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ON SOLUTION FOR THE MOVING BOUNDARY PROBLEM DESCRIBING AN ERODING
VASCULAR GRAFT

Kai Jiao, M.S.

University of Pittsburgh, 2017

Synthetic accellular biodresorbable vascular grafts, which can degrade and vanish with time, are
an important type of tissue engineered vascular grafts (TEVGs) with great clinical potential for
blood vessel replacement surgeries. In order to study the in vitro degradation process of the graft
in stationary solvent, a mathematical model is established using mixture theory. Balance laws and
jump conditions across singular surfaces are used to determine the moving boundary conditions at
surfaces of the vascular graft. The resulting system of equations is a moving boundary problem in
the form of second order partial differential equations for the inner and outer domains. Regular
perturbation theory is applied for both problems and first order solutions for the two moving
boundaries are obtained. To test the accuracy of the approximate solutions, numerical solutions to
the full problem are obtained and compared with the perturbation solutions. In vivo, degradation
of the scaffold includes blood flow inside the inner domain. At the end of this thesis, we provide a

formulation of this more general case.
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1.0 INTRODUCTION

Cardiovascular diseases are the main cause of mortality and a leading cause of impaired quality of
life globally [1]. In spite of the development of advanced pharmacological and minimally-invasive
techniques [2], surgeries with blood vessel replacement remain the choice for a large amount of
patients [3], [4]. However, the autologous materials have a series of disadvantages including incon-
venience of harvesting and preparing the graft, insufficient availability in patients with vascular
diseases or in those who are receiving re-operations [5]. An alternative method that is receiving
increasing attention is to use tissue engineering to manufacture the vessel replacement outside the
human body, avoiding the need for material harvesting procedures for the patients.

Since Weinberg and Bell created the first well-recognized blood vessel substitute in 1986 [6],
the evolution of tissue engineered vascular grafts (TEVGs) has provided a promising future for
blood vessel replacement surgeries [7]-[9]. To date, there exists several types TEVGs including
endothelial cell seeded synthetic grafts, collagen and fibrin-based vessels, cell self-assembly vessels,
biodegradable synthetic vascular grafts, and decellularized scaffolds [10]. Among these approaches,
biodegradable synthetic vascular grafts provide initial structure and strength for cellular attachment
and infiltration and proliferation, and new blood vessels are reconstituted over time during the
degradation process of the grafts. This array of TEVGs has advantages of customizable material
property, low production cost, short production time, biocompatibility, and low risk of infection
and rejection [5], [11]-[14]. However, even with these advantages, a high compatibility is required
between the degradation of the grafts and the cellular growth and remodeling. If the degradation
speed is too slow, it possibly leads to scar formation; if the degradation speed is too fast, the grafts
may bulge out due to insufficient extracellular matrix (ECM). Moreover, Sugiura et al. [11] showed
that there is a negative correlation between degradation speed and calcification, which may lead to
thrombosis and graft rupture. Therefore the degradation process of biodegradable grafts need to

be studied.



Mathematical models of the growth and remodeling process have been proposed to create pre-
diction tools to model this process. In this thesis, we study the in wvitro problem for a acellular
biodegradable vascular graft eroded in stationary solvent. For the vascular degradation with cellu-
lar growth and remodeling, the framework of mixture theory is introduced to model this complex
bio-process. In Chapter 2, we start from the derivation of balance of mass, balance of momentum,
balance of energy as well as entropy inequality by following the works by Truesdell and Toupin
[15], Bowen [16], and Ateshian [17]. Based on the balance laws and entropy inequality, we give
the derivation for the jump conditions across singular surfaces. Many researchers have presented
the derivation in their studies [18]-[21]. In this thesis, we derive the jump conditions by using
the generalized Green-Gauss theorem and the generalized Reynolds’ transport theorem given by
Eringen [22].

In Chapter 3, we develop a mathematical model that describes the degradation process. We
propose that the dissolution of the graft is driven by the concentration gradient, and this assumption

is shown to be consistent with balance of mass for mixtures. According to Fick’s law, we have
F=-DVC (1.1)

where F is the mass flux; C' is the concentration; and D is the matrix of diffusivity. For convenience,
it is assumed that all materials we consider are isotropic with respect to diffusion and that D is

uniform and independent of C. Accordingly, Fick’s second law is given by

%f = DV2C (1.2)

where D is a scalar for isotropic diffusion.

The difficulty of this problem lies in the moving boundaries of the vascular graft because both
the inner and outer radiuses of the graft are changing due to transfer of mass from the graft into the
surrounding solution. This kind of problem with moving boundaries is also called Stefan problem,
which was initially used to describe the melting of ice in water [23], [24]. For moving boundary
problems, two boundary conditions are required at the moving boundaries [25]. In Chapter 3, a
general governing equation is formulated for the problem by balance of mass, and jump conditions
are used to obtain the moving boundary conditions and the Noyes-Whitney constitutive equation
[26] is introduced as another boundary condition. Because of the existence of moving boundaries,

the problem is analytically unsolvable in closed form. However, as an alternative, approximate



solutions are obtained by using perturbation theory. The key step for perturbation theory is to
choose a small parameter € by which the original problem can be expressed by infinite equation
sets. If we make ¢ = 0, the original problem may be reduced to a easy problem which is the
zero™™ order problem. By solving this problem and substituting the zero®™™ order solution into the
original equation, higher order problems can be solved recursively. Vrentas [27] showed that if the
parameters upon which the perturbation theory is based are small, the moving boundary moves
slowly or not far from its initial position, and the error is also small for the approximate solutions.
In Chapter 4, we obtain the zero'" order solution of the concentrations and the first order solutions
for the moving boundaries. A non-homogeneous linear partial differential equation set is given for
higher order solutions from which high order solutions can be obtained recursively.

In Chapter 5, an implicit finite difference method is applied to obtain the numerical solutions
to the full problem. Convergence is tested for the numerical approach to ensure the reliability. A
comparison is made between the first order perturbation solutions and the numerical solutions. It
is shown that the error of the first order solution for the moving boundaries are small. Therefore
the validity of the approximate solutions is confirmed. The influence of two degradation parameters
on the results is analyzed.

In Chapter 6, we consider the in vivo problem with blood flow inside the graft. The problem is
necessarily extended to 2-dimensions since transport with blood flow involves axial dependence in
addition to the radial dependence. By Fick’s law and mixture theory, the flow problem is expressed
by diffusion-convection equations based on a several assumptions. We also derived the moving
boundary condition based on the study of Patel [28]. Although the solution for the problem is not

obtained in this thesis, we present some valuable results from previous studies for this problem.



2.0 BALANCE LAWS AND JUMP CONDITIONS

Mixtures are materials which consist of two or more constituents. Truesdell and Toupin [15] intro-
duced a theory for mixtures in 1960 including a derivation of balance laws. After that, Miiller [18]
employed Lagrange multipliers for mixtures of fluids, and Eringen and Ingram [19] presented the
jump conditions for mixtures which consist of singular surfaces. For decades, mixture theory has
been shown to be a powerful tool for studying complex mixtures. Even though mixtures can be
described by simple continuum mechanics models, advantages of mixture theory arise if we need to
study the properties and mechanisms for individual constituents. For biological tissues that may
experience growth, breakdown, remodeling, and chemical reactions, mixture theory can simplify
this complex bio-process into balance laws for each constituent [29], [30]. In this chapter, we give
derivations for all balance laws, entropy inequality, and jump conditions in the forms following the
presentation by Ateshian [17].

Now, consider a deformable continuous body B consisting of N constituents moving in a Eu-

clidean space R. The motion of each constituent is given by

x = x“(X*t) (2.1)

where X% (X® € B) is an arbitrary material point of constituent a at time tg; x is the position
vector that X® occupies at time ¢. If we use V) and V' to denote the space occupied by B at time
to and t, respectively, the motion of the continuous body is shown in Figure 1.

The velocity of the material point X is given by

(07

Va—ax
ot

(2.2)



Accordingly, the acceleration is

82 Xa
ot?

a

(2.3)

X3

X2

Figure 1: Motion of a continuous body B.

If we consider an arbitrary scalar property f¢ for constituent «, which is assumed to be described

by

[ =rx1) (2.4)

the material derivative of property f¢ is defined by

Df* of
Dt 0Ot

+Vf*-v (2.5)

where v is the mean velocity of the mixture to be defined later. Likewise, the material derivative

of property f® following the motion of constituent « is given by

DOéfOé _8]5‘04
Dt ot

+ Vv (2.6)

In the following derivations in the balance laws and entropy inequality, we follow the derivation
process given by Bowen [16]. However, instead of using a control volume as shown in his study, we
use a material sub-region to make it consistent with the derivation of jump conditions presented

by Eringen and Ingram [19)].



2.1 BALANCE OF MASS

If chemical reactions are allowed, for an arbitrary material sub-region V C B, the mass variation
for an individual constituent « in V is dominated by chemical reactions or phase transitions. In

this case, the mass balance equation for the constituent « is given by [15]

d
= @ dy = 5% d 2.
dt/vap v /Wp v (2.7)

where p® is the apparent density of constituent o at x and t; p% is the mass supply rate to
constituent « from other constituents at x and ¢; V¢ is the material subregion coincident with V

at time ¢ proposed by Eringin and Ingram'. The total density of the subregion is defined by

p=> p" (2.8)

Therefore the mass of the subregion V is

Mz/vpdvzza:/apadv (2.9)

If we take the summation of Eqn.(2.7) over all constituents, and make use of Eqn.(2.8) and (2.9),

we have

dM o
W:/a > p" dv (2.10)

which represents the mass change rate of the subregion V. Moreover, according to the conservation
of mass for a material region, (2.9) is equal to zero. As a result, the mass supply rate p* is subjected

to

> p*=0 (2.11)

1Some authors, for example, Bowen, are not using V* in their research. We show the the definition of V* given
by Eringen and Ingram [19] because it makes the presence of v* in Eqn.(2.12) more reasonable since we are using a
material region approach. Some authors use other explanations for the v® term while not using the definition of V<.
Coussy [31] in his study used % fv f dv as the particle derivative following the motion of constituent o, and same
result can be obtained.



