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in the treatmen t of ab dominal aortic aneurysm

S. L apin, S.

�

Cani � c

Abstract

The main goal of this pap er is to address the n umerical solution of the problem of �uid-

structure in teraction b et w een blo o d and arterial w alls. W e use one-dimensional e�ectiv e mo del

deriv ed asymptotically from the Na vier-Stok es equations describing blo o d �o w and the linear

elastic mem brane equation for arterial w alls. In this study w e consider case with bifurcated

complian t arteries with inserted prosthesis. W e use the deriv ed mo del to estimate the in�uence

of a shear stress on the dev eloping of atherogenesis.

1. In tro duction

1.1. Bac kground of the problem The dynamic in teraction b et w een a �uid and

a structure is a mec hanism that is seen in man y di�eren t ph ysical phenomena. One of

the �uid structure in teraction problems receiving a lot of atten tion in recen t y ears is

the problem arising in hemo dynamics applications. In this pap er w e consider n umerical

sim ulation of the blo o d �o w through branc hing arteries with an inserted prostheses

called sten ts and sten t-grafts [1]. Both the arteries and the sten ts are assumed to b e

elastic. The Y oung's mo dulus of elasticit y for arteries w as obtained from [2]. The Y oung's

mo dulus of elasticit y of sten ts w as obtained from the measuremen ts b y K. Ra vi-Chandar

and R. W ang [3, 4]. The underlying problem consists of mo deling the �o w through

the h uman aorta branc hing in to iliac arteries, that su�ers from an aortic ab dominal

aneurysm (AAA).

Non-surgical treatmen t of AAA consists of inserting a prosthesis inside the diseased

aorta to redirect the �o w of blo o d and lo w er the pressure to the aneurysmal w alls.

There are v arious complications asso ciated with this pro cedure, they include sten t-

graft migration, o cclusion of the graft lim bs and formation of new aneurysms near the

anc horing sites [5]. The purp ose of the study presen ted here is to use mathematical

mo deling and n umerical sim ulations to understand some of the hemo dynamic factors

that migh t b e resp onsible for the complications listed ab o v e, and suggest an impro v ed

prosthesis design that migh t minimize some of the problems.

1.2. Mathematical mo del W e use a reduced, one dimensional mo del, together

with the sp ecial conditions deriv ed via Riemann in v arian ts, to sim ulate the �o w through

the branc hing arteries. The mo del is deriv ed using an asymptotic reduction of the

Na vier-Stok es equations mo deling blo o d with the linear elastic mem brane equation for

the w all.

The resulting set of equations is used to study the optimal prostheses design b y

in v estigating the impact of shear stress rates on the initiation of fo cal atherogenesis.

2. E�ectiv e mo del deriv ation

W e consider the unsteady axisymmetric �o w of a Newtonian incompressible �uid in

a thin elastic cylinder whose radius is small with resp ect to its length. W e de�ne the
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Figure 1. Computational domain.

ratio " = R=L , where R is the radius and L is the length of the cylinder. No w, for

ev ery �xed " > 0 w e in tro duce the computational domain (Figure 1)


 " (t) = f x 2 R3; x = ( rcos� ; rsin � ; x); r < R + � " (x; t ); 0 < x < L g;

where � " (x; t ) is the radial w all displacemen t.

This domain is �lled with �uid mo deled b y the incompressible Na vier-Stok es equa-

tions. W e assume that the �o w is axially symmetric, so the �uid v elo cit y is v " (r; x; t ) =
(v"

r (r; x; t ); v"
x (r; x; t )) ; the pressure de�ned b y p" (r; x; t ) � pref with pref b eing constan t

reference pressure.

No w the problem in an Eulerian framew ork in cylindrical co ordinates in 
 " (t) � R+

reads as follo ws
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where � is the �uid dynamic viscosit y , and � is the �uid densit y .

