J. of
Biomech. Engng., 1989, vol. 111: 325-335.
MacWilliams, B.A., Savilonis, B.J., Hoffman, AH,
“Modeling lipid transport through the transverse clip
stenosis,” Proceedings, 14h Northeast Bicengineering
Conference, Boston, MA, 1989; 141-142.

Matsumoto, T., Kataoka, N., Hayashi, K., Sato., M.,
“Residual strain distributions in the atherosclerotic
aorta of WHHL rabbit,” Proceedings of the 13th South-
emn Biomedical Engineering Conference, Washington,
D.C, April 16-17, 1994: 219-222.

Mow, V.C., Kwan, MK, Lai, WM., Holmes, MH,
“A finite deformation theory for nonlinearly permeable

soft hydrated biclogical tissues,” Frontiers in Biome-

chanics, GW., Schmid-Schnonbein, S.L-Y. Woo and
BW. Zweifach, eds,  Springer-Verlag, New York,
1985; 153-179.

Myers, R.H., “Classical regression and its applica-
tions,” PWP Publishers, 1986.

Oh, S, Kleinberger, M., McElhaney, JH., “A finite
element analysis of balloon angioplasty,” Advances
in Bicengineering, ASME BED-Vol 22, 1992: 269-272,
Simon, B.R,, Gaballa, MLA., “Finite strains. poroelastic
finite element models for large arterial cross sec-

Proceedings of KIEE. Vol. 45, No. 8, AUG. 1996



tions,” Computational Methods in Bioengng., 1988
325-334.

[25] Simon, BR., Baldwin, AL, Yuan, Y., Wilson, LM,
“Porohyperelastic material property determination for
rabit aortas,” Advances in Biocengineering, ASME
BED-Vol 17, 1990; 37-38.

[26] Takamizawa, K., Hayashi, K., “Strain energy density
function and uniform strain hypothesis for arterial
mechanics,” J. Biomechanics, 1987: 20: 7-17

[27] Tedgui, A., Lever, M.J., “Filtration through damaged
and undamaged rabbit thoracic aorta,” Am. J. Physiol.,
1984, vol.247: H784-H791.

[28] Tickner, E.G., Sacks, AH., “A theory for the static
elastic behavior of blood vessels,” Biorheology, 1967:
4: 151-168.

[29] Vaishnav, R.N.,, Young, J.T. Janicki, ].S., Patel, D.],
“Nonlinear anisotropic elastic properties of the canine
aorta,” Biophys. J., 19720 120 1008-1027.

[30] Vaishnav, R.N., Young, J.T., Patel, D.J., “Distribution
of stress and strain- energy density through the
wall thickness in a canine aortic segment,” Circulation
Res., 1973 320 577-583.

[31] Vaishnav, R.N., Vossoughi, H. “Estimation of residual
strains in aortic segment,” In Biomedical Engineering
T, Recent Developments (ed. by C.W. Hall), Pergamon
Press, 1983.

{32} Vaishnav, P.N., Vossoughi, ], “Residual stress and
strain in aortic segments,” J. Biomechanics, 1987: 20
235-239.

[33] Vaishnav, R.N., Vossoughi, J., Patel, D.J., Cothran,
LN, Coleman, BR, Ison-Frankin, EL. “Effect of
hypertension on elasticity and geometry of aortic tissue
from dogs,” J. of Biomech. Engng., 1990, Vol. 112
70-74.

[34] Van Loon, P., Klip, W., Bradley, EL., “Length-force
and volume-pressure relationships of arteries,” J. Bio-
rheology, 1977: 14: 181-201.

[35] Vito, RP., Whang, M.C, Zarins, CK, Glagov, S,
Giddens, D.P., “Stress analysis of the diseased arterial
cross section,” Adv.in Bioengng., ASME BED-Vol.l7,
1990: 273-276.

[36] Vito, R.P., Whang, M.C,, Glagov, S., Acki, T., “The
distribution of strains and stresses in the arterial
cross section,” Adv. in Bicengng., ASME BED-Vol.20,
1991: 639-642.

[37] Vito, R.P., Whang, M.C,, Beattie, D.K,, Glagov, S,
Xu, C., “Regional variations in mechanics and his-
tology in human aorta,” Adv. in Bicengng., ASME,
1994.

BRALEE $45% 83k 1996% 8A

sS4 LXjZsE 54

[38] Vossoughi, J., Hedjazi, Z., Borris II. F.S., “Intimal re-
sidual stress and strain in large arteries,” Adv.
Bioengng, ASME, 1993, Bed-Vol 24: 434-437.

[39] Weinbaum, S., Pfeffer, R., Chien, S., “The search for
the large endothelial pore and its possible link to the
localization of atherogenesis,” PCH Phtsico, Chemical
Hydrodyn,, 1989; 10; 705-726.

[40] Weiszacker, HW., Lambert, H., Pascale, K., “Analysis
of the passive mechanical properties of rat carotid
arteries,” J. Biomech., 1984: 17: 11: 839-847.

[41] Weiszacker, HW., “Rheology of the venous wall,”
IEEE transactions of the 8th conference of the EMBS,
1986: 209-212.

[42] Weiszacker, HW., Pinto, J.G., “Isotropy and anisotropy
of the arterial wall,” J. Biomech., 1988 21: 6. 477-487.

[43] Whang, M.C., “Mechanical and histological analysis
of human aorta,” 4th Graduate Student Symposium,
Georgia Institute of Technology, 1994.

{44] Whang, M.C., Vito, R.P,, Glagov, S., Xu, C.. Beattie,
DK, “Measurement of strain in human abdominal
and thoracic aorta,” 13th Southern Biomedical Engi-
neering Conference, Biomedical Engineering Recent
Development (edit by Vossoughi), 1994: 9-12.

(45} &1d AAEL Vito, R, “EFRAGRe] A FME
At A2 AEA B AT A, 1995,
ppl149-155.

[46] #9d A4S, e AW SxwE U5 HH &
i3t A5 HEE G% el &AA kA, 1995,
ppl51-153.

[47} Wolinsky, H., Glagov, S., “A lamellar unit aortic
medial structure and function in mammals,” Circulation
Research, 1967a: 20 99.

[48] Wolinsky, H., Glagov, S., “Nature of species differ-
ences in the medial distribution of aortic vasa
vasorum in mammals,” Circulation Research, 1967b:
20: 409,

{49] Wolinsky, H., Glagov, S., “Comparison of abdominal
and thoracic aortic medial structure in mammals:
Deviation from the usual pattern,” Man. Circulation
Research, 1969: 25 677.

M X = M

201 (FIRY)

196003 9¥€ 7294, 19903 Georgia Insti-

tute of Technology 2]-&38HAI . 1994

-~ Georgia Institute of Technology <}-& 8}
(2hAh). 19943~ ST astd el

ArFEAT S AddT4.

29