The Reynolds’ transport theorem corresponding to the subregion V* may be written as

i/v F d”:/W Pafta+v'<fava> dv (2.12)

By use of equations (2.6), (2.7), and (2.12), the local form of balance of mass is obtained as

«

D%p
Dt

(07

POV v = (2.13)

Moreover, if the relationship between a constituent property f¢ and its corresponding mixture

property f is described as
1 o Lo
«
it can be shown that

Df_ aDafa QO po AQU PO
pﬁ—%:p 5~ V(" fu) + 50 (2.15)

where u® is the diffusion velocity of constituent o defined by
u=v®—v (2.16)

The balance of mass for individual constituents must be consistent with the balance of mass
for the mixture. By taking the summation of Eqn.(2.13) over all constituents, we can show that it

becomes

Dp
SV = 2.1
Dr +pV-v=0 (2.17)

which is the well recognized local form of balance of mass in continuum physics, where the mean

velocity v of the mixture is defined by

1
v=_ > ptv® (2.18)



2.2 BALANCE OF MOMENTUM
2.2.1 Balance of linear momentum

The balance of momentum for constituent « is given by [15]

d
— PV dv = T -n da —I—/ pobY dv +/ (P* + p%vY) dv (2.19)
dt Jya ave Ve ve

where T¢ is the Cauchy stress tensor of «, and the first term in the right hand side containing
T represents the contact force from the mixture surrounding V; [, p®b® dv is the external
body force exerted on constituent «; p® is the momentum supply from other constituents inside
Ve p*v® is the momentum supply due to mass supply from other constituents; and the term
Jpa (P4 p*v®) dv represents the complete local interaction inside V. Moreover, the supply term

follows

YT+ =0 (220)

«

For the left hand side of Eqn.(2.19), applying Reynolds transport theorem given in (2.12), we
get

(67

D%p
Dt

(67

d
& oo pividy = /Va [po‘a“ + v(

+p*V v | dv (2.21)

By substituting (2.21) and (2.13) into Eqn.(2.19), if we apply Gauss’s divergence theorem to the
contact force term and rearrange terms, the local form of the the balance of momentum is obtained

as

pra® — V. .T* — p%b* —p* =0 (2.22)

while the corresponding equation for the mixture is given by

pa=V-T+pb (2.23)



The mean acceleration a of the mixture is defined by

Dv
= — 2.24
a= - (2.24)
and the mean body force density of the mixture is defined by
1
b==> p"b® (2.25)
P
The Cauchy stress tensor T of the mixture is given by Bowen [16] as
T=T;+ Zpo‘ua ®u® (2.26)
(0%
Ty is called the inner part of the stress tensor defined by
Ty =) T¢ (2.27)
«

T is necessarily symmetric to satisfy the balance of angular momentum. Moreover, because p“u® ®

«

u® is symmetric, Ty is also symmetric. It should be noted that T® may not be symmetric due to

local interaction.
2.2.2 Balance of angular momentum

As proposed by Bowen [16], the balance of angular momentum for constituent « is given by

d/ x X (p*v%) dv = / x X (T*-n) da + [x X (p*b* 4+ Pp* + p*v¥) + m?| dv (2.28)
dt Jye ave Ve

where m® is the moment of momentum supply vector that is first suggested by Truesdell and Toupin
[15], then explored by Bowen [16]. The term [;),o x x (T® - n) da represents the momentum from
the contact force between V* and the mixture around it. The term [}, [x x (P + p*v®) + m?*] dv

is the momentum caused by local interaction inside V*. By applying Reynolds transport theorem



to the left hand side of Eqn.(2.28), we get

C;Zt/va X X (pava) dv = /Va [x X %(pava) + (X % va)(vpa . Va)
+x X (p*VV*-vY) 4 (p*V - vY) (x x v*)] dv (2.29)

By use of index notation, the first term inside integral in the right hand side of Eqn.(2.28) is written

as
/ X X (Ta . n) da = / aijkxiilﬁ‘nlek da (230)
oy« oy«

where €;;, denotes the Levi-Civita symbol. For simplicity of discussion, a tensor A is defined
through Ay = El-jkxiTﬁ‘, so that

A -n= Akmlek = aijkxﬂ’ﬁnlek (2.31)

Therefore we can apply Green-Gauss theorem to Eqn.(2.30), and it becomes

oT
A -nda = / V- -Adv= / (sijﬂﬁek + €ijk$l’7]lek) dv (2.32)
[e3 Va

oy 8.%'[

Next, we define a new vector g* = g, T5e;. By substituting g into (2.32), we have

A-nda:/ (8" +xxV-TY dv (2.33)
8Va 7
and
Tgy — 13
g'=| Ty -Tg (2.34)
T3y — 11y

Hence, with the aid of (2.29) and (2.23), the balance law given in (2.28) may be written as
D%p
Dt

= | & i) dv (2.35)

(e}

+pV - v® — %) +x x (p*a® — V- T — p*b® — p%)] dv

o

a[xxva(

10



It can be seen that the left hand side of Eqn.(2.35) can be eliminated using the balance of mass
and the balance of linear momentum for individual constituents. Thus we obtain the local form of

the balance of angular momentum, as

m® = —g° (2.36)
As a result,
T35 — Tsy
m® = | T¢ - T4 (2.37)
b — 15
For convenience, let us define
M® = (T*)T — 1 (2.38)
and M is a skew-symmetric tensor, where
Mg, = (2.39)
M = g (2.40)
Mg = g (2.41)
with the identity
> M* =0 (2.42)
(0%

2.3 BALANCE OF ENERGY

The balance of energy for a constituent « is given by

d 1
— pr(e® + v vY) dv:/ [v* - (T%-n) —q%-n] da
dt Jya 2 e

1
+ [Voc.(paba)+va_f)a+é+pa,ya+ﬁa(€a+§va.Va)] dv
Vo
(2.43)

11



where €% is the internal energy density for constituent «; q® is the heat flux vector; v* is the

external heat supply; and £ is the energy supply from other constituents. By use of the identity
ve (T n) = [(TYY - v?]-n (2.44)

applying Reynolds transport theorem and Gauss’s divergence theorem, Eqn.(2.43) becomes

(07

1 0
[ 4 v v (T Vv v Tt )

2 ot
(6% aava (6% (6% (6% 8% (073 Y67 A
+v*-(p ﬁ—i-p Vve.v* =V . T — p*b* — p%)
aOé
—f—pa(% F VO VEY) T VVe 4 V- q® — p%9% — 2% dv =0 (2.45)

By using the balance of mass and the balance of linear momentum for individual constituents, the
first and the second terms in parenthesis in Eqn.(2.45) are identically zero. Thus we obtain the
local form of balance of energy for constituent « as

oD
Dt

P —TY: Vv 4+ V. -q*—p*y*—-E&*=0 (2.46)

The balance of energy for the entire mixture is given by

De

i -V- 24
P Dy Vv —V-q+py (2.47)

where ¢ is the mean internal energy density of the mixture; q represents the heat flux vector; and ~
represents the external heat supply. Like the stress tensor T, ¢ and q are not simple superposition
of the internal energy or heat fluxes of each constituent due to internal interaction. Following the

study by Bowen [16], we define

1 1
e=e¢er+— Z —p*u® - u® (2.48)
P2
1
a=ar+ 5> (0t (2.49)
[0
and
1
y==> p™" (2.50)
Pa

12



Returning to the definitions of q and ¢, it is noticed that both of the properties contain two
parts. The first part is the internal part, and the second is the diffusion part related to diffusion

velocity u®. The inner part of of the internal energy density is given by
_ 1 a_o
e = Z pe (2.51)
P
while the inner part of the heat flux vector is defined by

a=> [q* — (T - u® + p*c"u’] (2.52)

«

The above-mentioned definitions have to be consistent with the balance of energy. Namely, if
we substitute (2.48)-(2.52) into the local form of the balance of energy of the mixture described
by Eqn.(2.47), it can be expanded to the form for individual constituents given in Eqn.(2.46).

Therefore that the diffusion velocity must yield
> pfu*=0 (2.53)
(6%
Here, in particular, for the cases that the body force is uniform? , namely
b*=Db (2.54)

we may develop another way of describing the balance of energy. With the aid of (2.53), Eqn.(2.47)

may be written as

D
pji:T:Vv—V-q—i-p’y—l-lTZpaua (2.55)

It is noticed from (2.53) that the last term on the right of Eqn.(2.55) is zero. Next, if the body force
is uniform, which is reasonable since the body force acting on most mixtures that we consider is
gravity only, we may move b in the right hand side of Eqn.(2.55) inside the summation. Therefore

Eqn.(2.55) can be further written as

D
pji:T:Vv—V-q—kp’y—i—Zpaua‘ba (2.56)

2All the following equations are derived with the assumption that the body force is uniform. However, Ateshian
[17] showed same results without mentioning this assumption in his study.

13



The left side of Eqn.(2.56) can be expanded using (2.48),

De _ Der
Dt = P Dt

D*u® 1 1
F3 |prut P - Vet utut 4 e (2.57)

Dt 2 2

and the first term inside the parenthesis of (2.57) can be expressed as

(63
Zpo‘ua = Z ptu®-a® = Vv: (u* @ u®)] (2.58)
(0% (6%
Then Eqn.(2.56) is expanded to
D 1 1
EI + Z |:pauaaa v (ua ® ua) B v [(gpaua . ua)ua] + 5ﬁozuoz . ua:|
1
Zp u*@u®):Vv—-V.-q + §paua ‘u®)u®l+ > p*u®-b* + py (2.59)
[e%

For convenience, let us define a vector k, where
k = Z ¢+ p%e®u®) (2.60)
@
and accordingly we have
TI:VV:ZTO‘:VVO‘+Zua-V-Ta—V-k+V-qI (2.61)
o o

Now by substituting Eqn.(2.61) into (2.59), with the aid of the balance of linear momentum, we

have
DEI_ZTa'VVa—V'k—l-p’}/—zua-f)a—lz,ﬁaua'ua (262)
Dt ' - 2 4 '

«

2.4 ENTROPY INEQUALITY

In this section, following the presentation by Bowen [16], we formulate the entropy inequality
which represents the second axiom of thermodynamics. Unlike the balance of mass, momentum
and energy of mixtures, the entropy inequality is not postulated for individual constituents since

unrealistic constrains would be imposed on the mixture [17]. Based on the study by Bowen and

14



Wiese [32], the inequality of entropy is given by

d he PO
— dv > — —-nd E d 2.63
dt/vapn ! /ava — 0 " a+/a = 0~ Y (2.63)

where h® is an influx vector to be defined later, and 6% is the temperature assigned to constituent
a at x, at t. If we apply Reynolds transport theorem with divergence theorem to (2.63) and get

rid of the integral symbol, the local form of the inequality can be obtained as

D77 h¢ poc,yoz
—_ = > .
th+§ajv gr 2 g >0 (2.64)

where 7 is the entropy density of the mixture defined by
1 o,
n=-=> p"n (2.65)
P

and n® is the entropy density for constituent .