F urther w e assume that the lateral w all of the cylinder � " (t) = f r = R + � " (x; t )g �
(0; L ) is elastic and allo ws only radial displacemen t. W e can describ e its motion (in

Lagrangian co ordinates) using the linear elastic mem brane equation.

The radial con tact force is giv en b y [6]

Fr = �
h(" )E (" )
1 � � 2

� "

R2 � pref
�
R

� � w h(" )
@2� "

@t2
; (4)

where Fr is the radial comp onen t of external forces (coming from the stresses induced

b y the �uid), h = h(" ) is the mem brane thic kness, � w is the w all v olumetric mass,

E = E(" ) is the Y oung's mo dulus, 0 < � � 0:5 is the P oisson ratio. T ypical v alues of

the parameters are giv en in T able 1.

The �uid equations are coupled with the mem brane equation through the lateral

b oundary conditions requiring the con tin uit y of v elo cit y and balance of forces. No w w e

consider the balance of forces, namely w e set the radial con tact force equal to the radial

comp onen t of the force exerted b y the �uid.

The �uid con tact force is giv en in Eulerian co ordinates as

Ff = (( p" � pref )I � 2�D (v" ))ner ;
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P arameters V alues

" 0.002-0.06

Characteristic radius: R0 0.0025-0.012 m

Characteristic length: L 0.065-0.2 m

Y oung's mo dulus: E 105 � 106
P a [2]

W all thic kness: h 1 � 2 � 10� 3
m

Blo o d densit y: � 1050 kg/m

3

Reference pressure: pref 13000 P a = 97.5 mmHg

T able 1. Par ameter values

where D(v" ) is the symmetrized gradien t of v elo cit y de�ned b y ,

D(v" ) =
1
2

(r v" + ( r v" )t ):

Using the Jacobian of the transformation from Eulerian to Lagrangian co ordinates

w e ha v e (p oin t wise):

� Fr = (( p" � pref )I � 2�D (v" ))ner (1 +
� "

R
)

r

1 + (
@�"

@x
)2

on � 0
" � R+ : (5)

The initial data are giv en b y ,

� " =
@�"

@t
= 0 and v" = 0 on � " (0) � f 0g: (6)

W e assume that the end-p oin ts of the tub e are �xed and that the problem is driv en

b y a time-dep enden t pressure drop b et w een the inlet and outlet b oundary . Therefore,

w e ha v e the follo wing inlet-outlet b oundary conditions:

v"
r = 0 ; p" + � (v"

x )2=2 = P1(t) + pref on (@
 " (t) \ f x = 0 g) � R+ ; (7)

v"
r = 0 ; p" + � (v"

x )2=2 = P2(t) + pref on (@
 " (t) \ f x = Lg) � R+ ; (8)

� " = 0 for x = 0 ; � " = 0 for x = L and 8t 2 R+ : (9)

W e will assume that the pressure drop, A(t) = P1(t) � P2(t) 2 C1
0 (0; + 1 ) .

2.1. Asymptotic reduction of the mo del No w, using the asymptotic tec h-

niques describ ed in detail in [7, 8] w e will obtain the reduced, t w o-dimensional equa-

tions.

In order to represen t the equations (1)-(3) in nondimensional form w e in tro duce the

indep enden t v ariables ~r , ~x and

~t

� r = R~r ,

� x = L ~x ,

� t = 1
! "

~t , where ! " = 1
L

q
hE

R� (1 � � 2 ) .

F urther, w e in tro duce the follo wing asymptotic expansions

v" = V f ~v0 + " ~v1 + :::g; with V =

s
R(1 � � 2)

�hE
P; (10)
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� " = � f ~� 0 + " ~� 1 + :::g; with � =
R2(1 � � 2)

hE
P; (11)

p" = �V 2f ~p0 + " ~p1 + :::g: (12)

Here P denotes a norm that measures the magnitude of inlet and outlet pressure,

the pressure drop, and the a v eraged pressure in one cardiac cycle [7].