Using (2.65), Eqn.(2.64) may be expanded to

«

D h” P
D" =5 V(G — M) = S+ 00 2 0 (2.66)

«

Next, with the aid of the local form of the balance of energy given in Eqn.(2.46), the term p*y® is
replaced in (2.66). Therefore Eqn.(2.66) becomes

Do 1 he . Vo>
Z[P“ T —von -V (0 )

Dt | go D
1 Da (0%
—= Di ST UV VY — 2%+ 50| 20 (2.67)

By introducing a new scalar é* which is defined by

1
6% = &+ u BT 4 (e 4 Ju - u) (2.68)
Eqn.(2.67) is written as
1. 4, D% D% he - Vo«
[p%(6° . T vve — 2 Y7 L gL (h® — q%) — 00V - (o u®
Za:ea[p( By 5 )+ v o TV (h"—q") (p*n“u®)
1
— P (e =0 + §u°‘ ‘uY) 44 —u*-pY =0 (2.69)
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At this point, the definition of the flux vector h* given by Bowen [16] is

h® = g + 0% %" u® (2.70)

By substituting (2.70) into (2.63), the general form of the entropy inequality for individual con-

stituents is obtained, which is rewritten as

Py
E *n*v® nda—/ E — nda+/ dv 2.71
675 pn /ava P oy Va 9& ( )

Moreover, inequality (2.69) may be written as

(% o T . a
%:ea[p( D o) TV
1 (63 AQL O[ A AQL (6% o, 1 (6% «
ea(q -VOY) + &% —u® - p¥ — p(e* — 0% +3u -uY)] >0 (2.72)

For mixtures subjected to a uniform temperature, we may obtain an alternative form of the in-

equality. To this end, we introduce the Helmholtz free energy which is defined by

P =% —no* (2.73)

and the material derivative of v following the motion of constituent « is

Dawa _ Daga _ ,’70[ Daea B ea Dana
Dt Dt Dt Dt

(2.74)

By substituting (2.74) back into Eqn.(2.72), with the understanding that ¢ = 6, we obtain

Xa:[ o (2 5 1" Dt)
1 1
VAT g(qo‘ V) + é* —u® - p* — p* (W + §u0‘ -u?)] >0 (2.75)

Moreover, if the mixture is subjected to a uniform body force, it can be shown that

d =0 (2.76)

16



Therefore the entropy inequality is further reduced to

D D9 1 1
 « @ o . o Tl —u - pY — Y+ Zu® - u®)] > )
> =0 Bt ) TNV = o(a” - V0) —u BT = 5 (W + Jutu)] 2 0 (2.77)

67

2.5 JUMP CONDITIONS

In the derivations of the balance of mass, momentum and energy, and the entropy inequality, we
utilize the Reynolds’ transport theorem and Green-Gauss divergence theorem to obtain the local
form. However, this requires that the properties of the mixture are continuous inside V. If, in
particular, some properties inside V suffer a discontinuity, we need more general expressions for
both the Reynolds’ transport theorem and the Green-Gauss theorem. Conventionally, we call the
surfaces, across which discontinuities happen, singular surfaces. In our problem, the surfaces of
the graft are considered to be singular surfaces since it suffers jumps in both density and material
velocity. Here, as defined by Casey [33], a singular surface is a mathematical representation of
infinitesimally narrow region across which changes occur in some field properties of the medium.
Those properties can be temperature, velocity, density, pressure, etc, though not motion. In other
words, a gap or overlap is not allowed inside V. Figure 2 shows the concept of a singular surface.
The singular surface I' is defined to be a function of time. Normally, it is irrelevant to the motion of
V and not always material [33]. The approach for deriving jump conditions is to analyze properties
in V; and Vs, separately with the understanding that V is still a material region subjected to all the

balance laws and the entropy inequality [20], [21].
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1%

[

Figure 2: A singular surface I'(¢) divides a material region V into two subregions V; and V,. 9V is

the surface of V; n is the unit normal on I'(#) which points into Vs side.

If numbers 1 and 2 are used to describe properties in V; and V, the jump for an arbitrary field

property ® is defined by

[2]] = 2 — @4

(2.78)

For a region V* with singular surface I'(¢), the generalized Green-Gauss theorem and Reynolds’

transport theorem are given by Eringen [22] as
/ fo‘-nda:/ V-fadv+/ [£°]] - n da
ave Va4V ()

d o po _ g a pa (@ FOvE ool .
gl s an= [ G| s [l da

where f¢ is an arbitrary scalar property and f¢ is an arbitrary tensor property, and
« (e

up =v® —vr

where vr is the velocity of the singular surface.
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The following derivations follow the work by Eringen and Ingram [19] with some variations in

notations.
2.5.1 Jump of mass

Because the material region is divided by a singular surface, from now on, we analyze the jump
conditions by regarding V' as two connected regions as shown in Figure 2. It is noticed that V; and
V5 are not material regions and there are mass, momentum, and energy supplies generated on the

singular surface. Thus we can expand the mass supply rate for constituent « inside V as

P dv :/ P dv + p% da (2.82)
Ve VetV (1)

Here, the physical meaning of p® is the mass supply rate per area to constituent « from other
constituents on the singular surface I'(¢). By taking the summation of (2.82) over all constituents

and using the balance of mass, we have

> " =0 (2.83)

One example is ice melting in liquid water, where the singular surface is the interface between ice
and water. There are two constituents which are ice and water. For the ice phase, particularly,
p* represents the mass removal of ice due to melting, while p® indicates the mass supply of liquid
water if v represents water. By use of the identity described in (2.80) and substituting (2.82) into
Eqn.(2.7), we have

/ [8p°‘ + V- (p*vY) — ,50‘} dv —l—/ [[p*ut]] - n da = / p% da (2.84)

veyye | Ot I'(t) I'(t)

It is noticed that the term in the parenthesis on the left of Eqn.(2.84) is just the local form of the
balance of mass for constituent a. Therefore we can get rid of the integral in the equation, and

obtain the jump condition of mass in local form, as?

(w0 = 5° (2.85)

3The signs here are different with that given by Ateshian [17] for the jump condition of mass as well as other jump
conditions because we are using an opposite direction for the unit normal n.
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The jump of mass for the mixture is then given by

[[pur]] - n =0 (2.86)
where ur is the diffusion velocity of the mixture relative to the singular surface defined by

ur =v —vp (2.87)
2.5.2  Jump of momentum

Like the balance of linear momentum for individual constituents, the linear momentum supply

on the singular surface consists of two parts given by
s* = p*v® + p* (2.88)

where the first part is the momentum gained by the mass supply, and the second is the momentum
supply aside from chemical reaction or phase change. Moreover, similar to the mass supply p® on
I'(t), the summation of s* over all constituents is zero, and so for all the surface supply terms in

the following text. By use of (2.79), (2.80), and (2.88), Eqn.(2.19) becomes

a O, O
/ [(p V) —i—V-(po‘vo‘®v°‘)—V-To‘—pabo‘—ﬁo‘va—f)“} dv
Ve 4vg 9

t
+ / (v @ ud]] - n da = / (T -nda+ [ 5 da (2.89)
I(t) I'(t) I'(t)

Using the local form of the balance of momentum for individual constituents, the first term on the
left of the above equation is eliminated. We then obtain the jump condition of linear momentum

expressed as
[PV @uf — TY] -n=8" (2.90)
and the jump condition of linear momentum for the mixture is given by

[[pv@ur —T]]-n=0 (2.91)
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Likewise, the angular momentum by the local interaction for constituent « given in Eqn.(2.28)

inside V containing a singular surface may be expanded to
/ [x x (P + p*v*) + m?] dv :/ [x x (p* + p*v*) +m“] dv
ove VE+Vg

+/ (x x 8%+ n%) da (2.92)
(1)

where n® plays the same role as s* in Eqn.(2.88). With (2.79), (2.80), and (2.92), Eqn.2.28) is
expanded to

Da (0%
/va+va 5 X V(T 4 OV v = ) X x (p%a = VT — p7b — p7)] du
1 2

— / (g +m®) dv + / x X [[p*v* @uf — T] n da= / (x x8*4+n%) da (2.93)
VE+VS I'(t) T'(¢)

By use of the local form of the balance of mass, the balance of linear momentum and the balance

of angular momentum for constituent «, Eqn.(2.93) becomes

x X ([[p*v* @ uf — T] -n—58%) =n“ (2.94)

where the term in parenthesis in the left is just the jump condition of linear momentum for con-

stituent a.. Therefore once the jump of linear momentum is satisfied, we have
n®=0 (2.95)

It is noticed that although the equations of jump of linear and angular momentum are not used for
the vascular graft degradation problem, we want to show them here because they play important
roles for problems with deformation or remodeling, which exist for most problems dealing with
biological tissues. Therefore the jump conditions of momentum are extremely valuable for future

research, and same for the jump of energy and entropy in the next section.
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2.5.3 Jump of energy and entropy

The rate of energy supply on the singular surface is given by

1
@ = PP 4 SV V) PV (2.96)

@ is the rate

where p®(e® + %Va - v¥) is the rate of energy supply brought by mass supply; p® - v
of energy supply from momentum supply; and €% rate of energy transferred by contact. Again, by
substituting (2.79) and (2.80) into Eqn.(2.43), we obtain the jump of energy for constituent o as

[[p* (™ + %VO‘ vOug — (T v 4+ q°%] -n = w® (2.97)

and the jump condition of energy for the mixture is
1 T
[[p(e + oV viur — T -v+q]] - n=0 (2.98)

Since the entropy inequality cannot be expressed strictly in local form, we only present the jump of
entropy for the mixture here. With the understanding that ), (h*/0%) = h/6 and >__ (p“~y*/0%) =
(pv/0), by use of (2.79) and (2.80), the inequality (2.63) becomes

a(pn) h Y h
/V?%a {at +V o (nv) + V- (5) = 9] dv + /m) [lpmar + 5] -0 da >0 (2.99)

Because (2.99) is valid for all shapes of V, for a material region containing a singular surface shown
in Figure 2, if we compress V; and Vs, and make the 0V approach and infinitely close to I'(t),
0V would coincide with T'(¢) and the volume of the material region would be approximately zero.
In this case, all properties inside (V1+V2) can be considered as zero. Therefore the first term in

Eqn.(2.99) can be eliminated [33]. We then obtain the local form of the jump of entropy, as

[lprur + g]] ‘mn=>0 (2.100)
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3.0 GOVERNING EQUATIONS AND MOVING BOUNDARY CONDITIONS

Now let us formulate the governing equations and boundary conditions for the degradation problem
of the vascular graft. Although there is no evidence showing that the degrading vascular graft is
highly asymmetric, for a general standpoint, we postulate that in vivo it is possible that the shape
of the graft could become irregular over time as shown in Figure 3. It is noticed that both the
two boundaries of the vascular graft are changing with time. Also, if blood flow occurs inside the
graft, there will also be a variation in the axial direction for the properties of the degrading graft.
Therefore, this becomes a three dimensional unsteady problem. For convenience, the following

equations are expressed in vector forms.

Time
Iy - > N
Iy
Qo Qs

Figure 3: A cross section of an asymmetrically degrading biodegradable vascular graft over time.
I'y and I'y represent the inner and the outer surfaces of the graft, respectively; €21 represents the
inner domain; €2 represents the outer domain.
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3.1 GOVERNING EQUATION

In the experiment by our group, the vascular grafts are made of a single degradable material
such that only one solute need to be considered. Moreover, there is no chemical reaction between
the solute and the solvent. Therefore if we apply the idea of mixture theory to this problem, there
are overall three constituents that need to be considered: the solid s, the solute u, and the solvent

w. For the solute u, the balance of mass is

u

D*p
Dt

U

+ p“V vt = ﬁu in Ql, Q9 (31)

Since there is no chemical reaction or phase transition, by expanding the first term, Eqn.(3.1)

becomes

%pt—i—v“-v,o“—i-puv-v”: %pt—i-v-(p“v“) =0 inQ, (3:2)

According to Fick’s law, the mass flux for the solute w is
F=-DVC=C(v"—=v") iny, Q (3.3)

where C represents the concentration of w, which is also the apparent density of the solute. By
substituting the divergence of (3.3) into Eqn.(3.2), with the understanding that V - v¥ = 0* for an

incompressible fluid, we obtain

oC

o TV VO=V-(DVC)  in0 (3.4)

and this is the general governing equation for the degradation process.

3.2 THE MOVING BOUNDARIES

As will be discussed below, the inner surface and the outer surface of the degrading graft are

both dependent on time, and two boundary conditions are required for each boundary to constrain

4 v* = v since the velocity of the mixture for the solution is the velocity of the solvent.
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the time dependent boundary. If n is defined as the unit normal that points into the solution
side on the interfaces between the solid and the solution, according to Noyes-Whitney constitutive
equation [26], which suggests that the mass supply rate at the boundary is proportional to the
difference between concentration C' at time ¢ and the saturation solubility Cy, the first boundary

condition is given by

—DVC -n=h(Cs—C) at I'y, T’y (3.5)

This is the Robin boundary condition that suggests that the mass flux at the boundary is propor-
tional to the difference between concentration C at time t and the saturation solubility Cs, where
h is a material coefficient.

The second boundary condition arises in this problem because of the moving boundary. Con-
ventionally, we call boundary conditions of this type the moving boundary conditions or Stefan
boundary conditions. Although the graft is highly porous, Gade et al. [34] showed that it lost mass
mainly by surface erosion and the apparent density barely changes. Therefore the effect of porosity
is ignored in deriving the moving boundary conditions. We denote the properties in the solution
with asterisk to distinguish them from the properties of the solid. At the surfaces of the graft, by

use of the jump condition given in Eqn.(2.85), for constituent s, we have

pi(vi—vp) - n—p°(v?—vp)-n=p°" atTy, Ts (3.6)

Since there is no solid in the solution, we have p? = 0. Moreover, if the graft is assumed to be fixed

in the space, v® is zero. Thus (3.6) is reduced to

p’vr-n=p° atTq, Ty (3.7)

Again, by Noyes-Whitney constitutive equation, we have

ﬁs = —h(CS — C) at I'y, T'y (3.8)

where the negative sign implies that the mass supply to solid s is negative.
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By use of (3.5), (3.7), and (3.8), the moving boundary condition is obtained as

pP’vp-n=DVC-n atTlq, T'y
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4.0 MATHEMATICAL MODEL FOR THE IN VITRO DEGRADATION OF THE
VASCULAR GRAFT

In this chapter, we developed a mathematical model for the in wvitro degradation problem, which
considers a vascular graft degrading in stationary solution. The purpose for this study is to un-
derstand the effect of degradation and extend the results to the in vivo problem which can not
be studied directly. The experiment related to this thesis has been conducted by our group. In
particular, Gade et al. [34] tested the effect of enzymatic degradation for vascular grafts made of
fast degrading poly (glycerol sebacate) (PGS) in a stationary solution. It was found that the mass
loss of the in vitro degradation can be predicted through two degradation constants A and D, which
enables the prediction of the in vivo mass loss by tuning the two constants. It should be noticed

cellular attachment and growth are not included for the problem in this chapter.

4.1 MATHEMATICAL MODEL

For the in witro problem, it is reasonable to assume that the degradation is independent of
axial direction since there is no blood flow inside the inner domain. Also, we assume that the
graft remains axisymmetric over time. Thus the original problem is reduced to a one-dimensional
problems as shown in Figure 4, where the outside boundary I's is an analogy to the wall of the

container in the experiment, at which

DVC -n=0 in Ql, QQ (41)
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Also, radiuses of the moving boundaries R; and R only depend on time. We have

1= 1, 2 at Fl, FQ (42)

By substituting (4.2) into the moving boundary condition (3.9), we obtain

dR;(t -
—p° dt( ) =DVC-n i=1,2atIy, Iy (4.3)

iy &

Figure 4: A cross section of the vascular graft. I'y and I's represent the inner and the outer surfaces
of the graft, respectively; I's is the outer boundary; €21 represents the inner domain; 2o represents
the outer domain.

We idealize the diffusion coefficient D is uniform and independent of C, and axial diffusion is
neglected. For the solute, although there are velocities in radial direction near the two moving
boundaries, we can assume that the solute is stationary since the motions of the two surfaces are
slow enough, which implies that v* = 0. Thus in cylinder coordinate, the governing equation given
in (3.4) is written as

oC Dl 9 oC

E = ;ar (T’E) m Ql, QQ (44)
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By using the boundary conditions given in (3.5) and (4.3), if we set the initial concentration to

be zero, for the inner domain €y, the equation set for C(r,t) is

o¢ —Dla(r{;f) 0<r<Ri(t), t>0

ot Tror
dR.(t) _ 0C _
Ps i _DaT' ’I“—Rl(t), t>0
p% e, —0)  r=Ri), t>0

or
C(r,0)=0 0<r<Ryi(t),t=0

Ri(0)=RY t=0

where R denotes the initial value of R.

Likewise, for the outer domain 9, with boundary conditions (3.5), (4.1), and (4.3), the equation

set for C'(r,t) is

ocC 190, 0C
=D —(TE) Ry(t) <r <R3, t >0

ot Tror
dR,(t) _oC
Ps dt —DE T—Rg(t), t>0
—D%:h(CS—C) r=Ro(t), t >0
@:0 r=Rs3, t>0
or

C(’I",O):O Rg(t)<7“<R3, t=20

Ry(0)=RY t=0

where RJ denotes the initial value of Rs.

4.2  SOLUTION TO THE IN VITRO PROBLEM

(4.10)
(4.11)
(4.12)
(4.13)

(4.14)

(4.15)

For the linear partial differential given in Eqn.(4.4), the moving boundary condition introduce

extra non-linearity into the problem [25]. Even though for some moving boundary problems with

infinite domain or semi-infinite domain, it is possible to find their closed form solutions in the form

of error functions by use of change of a variable, a solution in closed form may not exist for most

moving boundary problems with a finite domain. As a result, for this degradation problem with
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a finite domain, an approximate method have to be introduced. In this section, we will find the

approximate solution with the aid of regular perturbation theory.

4.2.1 Solution for the inner domain

The following dimensionless properties and parameters are introduced.

- Cy—=C o Dt
¢= Cs ¢= Ry (t) T R(1)2
- Ri(t) e _ hRY
R= s B="5 (4.16)
With these expressions, the non-dimensional form of (4.5)-(4.9) is written as
_,0C oc| oC 9*°C 10C
= —| == —— 0 1 4.17
RaT-i-G 3CC:13C 3C2+C<9€ <(<1l, 7>0 (4.17)
aC _
= — == 1 4.1
ac BRC (=1, 7>0 (4.18)
~dR oC
Ry =< (=L 720 (4.19)
C=1 0<¢<1, 7=0 (4.20)
R=1 =0 (4.21)

Thus in addition to rewriting the problem in a non-dimensional form, the inner domain with a
moving boundary is mapped to a fixed domain by non-dimensionalization.

In the experiment by Gade et al. [34], the value of the dimensionless parameter € is small with
a magnitude of 107%. As a result, € is identified as the small parameter® required by perturbation

theory. Thus we may expand C and R to
C = C_'o + 66_11 + 626_'2 —+ o= Z e”C_’n (4.22)

R= Ro + 6R1 + 62R2 4+ .= Z ean (4.23)

SFor regular perturbation theory, € is not necessarily to be a small number. In fact, there is a non-vanishing radius
of convergence. That is to say, the series solution obtained by regular perturbation theory is convergent even for
very large e. We want e to be small here because we can get the accurate approximate solution by only solving first
few order problems, otherwise we have to calculate high order solutions to obtain a satisfactory result if € is large.
Sometimes if there is no such a small parameter, we can just introduce a parameter into the problem and let e = 1
to recover the original problem after calculation [35].
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where C,, and R, represents the n" order solution of C' and R, respectively. By substituting (4.22)
and (4.23) into the moving boundary condition (4.19) and rearranging terms, we get
dRy - dRy dRy aéo _ dRy - dRy dRo oCy

2 e
dr +(R0d7 + R ag )H(ROdT R R T <—1)€+ 0

Ry
(4.24)

Since Taylor expansion is unique for any convergent series, we may let every coefficients of " in

Eqn.(4.24) to be zero, and get

Ry—= By _, (4.25)
dr
de dRo Gy
dRy de _ dRy 801
=1 4.2
Ro~= dr + R dr 2dr |, (4.27)

Similarly, Eqn.(4.17) is expanded with the understating that Ry is constant. Again, we let the

coefficients of € to be zero, and obtain

G, Cy 109G,

_, 0C _ _ 9C, dRy 0Cy  0°Cy  10C
2 V1 0 1 0 _ 1 1 1
Rj 7 + 2Ry or CdT ¢ ac2 +< ac (4.29)
oC,, 0*C 10C
D2 n = n
Ro—- (¢,7) = o T (4.30)

where

("7 n—i

”acm acnl 1 dRjOC, i
_2;‘) ZIRR —ad ZRQ 2 420213 5 —aid (4.31)
7 Jj=i+ 7 =
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The parenthesis operation in (4.31) represents the function that round the number to the lower

integer. Moreover, the Robin boundary condition and the initial conditions of C' and R imply that

oCy, _ —BiRiCn—i C=1,7>0 (4.32)
=0

Ro=1, R,(0)=0 (4.33)

Co(0) =1, C(0) =0 (4.34)

Therefore the moving boundary problem is reduced to infinite boundary value problems in a fixed
domain. In addition, we notice that the inhomogeneous term F' for problems in which n > 1 is
known as long as the lower order solutions of C,, and R,, are obtained. Such that theoretically the

problem can be solved recursively. The equation set for the 0" order problem® is

9Co  *Cy 10C

ar o +Ea< 0<¢<1l, 7>0 (4.35)

aCo B
TC__ﬁCO ¢=1, 7>0 (4.36)
Co=1 0<¢<1, 7=0 (4.37)
Ry=1 >0 (4.38)

It can be seen that this 0" order problem is the simplification of the original problem under

the quasi-stationary assumption. By applying separation of variables, the solution is shown to be

i 2,3J0 OénC) e_anZT

4.39
= (aF + B*)Jo(an) (4.39)

where o, are the roots of the eigenfunction
anJi(an) = BJo(an) (4.40)

and Jo is the Bessel function of the first kind of 0" order; J; is the Bessel function of the first kind
of first order. Therefore the O order solution Cj is obtained. Next, let us recall the relationship

between Cy and R; described by (4.26). By substituting the zero'™ order solution of the concen-

60t order problem is also called unperturbed problem. It can be obtained just by letting € = 0.
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tration into Eqn.(4.26), the first order solution of the non-dimensional inner radius R is obtained
as
_ s 232

Ri=)_

— m(l — e_a" T) (441)

However, the first order problem for C; is difficult to solve analytically because Cy and R; are
infinite-series. Fortunately, the accuracy of the first order solution of R is satisfactory and we will
prove it using numerical methods in the next chapter. Consequently, the approximate solution for
the radius of the inner domain with first order accuracy is

R=Ro+cRi=1+c%

2oty a7 (4.42)

and therefore the mass loss per unit length for the inner domain is

Z 4m(RO)2RB2C, )

Am = 27R, / h(C, - C) s (4.43)

One interesting feature is that, if we substitute the solution of Cy into the moving boundary
condition (4.19) and integrate both sides with respect to 7, the same result as shown in Eqn.(4.42)

may also be obtained.
4.2.2 Solution for the outer domain

Likewise, we mapped the time dependent domain into a fixed domain by non-dimensionalization.