After ignoring the terms of order "2
and smaller the momen tum equations and the

incompressibilit y condition b ecome
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@~p
@~r

= 0 ; (14)

@
@~r

(~r ~vr ) +
@

@~x
(~r ~vx ) = 0 ; (15)

where Sh = L! "

V and Re = �V R 2

�L .

The leading order linear elastic mem brane equation read

� Fr = P ~� + O("2): (16)

The asymptotic form of the con tact force deriv ed from (5) b ecomes

((p" � pref )I � 2�D (v" ))ner = �V 2(p" � pref + O("2))
�

1 +
�
R

~�
�

:

Therefore, w e obtain the follo wing leading order relationship b et w een the pressure

and the radial displacemen t
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P
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!

: (17)

W e assume that � =R is of order " so the last term on righ t-hand side of (17) can

b e ignored and w e obtain

~p" � ~pref =
PR
�V 2 ~�; (18)

whic h in dimensional v ariables giv es us the La w of Laplace,

p" � pref =
Eh

(1 � � 2)R
�
R

: (19)

Ha ving the ab o v e results in hand, w e pro ceed b y in tro ducing the reduced t w o-

dimensional mo del written in non-dimensional v ariables.

W e de�ne the scaled domain

~
( ~t) = f (~x; ~r ) 2 R2j~r < 1 +
�
R

� (~x; ~t); 0 < ~x < 1g;

and the lateral b oundary

~�( ~t) = f ~r = 1 + �
R � (~x; ~t)g � (0; 1) .
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No w w e form ulate the t w o-dimensional problem in the follo wing w a y ,

Find a triple (~vx ; ~vr ; ~� ) satisfying
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; (20)

@
@~r

(~r ~vr ) +
@

@~x
(~r ~vx ) = 0 ; (21)

(~p" � ~pref ) =
PR
�V 2 ~�; (22)

~vr (~x; 1 +
�
R

~� (x; t ); ~t) =
@~�
@~t

; ~vx = 0 ; (23)

with the initial and b oundary conditions giv en b y

~� =
@~�
@~t

= 0 at

~t = 0 ; (24)

~v"
r = 0 ; ~p = ( P1(~t) + pref )=(�V 2) on (@
 " (t) \ f ~x = 0 g) � R+ ; (25)

~v"
r = 0 ; ~p = ( P2(~t) + pref )=(�V 2) on (@
 " (t) \ f ~x = 1 g) � R+ ; (26)

~� = 0 for ~x = 0 ; ~� = 0 for ~x = 1 and 8~t 2 R+ : (27)

The mo del de�ned ab o v e is a free-b oundary degenerate h yp erb olic system with

parab olic regularization. This system, though already simpli�ed, is still quite complex.

The theoretical analysis and n umerical sim ulation of (20)-(27) is a di�cult task; that

is wh y w e will pro ceed further in order to obtain a simpli�ed one-dimensional reduced

mo del.

2.2. Deriv ation of the one-dimensional reduced mo del In order to deriv e a

simpli�ed one-dimensional mo del w e express the t w o-dimensional equations in terms of

the a v eraged quan tities across the cross-sectional area.

Let us in tro duce

~A = (1 + �
R ~� )2

and ~m = ~A ~U where

~U =
2
~A

Z 1+ �
R ~�

0
~vx ~rd~r; (28)

~� =
2

~A ~U2

Z 1+ �
R ~�

0
2 ~vx

2~rd~r: (29)

No w w e in tegrate the equations (20)-(21) from ~r = 0 to ~r = 1 + �
R ~� and then

express them in terms of the a v eraged quan tities. Using the no-slip condition at the

lateral b oundary w e obtain

@~A
@~t

+
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@~m
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= 0 ;

Sh
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@~t

+
@
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�
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@~p
@~x

=
2

Re

p
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�
@~vx

@~r

�

~�

:

(30)

The next step is to sp ecify the axial v elo cit y pro�le ~vx in terms of the a v eraged

quan tities. The t ypical appro ximation (corresp onding to P oiseuille �o w [9]) is
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A.A.