The dimensionless properties and parameters are described as follows.

= CS—C ’I"—Rg(t) Dt — Rg—Rg(t)
C _= = ——-—---- T = R = ——————————
A e ) (s — B)’ Rs — R
C, h(Rs—RY)  _ RY Ry(t)
_Gs _ G=-—2  po—_t2Y 4.44
‘T b g D Rs — RY Ry — Ro(t) (4.44)

where R represents the initial value of Ry. Accordingly, the normalized problem is
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_,0C oc| oc ¢ 1 oC

oC _

gc =PRC (=0, T>0 (4.46)

_dR  0C

oC

=0 =1 >0 (4.48)

C=1 0<C<1l, 7=0 (4.49)
R=1 =0 (4.50)

By letting € = 0, we obtain the 0" order problem which is written as

9Cy  C, 1 Gy

g c2 +(+EL@§ 0<(¢<1l,7>0 (4.51)
aCy .~ B
aCo B
Co=1 0<(<1,7=0 (4.54)

Likewise, with the aid of separation of variables, the solution to this problem is

Co=3" Duslan(C + e (4.55)
n=1
where
Blan(C + )] = Yi(and + an)Jolan(C + @) — Ji(ana + on)Yolon(C +@)]  (4.56)

and o, are eigenvalues of the eigenfunction
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Yi(ana + an)Jo(ana) — Ji(ana + an)Yo(ana) = anYi(ana)Ji[ana + an] — anJi(ana)Yi[ana + ap]

(4.57)
which is obtained from boundary condition (4.46).
The coefficient D, is given by
2afp(aay,
D, = ape(acn) (4.58)

(1 + a)20,202[an(1 + a)] — a2(B82 + a,?) P2 (ana)

With the Ot order solution of concentration, the approximate solution of R with first order accuracy

may be obtained as

R=1+¢ i %Wu — e n’T) (4.59)
n=1

n

and the mass loss per unit length for the outer domain is

t
Am = 27 Rq / WCs — C) dt

_ Z 21C,(Rs — R(R3 — fjg](Rs, — B)Dnd(@cn) () _ ,—a,iry (4.60)
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5.0 NUMERICAL SOLUTIONS FOR THE IN VITRO PROBLEM

In order to test the solutions we obtained in the previous chapter, we will now analyze the moving

boundary problem numerically and compare the results to the approximate solutions.

5.1 NUMERICAL ANALYSIS FOR THE INNER DOMAIN

For convenience, we use R and C' to represent the normalized and mapped inner radius R and
the normalized concentration C, respectively. We notice that although the inner radius of the graft
is a function of time, the domain of the normalized problem remains fixed in time, which allows that
the grid size and position are independent of time. As a result, implicit finite difference method
can be applied here.

For the numerical approach, the first and second order derivatives with respect to ¢ in Eqn.(4.17)

are represented by central difference approximations as

9*C  Ciy1 —2C;+Cimy 0C  Ciyq — Ci .
= A A= eac T =0 L23 N (5.1)

where C; is the dimensionless concentration at the ith grid and A( is the grid size. The time

derivative term is approximated by a forward difference in time which is written as

oc _cprtt—cr

— = =0,1, 2, 3, --- 5.2
or AT " T (5:2)

where n represents the time level and A7 is the time step. Now with these finite difference forms,

(4.17)-(4.21) which describe the in vitro degradation of the vascular graft from the inner side become
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Cin G850 _ _gprniope (5.4)

2AC N

BT _ poypn (5.5)
=1 i=0,1,23 - N (5.6)
R =1 (5.7)

It is noticed that (N + 1) is a ghost point on which the values are constrained by the boundary

condition (5.4). Since the model is axisymmetric, the difference equation at i = 0 is given by

CTL+1 o Cn Cn+1 . n+1
n+1y2 Y0 0 1 0
=4 .
(R") Ar AL (5.8)
By algebra operations, Eqn.(5.3) can be written as
92 P o
ot CCZ?”WMC{LQWMC?EZC? i=1,2,3 - N—1 (5.9)
A B c;
where
Rrt1 2 _ Rrtlontl 1 1
PR Cli N i N o= — d=—— (5.10)
AT 2A(¢ AC 21A¢

Thus if we use C"*1 and C™ to represent the collection of concentrations at time (n + 1) and time

n, respectively, the finite difference equation can be expressed in the following linear system.

EC'! =C" (5.11)
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where the matrix E is

_ & B ;
Cy A7} By
E-| ' 7t 1 (5.12)
I Oy Ay |
and
4 4 —2¢ a+b+2c b—c—d
0 * alA(? 0 alA(? N a N a s a
(5.13)

At every time point n, the non-dimensional radius at the next time (n+1) denoted by R"! is
assumed, and the concentration at (n + 1) can be obtained by Eqn.(5.11); next, R"*! is updated
using the moving boundary condition in (5.5); then the process is repeated until the iterated R™*!
does not change significantly, and we may go to the next time point.

In order to make the implicit finite difference method valid, convergence of the scheme is tested

[36]. The Taylor expansions of CZ.”H, ", and R™1 are

2 n 2
ortl = on oy (8C> ar+ (2] AT (5.14)
or T2 ; 2
(OO a2\ " (A)?
=G (ac>iA<+<a<2>i2i”' (5.15)
OR\ " PR\ |" (AT)?
n+1 _ n
R R +<8T> AT+ <372> L+ (5.16)

Substituting (5.14)-(5.16) into the difference equation (5.3), we have

2ac
or §7

aC _*C 100

AT, AC? .
o = o +C8<’ O(AT, AC?) (5.17)

As A7 and A( approach zero, Eqn.(5.17) is reduced to the original PDE as given in Eqn.(4.17).
Therefore we say that this method is consistent and has the order of errors in A7 and A(? .
Furthermore, because an implicit method is used for the finite difference method and there is no
negative diffusion, the approach is unconditionally stable. Therefore according to Lax equivalence

theorem [37], the consistency and stability imply that this numerical scheme is convergent.
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5.2 NUMERICAL ANALYSIS FOR THE OUTER DOMAIN

It is noticed that an additional convection term appears as a result of mapping for the partial
differential equations for both the inner domain and the outer domain. For the outer domain,
the additional convection term may generate a negative numerical diffusion if central difference is
applied, which can make the method unstable. As a result, the upwind method is applied to the

convection term in Eqn.(4.45), which is defined by

oC  C;—Ciq

= A i=0,1,2,3 - N (5.18)

Therefore the finite difference forms of Eqn.(4.45)-(4.50) are given by

CnJrl _Cn Cn—i—l _ Cm—i—l
n+1\2 >4 o GAC—1 n+1,m+1 "1 -1
(R ) AT (Z C )EﬂR CO AC
n+1 n+1 n+1 n+1 n+1
crtl — 20t 4 o, L (5.19)
A<'2 ZAC + Rg—l—l 2AC ) Hy Iy .
Ci’H—l _ Cn—ls—l —
-1 _ grrtigntl 5.20
sac = ARG (5.:20)
Rn+1 — R" .
=1 i=0,1,23, - N (5.22)
R =1 (5.23)
where C'_; is the concentration at the ghost point i = —1. Likewise, we may express Eqn.(5.19) in
the following form, as
9 e e
m0?+1+ggyﬁl+ucfjlch i=1,2,3 - N—1 (5.24)
—— —— ——
A7 By Ci
where for the outer domain,
n+1y2 1—3 n+1,m+1 1 1
. (R") b e(1 —iQ)BR" Cy c=— d= : — (5.25)
AT A¢ A¢ 20(IAC+ R
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Again, we can use the linear system given in Eqn.(5.11) to describe the problem. For the problem

of the outer domain, we have

a+b+2c b

* n d—c— * a+b+2c
A= IR aapRrm SO0 = atotee

a a a

(5.26)

Similar to the inner domain, we also need to test if this finite difference scheme is convergent.
By use of Taylor expansion, Eqn.(5.19) becomes
oc 00| oCc _C 1 o

D2

It is shown that as A7 and A approach zero, modified equation given in Eqn.(5.27) is reduced to
the original partial differential equation. As a result, this method is consistent. Also, according
to the unconditional stability of implicit method, we conclude that the implicit finite difference

method is convergent for any A7 and A(.

5.3 COMPARING THE NUMERICAL RESULTS WITH PERTURBATION SOLUTIONS

In this section, we compare the results by the numerical methods with the approximate solutions
obtained using perturbation theory. Values of the parameters are from the research by Gade et al.
[34]. The initial radius of the inner domain RY is 0.8 mm; the initial radius of the outer domain R
is 1.58 mm; the radius of the outer insulated boundary Rs is 10 mm; the saturation solubility Cj
is 0.25 g-ml~!, the density of the solid p* = 285.06 g-ml~!, and the ratio e = Cy/p® = 8.77 x 107%;
the diffusion coefficient D = 2.123 x 107 mm~2-s7!, and h = 1.053 x 10~ mm-s~!. Figure 5 and
Figure 6 show the first order approximate solutions by perturbation theory and the corresponding

numerical results for the inner and outer radiuses, respectively.
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Figure 5: Comparison of the first order perturbation solution with the numerical solution of the
non-dimensional inner radius. n is the numbers of terms of the perturbation solution; eigenvalues
are computed to four decimal places; € = 8.77 x 10™%; 8 = 0.4216; A¢ = 0.0078; A7=0.0005; total
non-dimensional time=15.
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Figure 6: Comparison of the first order perturbation solution with the numerical solution of the
non-dimensional outer radius. n is the numbers of terms of the perturbation solution; eigenvalues
are computed to four decimal places; € = 8.77 x 10™%; B = 4.1763; A¢ = 0.0156; A7=0.0005; total
non-dimensional time=20.

As seen in these figures, the approximate solutions of the radiuses for both the inner and outer

domains are dominated by their first term of the solution. Moreover, for the small values of € in the
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actual experiments, the difference between the first order approximate solutions and the numerical
solutions is negligible. This can be explained by the nature of the PDE. As e approaches zero, the
second convection term in Eqn.(4.17) and that in Eqn.(4.45) vanish so that the moving boundary
problems are reduced to unperturbed problems. However, as ¢ becomes bigger, the difference
between approximate solution and numerical solution becomes noticeable. Figure 7 and Figure
8 compare the solutions by the two approaches with larger values of € for the inner domain and
the outer domain, respectively. For the inner domain, it is shown that the first order approximate
solutions are close to the numerical solutions even for large e. However, for the outer domain, the
difference between the approximate solutions and the numerical solutions becomes noticeable for
large e. Physically, due to the larger space between Ry and Rj3, shown in Figure 4, the time for the
solution to reach its saturation concentration is longer than that for the inner domain. Therefore
the change of the outer radius is greater than the inner radius. Since the first order solution of R
is obtained using the zero™ order solution of C, which is obtained by making € to be zero and the
R to be immobile, the accuracy of lower order approximations may not be satisfactory for R that
changes significantly over time.

In order to better show the accuracy of the approximate solutions, we use

RFDM - ﬁPerturbation
R(0)

x 100% (5.28)

P = max

to represent the difference between the non-dimensional radius by perturbation theory and that
by finite different method for both the inner and the outer domain. Figure 9 and Figure 10 show
the relationship between P and e for the inner and outer domains, respectively. Also, the effect of
values of § is also investigated.

As indicated in Figure 9 and Figure 10, P is shown to have an approximately positive correlation
with e. Surprisingly, P goes down after it reaching a maximum value when § = 10 for the inner
domain. Moreover, it is suggested that there is no obvious relationship between P and 5. The
error of the solutions by perturbation theory is shown to be small, and the maximum difference by

our calculations is 6%, which is acceptable for practical purposes.
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Figure 7: Comparison of the first order perturbation solution with the numerical solution of the
non-dimensional inner radius for larger €. n is the numbers of terms of the perturbation solution;
eigenvalues are computed to four decimal places; 5 = 0.4216; A¢ = 0.0078; A7=0.0005; total
non-dimensional time=15.
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Figure 8: Comparison of the first order perturbation solution with the numerical solution of the
non-dimensional outer radius for larger €. n is the numbers of terms of the perturbation solution;
eigenvalues are computed to four decimal places; § = 4.1763; A( = 0.0156; A7=0.0005; total
non-dimensional time=20.
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Figure 9: Plot of P of the inner domain against e for different values of 5. § is a non-dimensional
parameter defined in (4.16); for the summation: number of terms of the perturbation solution
n = 100; eigenvalues are computed to four decimal places; A = 0.0078; A7=0.0005; total non-
dimensional time=15.
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Figure 10: Plot of P of the outer domain against ¢ for different values of 8. 3 is a non-dimensional
parameter defined in (4.44); for the summation: number of terms of the perturbation solution
n = 100; eigenvalues are computed to four decimal places; A = 0.0156; A7=0.0005; total non-
dimensional time=20.
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6.0 THE IN VIVO PROBLEM

In the above chapters, we deal with the in wvitro problem that the vascular graft degrades in
stationary solvent. However, for the in vivo problem, the inner domain experiences blood flow
instead of stationary fluid. Moreover, blood vessel reconstitution is involved for the in vivo problem.
As a result, the problem becomes more complex.

For the outer domain, there is no insulated boundary outside the vascular graft since it is just
an analogy to the experimental condition for the in vitro problem. We assume that the degradation
process is still axisymmetric and governed by simple diffusion without axial effects, and the effect
of the cells is negligible for the diffusion process. Therefore the only difference between in vitro and
in vivo degradation for the outer domain is the existence of the outer boundary. Because of the
absence of the outer boundary, the problem of the outer domain is now in a semi-infinite region.
Although there exist closed form solutions for a few moving boundary problems in semi-infinite
regions, the solution to this problem is not found in our study due to the restriction from the
Robin boundary condition [24], [25], [38]. As for the in vitro problem, we still need to solve this
problem in a finite domain since three boundary conditions are required to solve this problem. To
this end, one approach is to assume that the gradient of C is zero at positions far from I's, where
an imaginary insulated boundary I's is postulated to serve as a boundary condition.

Unlike the in vitro degradation, cellular attachment and growth have to be considered. As the
graft degrades, cells replace the position where the graft occupies initially and reconstitute a new
blood vessel over time. Figure 11 shows the cross section of a vascular graft containing a cell layer in
the inner domain. If we assume that the inner radius of the cell layer Ry is stationary, the velocity
profile inside the graft should remain unchanged. Such that the problem in the inner domain is
divided into two sub-problems: pure diffusion problem in the cell layer, and diffusion-convection

problem for the inner flow part.
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Figure 11: A cross section of a vascular graft containing a cell layer in the inner domain. I'; and I'y
represent the inner and the outer surface of the cell layer, respectively; I'5 is the outer surface of the
graft; Q; represents the flow region; €’ represents the cell layer; Qs represents the outer domain.

6.1 PROBLEM FOR THE FLOW REGION

For the flow region where €y, the velocity profile is to be determined. Due to the nature of
living body, two features need to be concerned: the effect of flow pulsation caused by heart beats;
and the fact that blood is non-Newtonian fluid. These two features introduce more complicated
mechanism into the problem and we definitely need proper assumptions to simplify them. Caro
[39] in his experiment measured the concentration variation of an injected dye in both pulsatile and
steady flow. It showed that the effect of pulsation is not notable for bent tubes, and that is small
for straight tubes. Therefore in this problem, we neglect the effect of pulsation and assume the
flow is steady. Moreover, McDonald [40] showed that for blood with high flow rate (in the arteries,
for example), the flow of blood is effectively Newtonian. Therefore for this work, we will assume
the flow is axisymmetric and full developed, and the velocity profile follows the form of Poiseuille

flow, which is given by
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u=U(l-—5) O0<r<Ri (6.1)
Ry

where Uj is the maximum velocity, which occurs at » = 0. By substituting (6.1) into (3.4), we
obtain the governing equation for the inner domain as

e 2 0c _ 190 9*C  &C

o O gy = PG T e T )

0 R 6.2
Y <r< R (6.2)

where z is the axial coordinate.

If we use the following non-dimensional parameters and properties to normalize Eqn.(6.2)

Cs—C Uopt UR

C = =
Cs ’ Rl Rl R1 D

it becomes

oC 1 (190 C oC
coc T oz T o

5, 0C 1 (10C 08°C 9*C
Sot(1-5 =
or on  Pe

> 0<r<mR (6.4)
Since D as found experimentally to be relative small, the Peclet number Pe becomes much greater
than one for high-velocity blood flow such as in arteries. Therefore the effect of the diffusion terms
in Eqn.(6.4) may be considered as a small perturbation. By letting the right hand side tend to
zero, Eqn.(6.4) becomes

oC oC

—_— —27:
5+ C)an 0 0<r<R (6.5)

and not surprisingly, this is just the pure convection. This conclusion is consistent with the results
from the experiment conducted by Bailey and Gogarty [41]. It was shown that for arteries, the
dispersion process is dominated by simple convection. Moreover, if the flow rate is high enough, we
may consider C'(z,r,t) = 0 in the flow part for short vascular graft since the concentration profile
is close to the inflow in which C' = 0. With this assumption, the diffusion problem in the cell layer
becomes one-dimensional and can be solved by the perturbation theory.

However for low flow rate, Griffiths [42] in his experiment showed that the distribution of
concentration over a cross section is almost constant. With this result, Taylor [43] developed a

dispersion model base on the mean concentration at every cross section defined by
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Cn = =
R% Jo

Cr dr (6.6)

which is valid for large values of ¢. Then Taylor’s dispersion model is generalized by Gill and
Sankarasubramanian [44] by making a series expansion, making it works for small values of time.
Lighthill [45] also made a complement to Taylor’s theory by giving a solution valid for small value

of t to illustrate the initial action for the diffusion-convection process.

6.2 PROBLEM FOR THE CELL LAYER

In the meantime, the concentration inside the cell layer €' is not directly affected by the flow

and governed by diffusion only, which is written as

oc’ D,(l(‘?(]’ N 9%’ N 620’)
ot r Or or2 0x2

Ri<r<R (6.7)

where D’ denotes the diffusion coefficient inside the cell layer; C’ is the concentration inside the cell
layer. Similar to the problem in a quiescent fluid studies for the in wvitro problem, I's is constrained

by two boundary conditions, (3.5) and (3.9). The moving boundary condition at I'y is written as

D'VC'-n = pgvr, - n (6.8)

where n is the unit normal to I's that points inward. Fallowing earlier work by Patel [28], we

transform (6.8) to simplify the analysis. The radius of 'y is expressed as

r = R'(z,t) (6.9)

and if we define a new function F(x,r,t) to describe the position of I'y, we may have

F=r—R(z,t)=0 (6.10)
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Moreover, it follows that

L _VF _ v
O VE VO
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Taking the material derivative of F and combining (6.13), we have

—9F/ot —dC'|ot
v.-n = =
V|7 V|

Next, by use of (6.12) and (6.14), Eqn.(6.8) becomes

OF
—-D'VC'-VF = ps—
ve'-v Psy

By the differentiation of C' and F, we may obtain

oC"  O0F/ox oC’
ox  OF/or Or

With the aid of (6.16), Eqn.(6.15) is expanded to

!
_D,aai* 1 (OF [0

0F 0F
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Now, since F is a function defined by (6.10), Eqn.(6.17) is reduced to

ac’ R OR’
/ 21
D+ (o) T = psp;
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If the diffusion coefficient of the blood is same as that of the cell layer, both C' and 9C/0r are
consistent at the interface I'y, which serve as implicit boundary conditions. Therefore the equation

set for C'(r,x,t) for the full problem of the inner domain is

oC r2 oC 10C 09°C  9°*C
E‘FU@(l—RilQ)%—D(;E—FW-FW) O<r< Ry, t>0 (6.19)
ocC’ 1oCc"  9*C’ 0%
D= / 2
5 (r 5 T 52 +8£L‘2) Ry <r < R(x,t), t >0 (6.20)
ocC’ OR' OR/
! 27 — p/
D8T[1+(6x)]_p58t r=R(x,t), t>0 (6.21)
-D'VC"-n=h(Cs—C") r=R\(z,t),t>0 (6.22)
C'(Ri,x,t) = C(Ry,w,t) r=Ry, t>0 (6.23)
ocC’ oC
/ = _— =
D 5 = D@r r=~R;, t>0 (6.24)
C(ryz,00=0 0<r<Ry, t=0 (6.25)
R'(x,0) = Ry t=20 (6.26)

The solution to this problem is not going to be shown in this thesis since the 2-dimensional moving
boundary condition introduces extra difficulty into the problem. Numerical analysis is scheduled
to be conducted and the perturbation solution to this problem is also going to be investigated in

our future studies.
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7.0 DISCUSSION

In this thesis, we solve the in vitro problem for erosion of a vascular graft using both the perturbation
theory and the numerical methods. It is shown that mixture theory is a powerful tool to simplify
problems including biological tissues. In fact, the moving boundary conditions given in (4.6) and
(4.11) can also be derived by using the balance of mass without concerning individual constituents.
However, for mixtures with more than three constituents or for porous media, the advantage of
jump conditions for mixture in deriving moving boundary conditions is irreplaceable.