I.A.(1)

I.A.(2)

Figure 2. Blo o d �ow thr ough ab dominal aorta (A.A) and iliac arteries (I.A.(1) and I.A.(2)).

~vx =

 + 2



~U

"

1 �

 
~r

1 + �
R ~�

! 
 #

: (31)

W e assume that 
 = 9 , whic h corresp onds to the non-Newtonian �o w of blo o d [10,

11].

After plugging (31) in to (27) the righ t hand side b ecomes

� 2(
 + 2)
Re

~m
~A

:

Using A0 to denote the non-stressed area R2
w e obtain a one-dimensional system

written in dimensional v ariables

@A
@t

+
@m
@x

= 0 ; (32)

@m
@t

+
@

@x

�
�m 2

A

�
+

A
�

@p
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= �
2�
�

(
 + 2)
m
A

; (33)

p := p � pref =

 
Eh

(1 � � 2)R

 r
A
A0

� 1

!!

: (34)

W e use � = 0 :5 , so equation (34) reduces to

p = G0

 r
A
A0

� 1

!

; (35)

with G0 = 4Eh
3R .

3. Conditions at the bifurcation p oin t

W e use the system of equations (32)-(33) and (35) to mo del blo o d �o w through the

ab dominal aorta branc hing in to the iliac arteries (Fig.2).

One of the imp ortan t questions here is ho w to mo del the �o w at the branc hing

p oin t. W e use the con tin uit y of pressure and conserv ation of mass condition to couple

the �o w exiting the ab dominal aorta with the �o w en tering the iliac arteries [12]. It

w as sho wn in [13] that the 1-D appro ximation to the �o w at the branc hing p oin t for the

�xed geometry pro vides "1=2
accuracy to the 3-D �o w for small to mo derate Reynolds

n um b ers.
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W e calculate the con tin uit y of pressure and conserv ation of mass condition at the

branc hing p oin t using the concept of Riemann in v arian ts for a h yp erb olic system. More

precisely , let us write the system (32)-(33) and (35) in quasilinear form:

�
A t

mt

�
+

 
0 1

� m 2

A 2 + 1
� Ap0(A) 2m

A

! �
Ax

mx

�
=

�
0

� 2 �
� � 1 � m

A

�
(36)

The eigen v alues of (36) are

� 1 =
m
A

�

s
1
2

G0

�

�
A
A0

� 1=2

; � 2 =
m
A

+

s
1
2

G0

�

�
A
A0

� 1=2

: (37)

Let us further use the follo wing notation: ~c =
q

1
2

G0
� A � 1=2

0 .

One can sho w that the righ t eigen v ectors corresp onding to � 1 and � 2 are giv en b y

r1 =
�

1
� 1

�
; r2 =

�
1
� 2

�
: (38)

Consider Riemann in v arian ts w and z corresp onding to the eigen v alues � 1 and � 2

resp ectiv ely . Then w and z satisfy the follo wing equations [14]:

r w � r � 1 = 0 ; r z � r � 2 = 0 ; (39)

Direct calculations giv e us

w =
m
A

+ 4

s
1
2

G0

�

�
A
A0

� 1=2

; (40)

z =
m
A

� 4

s
1
2

G0

�

�
A
A0

� 1=2

: (41)

No w, w e assume that the bifurcation o ccurs at a p oin t and that there is no leak age

at the bifurcation. Then the out�o w from the ab dominal aorta ("paren t" v essel) should

b e balanced b y the in�o w in to the iliac arteries ("daugh ter" v essels) [12]:

mp = md1 + md2; (42)

whic h describ es conserv ation of mass. W e also assume the con tin uit y of pressure

pp = pd1 = pd2; (43)

here subscript p corresp onds to the "paren t" v essel and d1 , d2 corresp ond to the

"daugh ter" v essels.