It is shown that the first order solutions of the radiuses for both the inner and the outer domain
are valid and satisfactory. Although we set the values of € to be utmost 0.5, the real value of it is
much smaller. For our experiments using PGS as the material for the graft, our group found the
order of € is of 1074, such that the error of first order approximate solution should be less than
1%. One surprising finding is that the errors of the approximate solutions are not shown to have a
obvious relationship with 3 as expected. Especially in the case that § = 10 for the inner domain
shown in Figure 9, the difference between the approximate solutions and the numerical solutions
decreases after reaching a peak as € becomes bigger. Although not shown in this thesis, we note
that the errors of the approximate solutions for the outer domain increase as the radius of outer
boundary Rs becomes bigger.

At the end of the thesis, the in vivo problem with blood flow inside the inner domain is discussed.
With several assumptions, the problem for the inner domain is divided into two sub-problems:
a simple diffusion process with moving boundary; and a diffusion-convection process in a fixed
domain. Prior work suggests that the problem can be reduced to pure convection for high flow
rates, while for small flow rates, it may be assumed that the concentration in the fluid part is
independent of r. The difficulty of this problem lies in the moving boundary for the cell layer. Since

this is an unsteady 2-dimensional problem, the function of the free boundary is now a function of
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both x and ¢. In the future, we will develop an approach for mapping the cell layer domain to a
fixed region as was done for the in vitro problem. However, if we use ( = /R’ to normalize the
radius, the axial dependence of R’ will make the dimensionless equation extraordinarily complex.
In the future, we will continue to explore methods to simplify the formulation. Numerical analysis

will be used to test the idealizations.
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APPENDIX A

LIST OF SYMBOLS

Angular momentum supply rate on singular surface to constituent «
Linear momentum supply rate on singular surface to constituent «
Mass supply rate on singular surface to constituent «
Dimensionless concentration

Dimensionless radius

Energy supply rate on singular surface to constituent «

Motion of X«

Mass loss per unit length

Ratio of p* to C

Entropy density

Entropy density of constituent «

External heat supply

External heat supply to constituent «

Angular momentum supply to constituent « from other constituents

o4

N/m
N/m?

kg/(m?:s)

W/m?

kg/m

J/ (kg-K)
J/ (kg-K)
W/ kg
W/ kg

N/ m?



a1

T&

T

Momentum supply to constituent a from other constituents

Mass supply rate to constituent «

Energy supply to constituent o from other constituents

Acceleration

Acceleration of constituent «

Body force density

Body force density of constituent «
Matrix of diffusion coefficient

Mass flux vector

Heat flux vector

Heat flux vector for constituent «
Inner part of heat flux vector
Cauchy stress tensor

Cauchy stress tensor of constituent «
Internal part of Cauchy stress tensor
Diffusion velocity of constituent «
Velocity

Velocity of constituent «

Velocity of surface

The position vector of X

A material point of constituent «

A deformable continuous body

A Euclidean space

95

N/ m?

kg/(m?-s)



Va

Vo

An arbitrary material region

The material region of constituent a coincident with V
Helmholtz free energy of constituent «

Density

Apparent density of constituent «
Dimensionless time

Internal energy density

Internal energy density of constituent o
Dimensionless radical axis of cylinder coordinate
Concentration

Saturation solubility

Diffusion coefficient

Material coefficient used in boundary condition
Radius

Radical and axial axis of cylinder coordinate
Solid

Time

Solute

Current configuration of B

Initial configuration of B

Solvent
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kg/m3

kg/m3

J/ kg

J/ kg
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APPENDIX B
GRID SENSITIVITY TEST FOR NUMERICAL METHODS

To ensure the mesh quality, grid sensitivity is analyzed for the numerical methods. Once a difference
method is proved to be convergent, the accuracy of the method is mainly determined by grids.
Generally, a finer grid gives more details than the coarser ones. However, formulations with higher
density mesh require more time to solve. Therefore we consider the mesh to be satisfactory when
the results in the same position at fixed time do not significantly change. In this one-dimensional
problem, the radius is divided into 2! grids evenly, where I = 1,2,3,.... The residual for the

numerical results is described by the second norm which is defined by

N 1/2
Rer = ||Cr = Crl| = [Z(C&I - 05“)2] (B.1)

)

where i’ represents the same position that ¢ occupies. The grid size and the time step are determined
in this way: first we choose an arbitrary time step A7, and we find the optimized ¢ by the residuals
between two discretization levels; then the grid size is fixed to A that we find in the previous step,
and we determine the optimized time step. As shown in Figure 12 and Figure 13, the optimized
time step and the optimized grid size are 0.0005 and 1/27, respectively. Likewise, for the outer
domain, we determine the optimized time step and grid size to be 0.0005 and 1/2° according to

Figure 14 and 15.
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Figure 12: Relationship between the residual and A( for the inner domain. €=0.05, A7=0.01, total
non-dimensional time=5.
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Figure 13: Relationship between the residual and A7 for the inner domain. ¢=0.05, A¢ = 1/27,
total non-dimensional time=>5.
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Figure 14: Relationship between the residual and A( for the outer domain. €=0.05, A7=0.01, total
non-dimensional time=5.
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Figure 15: Relationship between the residual and A7 for the outer domain. ¢=0.05, A¢ = 1/26,
total non-dimensional time=>5.
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APPENDIX C
DERIVATION FOR (2.15)

According to (C.6), we have

Df D(p*f)
"Dt Za: Dt (€1

By use of the identities in (2.5) and (2.6), we obtain

D(pafa) _ Da(pafa) a pa « a ra
D = pr V) v V() -y (C.2)

Therefore
Z [ D*( afo‘) V(p®F%) - v + V(p® f) .V] (C.3)

With the aid of (2.13) and (2.16), by expanding the first term in the right of (C.3), we have

Da fCM

el

FF TN S () V() (0 )] (C)
Since V - v = 0 for incompressible fluid, we get

V-v¥=V.u® (C.5)

60



Thus (C.4) is reduced to

Df
"Dt

30
(0%

DafOé _

Dt
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V()

(C.6)



APPENDIX D

DERIVATION FOR (2.17)

By taking the summation of Eqn.(2.13) over all constituents, with the identity given in (2.11), we

obtain

Dapa
OV v = D.1
za: TR Za:p V-v¥=0 (D.1)
By use of (2.5) and (2.6), we have
D*p* _ Dp® o S
Dt = Di Vp® v+ Vp®-v (D.2)
With (D.2) and (2.8), (D.1) can be written as
D
Fi —Vp-v+> V- (p*v?) (D.3)

By use of the identity given in (2.18), (D.3) becomes

Dp
— v=20 D.4
Dr +pV.-v (D.4)
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APPENDIX E

DERIVATION FOR (2.22)

With (2.5), (2.6) and (2.16), we shall have

Dv® B Dove
Dt Dt

— (Vv®) - u®

By use of (2.18), pa can be expanded to

— Z[pocaa o pavva cu® Voe(laoc _ pav VY —ud. vpoc)]
(63
Since
Z vpt = VZ pr=0
[ (04
(E.2) can be reduced to

pa = [p"a® + p*u* = V- (p*v* @ u®)]

«
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The second term inside parenthesis in the right hand side of (E.4) can be expanded to
V-(p*v*@u®)=V.(pu*@u)+ V- (p*veu®) (E.5)
where according to the identity of incompressible fluid, it can be shown that
Y V-(p*veur)=0
«
Thus we have
pa = [p"a® 4+ p*u® = V- (p*u” © u®) (E.6)
(07

By taking the summation of Eqn.(2.21) over all constituents, with (2.24)-(2.27), and (E.6), we get

pa=V-T+pb (E.7)

64



APPENDIX F

DERIVATION FOR (2.67)

According to the definition given in (2.51), by use of identity (2.5), we have

DEI Da a N

and therefore

D>e® Ds
Zpa B — I + Z paeaua ﬁasa]
@

Substituting (F.2) into (2.46) and taking the summation for both sides, we get

D51+Z agaua+q ZAa « ZTaivva‘i‘pT‘i‘Zéa
« e’

and this can be written as

D
p?il— pre? Zs ZT“:VvafV-k+pr
[e% o

If the body force is uniform, according to Eqn.(2.62), (F.4) becomes

ZTO‘:VVO‘—V-k—i-pT—th—FZu Zﬁaua-uo‘
«
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By combining (F.4) and (F.5), we obtain

Namely,
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APPENDIX G

DERIVATION FOR (4.39)

For the 0" order problem of the inner domain given in (4.35)-(4.38), by separation of variables, we

propose that

Co = X()T()

By substituting this expression into (4.35), we have

T X'+ X'/()
T~ X -
Therefore
T(7) = Ae~®T

X(¢) = BJo(a€) + CYp(af)

Because X (¢) is bounded at ¢ =0,

C=0

By applying the convective boundary condition, we get
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anJi(an) = BJo(an) (G.6)

and this is th eigrnfunvtion for ay,s.

Therefore

Co=T(1)X(() = f: Dy Jo(onC)e "™ (G.7)

n=1

By applying the initial condition into (G.7), we have

Co = i Dy Jo(al) =1 (G.8)

n=1

Next, by multiplying both sides of (G.8) by (Jo(a,() and integrating the equation from 0 to

1, we have

/ 'S Do) JolamC)dC = / ColomO)dC (G.9)
0= 0

According to the orthogonal property of Bessel functions and the eigenfunction, we have

2p

P = G 32 do(an)

(G.10)

Thus

> 2/8<]0 anC) —apn?T
Z @2 + o) (G.11)
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APPENDIX H

DERIVATION FOR (4.55)

Following the same procedure in Appendix G, by separation of variables, assume that

Co = X(Q)T() (1)

By substituting (H.1) into (4.51), we have

T B X”—f—X’/(C—}-C_L) B
T = e =—a? (H.2)

Thus
T = Ee 7 (H.3)
X = AJyla(¢ + a)] + BYp[a(¢ + a)] (H.4)

By using boundary condition (4.53), the relationship between the two coefficients A and B is

obtained as

AJi(aa + «)

B=_ 21\ "7
Yi(aa+ )

(H.5)
Therefore the expression of X can be rewritten as
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_ AJi(aa+ o)
Yi(aa + «)

— E{Yi(aa + a)Jola(¢ +@)] - Ji(a@ + a)Yola(¢ + @)} (L6)

X = AJyla(¢ + a)] Yola(¢ + a)]

By substituting (H.6) into the boundary condition in (4.52), we obtain the eigenfunction as