The Riemann in v arian ts for the "paren t" and the t w o "daugh ter" v essels read as

follo ws:

wp =
mp

Ap
+ ~cp4A1=4

p ; (44)

zd1 =
md1

Ad1
� ~cd14A1=4

d1 ; (45)

zd2 =
md2

Ad2
� ~cd24A1=4

d2 : (46)

F rom the equations (35) and (42)-(46) it is straigh tforw ard to obtain
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A1=4
p =

wp � A 0d 1
A 0p

zd1 � A 0d 2
A 0p

zd2

4
�

~cp + ~cd1

�
A 0d 1
A 0p

� 5=4
+ ~cd2

�
A 0d 2
A 0p

� 5=4
� : (47)

Th us, using Riemann in v arian ts and conditions (42) and (43) w e can calculate Ap ,

Ad1 , mp , md1 and md2 in terms of the Riemann in v arian ts wp , zd1 and zd2 . The

"forw ard" Riemann in v arian t wp and the "bac kw ard" Riemann in v arian ts zd1 and zd2

are kno wn from the initial conditions and the inlet and outlet b oundary data.

4. Numerical metho d

In order to solv e equations (32)-(33) and (35) w e rewrite them �rst in conserv ation

form. W e tak e in to accoun t that A0 can dep end on x and write the equations in

conserv ation form as follo ws

@
@t

U +
@

@x
F = S; (48)

where

U =
�

A
m

�
; F (U) =

"
m

�m 2

A + G0
3�

�
A
A 0

� 3=2
A0

#

; (49)

and

S(U) =

"
0

� 2 �
� � 1

m
A + G0

3�

�
A
A 0

� 3=2
A0

0

#

: (50)

F or the n umerical solution of the problem stated ab o v e w e apply the t w o-step Lax-

W endro� metho d [15]. W e assume here that the grid is uniform, with � x denoting the

mesh step size and � t the time step, then w e de�ne Un
m to b e the appro ximation of

the solution at (m� x; n � t) . The metho d tak es the follo wing form

Un +1
m = Un

m �
� t
� x

(F (Un +1 =2
m +1 =2) � F (Un +1 =2

m � 1=2)) +
� t
2

(S(Un +1 =2
m +1 =2) + S(Un +1 =2

m � 1=2))

where

Un +1 =2
j =

Un
j +1 =2 + Un

j � 1=2

2

+
� t
2

 

�
F (Un

j +1 =2) � F (Un
j � 1=2)

� x
+

S(Un
j +1 =2) + S(Un

j � 1=2)

2

!

for j = m + 1 =2 and j = m � 1=2 .

The metho d is stable if the CFL condition

max j� 1; � 2j
� t
� x

= max

�
�
�
�
�
�

�m
A

�

s

� (� � 1)
� m

A

� 2
+

G0

2�

�
A
A0

� 1=2
�
�
�
�
�
�

� t
� x

< 1;

is satis�ed.



NUMERICAL MODELING OF THE DESIGN... 9

�
�
�
�

����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������

����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������

Figure 3. A neurysmal ab dominal aorta and iliac arteries with inserte d bifur c ate d stent.

5. Numerical exp erimen ts

W e use the n umerical metho d describ ed ab o v e to study blo o d �o w through the

aneurysmal prostheses (see Figure 3). W e considered t w o kinds of prostheses:

� F abric co v ered "rigid" sten t-grafts, suc h as AneuRx

TM

.

� Highly complian t bare sten ts, suc h as Wallstent .

The goal of this study w as to understand the in�uence of the elastic prop erties of the

prosthesis on the stresses exerted b y the prostheses to the w alls of the nativ e aorta. In

particular w e w ere in terested in understanding what hemo dynamic factors are related

to the o cclusion of graft lim bs, observ ed in patien ts and rep orted in [5, 16].

Man y researc hers ha v e sho wn that the w all shear stress has a signi�can t in�uence

on blo o d coagulation and throm b osis, endothelial cell structure and function.

C.K. Zarins et al. ( [17], [18]) prop osed a metho d called Oscillatory Shear Index (OSI)

to quan tify the degree of oscillation in shear direction. OSI can b e calculated using the

follo wing form ula:

OSI =
jAneg j

jApos j + jAneg j
;

where Aneg and Apos are the areas under the shear stress vs. time when the shear

stress is negativ e and p ositiv e resp ectiv ely .

M. Haidekk er, C. White and J.A. F rangos suggested that the spatial and temp oral

gradien ts of the shear stress m ust b e separated in order to iden tify whic h one is the

primary cause of atherosclerotic plaque. In their pap er [19], they presen ted a study

implicating high shear stress rate (or the temp oral gradien t of shear stress) as the main

hemo dynamic factor resp onsible for the initiation of fo cal atherogenesis.

W e studied the Oscillatory Shear Index and the shear stress rate to detect p ossible

causes for graft lim b o cclusion.

The follo wing t w o parameters w ere v aried in our study:

� prostheses �exibilit y (Y oung's mo dulus),

� prostheses diameter.

W e ha v e used the follo wing data in our computations:

� Y oung's mo dulus Ec = 8700P a and Er = 217500P a for complian t and rigid

sten ts resp ectiv ely

� Y oung's mo dulus of a h uman aorta Ea = 105P a
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Figure 4. Oscil latory She ar Index for rigid stent-gr aft with limb diameter e qual to 12 mm and

main b o dy diameter 23 mm (left) and with limb diameter e qual to 16 mm and main b o dy

diameter 28.5 mm (right).

First, w e presen t the results of the n umerically computed OSI for t w o di�eren t

prostheses �exibilit y parameters and di�eren t diameters of "paren t"(main b o dy) and

"daugh ter" (lim b) comp onen ts.

On eac h of the Figures 4-5 the solid curv e sho ws the Oscillatory Shear Index for the

main b o dy comp onen t from the anc horing site to the bifurcation p oin t and the "solid-

star" curv e presen ts the OSI corresp onding to the lim b comp onen t from the bifurcation

p oin t do wnstream to the distal anc horing site.The Y oung's mo dulus of the prostheses

sho wn in Figure 4 corresp onds to the one of rigid sten t-graft, the main b o dy diameters

are 23 mm and 28.5 mm and the lim b diameters are 12 mm and 16 mm. W e observ ed

that the smaller the diameter of the prosthesis the higher the OSI. W e also tested a

�exible prosthesis with a Y oung's mo dulus Ec = 8700P a ( Fig.5). The diameter of the

main b o dy for this case w as tak en to b e 20 mm and the lim b diameter is 14.5 mm. The

amplitude of the Oscillatory Shear Index drastically increased for this case, indicating

a m uc h higher probabilit y for o cclusion.

Although the OSI sho w ed that the smaller the diameter of the lim bs the higher the

OSI, it did not capture the patien t-observ ed prosthesis c haracteristics that sho w higher

probabilit y for throm b osis at the distal site and not t ypically at the pro ximal site of

the prosthesis. In con trast, the shear stress rate of the bifurcated prostheses did sho w

to b e higher at the distal anc horing site thereb y conforming b etter to the complications

observ ed in patien ts.

Figures 6-9 presen t the temp oral gradien t of shear stress at the systolic p eak for

di�eren t prostheses data. Again, eac h �gure has t w o curv es: solid curv e corresp onds to

the shear stress rate of the main b o dy comp onen t and "star" curv e sho ws shear stress

rate along the lim b.

Figure 6 sho ws the shear stress rates corresp onding to the t w o extreme cases for

complian t prosthesis: the prosthesis with the smallest lim b diameter (12 mm) and the

prosthesis with the largest lim b diameter (16mm), resp ectiv ely . W e observ e that the

smaller the diameter of the lim bs the larger the shear stress rate, indicating a higher

c hance for o cclusion. The w orst p erformance w as obtained for the smallest prostheses

(Figure 6 (left)) and the b est p erformance w as for prostheses with a lim b diameter equal

to 16 mm (Figure 6 (righ t)).

W e also observ ed that the size of the diameter of the main b o dy in�uences the mag-

nitude of the shear stress rate. Figure 7 sho ws the comparison b et w een t w o prostheses
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Figure 5. Oscil latory She ar Index for c ompliant stent with limb diameter e qual to 14.5 mm and

main b o dy diameter 23 mm.

with the same lim b diameters, but with di�eren t sizes for the main b o dy: one with a

main b o dy diameter of 23 mm and the second one with a main b o dy diameter of 28.5

mm. W e can see an impro v emen t in the shear stress rates for the larger main b o dy

prosthesis.

W e calculated the shear stress rates for a bifurcated prosthesis with a compliancy

Ec = 8700P a . As in the previous exp erimen ts for the "sti�" sten t, w e assumed that the

diameter of the main mo dular comp onen t ranged from 23 mm to 28.5 mm, and that

the lim bs diameter is b et w een 12 mm and 16 mm. Figure 8 presen ts the results of the

n umerical computations whic h indicate that the shear stress rates are drastically higher

then for the case of sti� prosthesis.

The results presen ted ab o v e indicate that the magnitude of the shear stress rate is

a�ected mainly b y the size of the lim bs and b y the prostheses elasticit y . In an attempt

to obtain an optimal design minimizing shear stress rates w e tested di�eren t prosthesis

structures v arying the lim b diameter and elasticit y parameters. W e ha v e found that the

shear stress rate is minimized for the prosthesis with the follo wing t w o c haracteristic:

� The diameter of the prosthesis lim bs should b e around

p
2=2 of the diameter of the

main b o dy comp onen t: if Dmb denotes the diameter of the main b o dy comp onen t

and D l denotes the diameter of the lim b comp onen t, then w e obtained n umerically

that the lo w est shear stress rates in the lim bs are observ ed when D l =
p

2
2 Dmb .

This relationship is a consequence of the conserv ation of mass principle.

� V ariable elasticit y: The prosthesis whic h is sti�er in the cen tral section, where

there is no supp ort to the prosthesis w alls b y the w alls of nativ e aorta, and softer

at the o v erlap with the iliac arteries, sho w ed b est p erformance. In this test w e

used the fact that the sti�ness of the comp osit prosthesis/v essel structure is equal

to the com bined sti�ness of eac h structure, [20]. Hence, the smaller the sti�ness of

the prosthesis in the o v erlap anc horing region, the smaller the di�erence b et w een

the sti�ness of the nativ e v essel and prosthesis.
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Figure 6. She ar Str ess R ates for rigid stent-gr aft with limb diameter e qual to 12 mm and main

b o dy diameter 23 mm (left) and with limb diameter e qual to 16 mm and main b o dy diameter

28.5 mm (right).

Figure 9 (left) sho ws the b eha vior of the shear stress rates for the "optimal" pros-

thesis with c haracteristics obtained from the suggestions ab o v e:

� Y oung's mo dulus in the o v erlap region Eoverlap = 8700P a ,

� Y oung's mo dulus of the prosthesis in the aneurysm sac region is equal to

100000P a ,

� diameter of the main b o dy comp onen t is Dmb = 28:5mm ,

� diameter of the lim bs is D l = 20mm (whic h is ab out

p
2

2 Dmb ).

W e observ ed a drastic impro v emen t in the lim b shear stress rates with resp ect to

the previous prosthesis structures.

W e also calculated the Oscillatory Shear Index for the "optimal prosthesis" describ ed

ab o v e (see Figure 9 (righ t)). The results also sho w ed a m uc h smaller amplitude of OSI

compared to the cases giv en in Figures (4)-(5).
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Figure 9. She ar Str ess R ates (left) and Oscil latory She ar Index (right) for an "optimal" stent

with a limb diameter e qual to 20 mm and a main b o dy diameter of 28.5 mm.