—ap[J1(aan)Yi(ana + ) — Yi(aay)Ji(ana + )] =

BYi(ana + a)Jo(aom) = Ji(a + ana)Yo(aonm)] (H.7)
For convenience, let
#la(¢ +a)] = Yi(aa + a)Jola(¢ + a)] — Ji(aa + ) Yola(¢ + a)] (H.8)
Therefore
Co = gjl X, T, = Zjl Dydlan(C + a)]e 7 (H.9)

Substituting the initial condition into (H.9), we get

S Dudlan(c +a)] = 1 (H.10)

n=1

Multiplying the equation by (¢ + a)¢|a.m, (¢ + a)] and integrating from 0 to 1, (H.10) becomes

[ 30 Duc+ a)glan(c + Aolan(c +a) do = [ (CHadlan(C @A (D)
n=1

and this equation can be simplified by the orthogonal properties of Bessel functions. To this end,

we define

u = Play (¢ + a)] (H.12)

v = Blam(C + )] (H.13)

where «,, and a,, are two of the roots of Eqn.(H.7). Moreover, according (H.2), u and v are
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subjected to

(C+a) +u + an?Cu=0

(C+an” +v + anCv =0
which is equivalent to

(¢ +a)u) + an®(C+a)u=0

[(¢+a)nT] +an’((+a)v =0

(H.14)

(H.15)

(H.16)

(H.17)

Multiplying (H.16) and (H.17) by v and u respectively, by subtracting the two equations and

rearranging terms, we have
(n? — am?) (¢ +a)uv = [u(¢ +a)’ —v(¢ + a)u')
Next, by integrating (H.18) from 0 to 1, it becomes
2 2 [ - 1 AT
(an? = an?) [ (¢ +ayuv d¢ = [u(C + @' o(C+ a1l
The right hand side of (H.19) is

[u(¢ + @)’ —o(¢ +a)u' J|g
= (14 a)u(1)v' (1) — (1 + a)v(1)u'(1) — au(0)v'(0) 4+ av(0)u’(0)

=0
Thus for any «, # amn, fol (¢ + a)uv d( is equal to 0. Namely,

1
| €+ adlan(+@lblan(C+ @ dc =0 an#an
Next, by multiplying (H.14) by 2u/(¢ + a), we get

2(¢ + a)*u"u + 2(¢ + Zz)u'2 +202(¢ +a)?uu’ =0
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which can be rewritten as
(¢ + @) + (¢ +a)afu’] —2(¢ +@)aju’ =0
By integrating (H.23) from 0 to 1, we obtain
[(¢+a)*u” + (¢ +a)*apu’]|§ = 207, /0 (e g

Therefore we have

(14 a)?02u?[an (1 + a)] — a®(B% + an?)u?(aya)
202

/01 (¢ +a)u® d¢ =

Namely,

(1+a) a2 [an (1 + a)] — a?(B? + an?)9?(ana)

[ € aslan(c +a)) o =

202
Combining Eqn.(H.11), we have

2ap¢(acm)

D = (1 + a)2a,202[an(1 + a)] — a2(B2% + a,?)P?(ana)

72

(H.23)

(H.24)

(H.25)

(H.26)

(H.27)



APPENDIX I

EIGENVALUES FOR THE APPROXIMATE SOLUTIONS

Table 1: First twenty eigenvalues of (4.40) for the in vitro approximate solutions of the inner
domain (8 = 0.4216).

n oy Value of oy,
1 a 0.8720
2 Qa9 3.9398
3 Qs 7.07540
4 Qy 10.2148
) as 13.3553
6 Qg 16.4962
7 ar 19.6373
8 Qs 22.7786
9 Qg 25.9199
10 Q19 29.0613
11 11 32.2028
12 Q12 35.3442
13 13 38.4857
14 14 41.6272
15 15 44.7687
16 Qa6 47.9103
17 aq7 51.0518
18 Qags 54.1933
19 Q19 57.3349
20 a0 60.4764
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Table 2: First twenty eigenvalues of (4.57) for the in vitro approximate solutions of the outer
domain (8 = 4.1763).

n oy Value of o,
1 o 0.7646
2 9 3.9185
3 Qs 6.8983
4 oy 9.9151
5 Qs 12.9673
6 Qg 16.0443
7 a7 19.1380
8 Qs 22.2429
9 Qg 25.3558
10 10 28.4744
11 11 31.5971
12 o192 34.7230
13 13 37.8514
14 14 40.9817
15 o5 44.1135
16 16 47.2466
17 ar7 50.3807
18 18 53.5157
19 Q19 56.6513
20 o0 59.7876

74



BIBLIOGRAPHY

(2017). Cardiovascular diseases (cvds), [Online]. Available: http://www.who.int/mediacentre/

factsheets/fs317/en/ (visited on 05/17/2017).

R. Met, K. P. Van Lienden, M. J. Koelemay, S. Bipat, D. A. Legemate, and J. A. Reek-
ers, “Subintimal angioplasty for peripheral arterial occlusive disease: A systematic review,”

Cardiovascular and interventional radiology, vol. 31, no. 4, pp. 687-697, 2008.

R. A. Guyton, “Coronary artery bypass is superior to drug-eluting stents in multivessel coro-

nary artery disease,” The Annals of thoracic surgery, vol. 81, no. 6, pp. 1949-1957, 2006.

L. Norgren, W. R. Hiatt, J. A. Dormandy, M. R. Nehler, K. A. Harris, F. G. R. Fowkes,
T. I. W. Group, et al., “Inter-society consensus for the management of peripheral arterial

disease (tasc ii),” European Journal of Vascular and Endovascular Surgery, vol. 33, no. 1,

S1-S75, 2007.

S. Tara, K. A. Rocco, N. Hibino, T. Sugiura, H. Kurobe, C. K. Breuer, and T. Shinoka,
“Vessel bioengineering,” Circulation Journal, vol. 78, no. 1, pp. 12-19, 2014.

C. B. Weinberg and E. Bell, “A blood vessel model constructed from collagen and cultured
vascular cells,” Science, vol. 231, pp. 397-401, 1986.

M. Farag, N. Spinthakis, D. A. Gorog, A. Prasad, K. Sullivan, Z. Akhtar, N. Kukreja, and M.
Srinivasan, “Use of bioresorbable vascular scaffold: A meta-analysis of patients with coronary

artery disease,” Open heart, vol. 3, no. 2, e000462, 2016.

75


http://www.who.int/mediacentre/factsheets/fs317/en/
http://www.who.int/mediacentre/factsheets/fs317/en/

[10]

[15]

J. G. Nemeno-Guanzon, S. Lee, J. R. Berg, Y. H. Jo, J. E. Yeo, B. M. Nam, Y.-G. Koh, and
J. I. Lee, “Trends in tissue engineering for blood vessels,” BioMed Research International,

vol. 2012, 2012.

H. Bergmeister, N. Seyidova, C. Schreiber, M. Strobl, C. Grasl, I. Walter, B. Messner, S.
Baudis, S. Frohlich, M. Marchetti-Deschmann, et al., “Biodegradable, thermoplastic polyurethane
grafts for small diameter vascular replacements,” Acta biomaterialia, vol. 11, pp. 104-113,

2015.

M. A. Cleary, E. Geiger, C. Grady, C. Best, Y. Naito, and C. Breuer, “Vascular tissue
engineering: The next generation,” Trends in molecular medicine, vol. 18, no. 7, pp. 394-404,

2012.

T. Sugiura, S. Tara, H. Nakayama, T. Yi, Y.-U. Lee, T. Shoji, C. K. Breuer, and T. Shinoka,
“Fast-degrading bioresorbable arterial vascular graft with high cellular infiltration inhibits

calcification of the graft,” Journal of vascular surgery, vol. 66, no. 1, pp. 243-250, 2017.

N. Thottappillil and P. D. Nair, “Scaffolds in vascular regeneration: Current status,” Vascular

health and risk management, vol. 11, p. 79, 2015.

C. Lu, K. B. Filion, and M. J. Eisenberg, “The safety and efficacy of absorb bioresorbable

vascular scaffold: A systematic review,” Clinical cardiology, vol. 39, no. 1, pp. 48-55, 2016.

J. Chlupac, E. Filova, and L. Bacakova, “Blood vessel replacement: 50 years of development
and tissue engineering paradigms in vascular surgery,” Physiological Research, vol. 58, S119,

2009.

C. Truesdell and R. Toupin, “The classical field theories,” in Principles of Classical Mechan-
ics and Field Theory/Prinzipien der Klassischen Mechanik und Feldtheorie, Springer, 1960,
pp- 226-858.

R. M. Bowen, “Theory of mixture,” Continuum physics, vol. 3, pp. 2—129, 1976.

G. A. Ateshian, “On the theory of reactive mixtures for modeling biological growth,” Biome-

chanics and modeling in mechanobiology, vol. 6, no. 6, pp. 423-445, 2007.

76



I. Mueller, “Thermodynamics of mixtures of fluids,” Journal de Mécanique, vol. 14, pp. 267—

303, 1975.

A. Cemal Eringen and John D. Ingram, “A comtinuum theory of chemically reaction media—

L” Int. J. Engng Sci, vol. 3, pp. 197-212, 1965.

I.-S. Liu, “On chemical-potential and incompressible porous-media,” Journal de Mécanique,

vol. 19, no. 2, pp. 327-342, 1980.

J. Hou, M. Holmes, W. Lai, and V. Mow, “Boundary conditions at the cartilage-synovial
fluid interface for joint lubrication and theoretical verifications,” Journal of Biomechanical

Engineering, vol. 111, no. 1, pp. 78-87, 1989.

A. C. Eringen, “Mechanics of continua,” Huntington, NY, Robert E. Krieger Publishing Co.,
1980. 606 p., 1980.

T. Jonsson, On the one dimensional stefan problem: With some numerical analysis, 2013.

S. C. Gupta, The classical stefan problem: Basic concepts, modelling and analysis. Elsevier,

2003, vol. 45.

J. Crank, Free and moving boundary problems. Oxford University Press, 1987.

A. A. Noyes and W. R. Whitney, “The rate of solution of solid substances in their own
solutions.,” Journal of the American Chemical Society, vol. 19, no. 12, pp. 930-934, 1897.

J. Duda and S. Vrentas, “Perturbation solutions of diffusion-controlled moving boundary

problems,” Chemical Engineering Science, vol. 24, no. 3, pp. 461-470, 1969.

P. Patel, “Interface conditions in heat conduction problems with change of phase,” AIAA J,

vol. 6, no. 12, p. 2454, 1968.

G. A. Ateshian, “The role of mass balance equations in growth mechanics illustrated in surface
and volume dissolutions,” Journal of biomechanical engineering, vol. 133, no. 1, p. 011010,

2011.

77



[30]

[40]

[41]

S. M. Klisch, “A mixture of elastic materials with different constituent temperatures and
internal constraints,” International journal of engineering science, vol. 40, no. 7, pp. 805—

828, 2002.

0. Coussy, Poromechanics. John Wiley & Sons, 2004.

R. Bowen and J. Wiese, “Diffusion in mixtures of elastic materials,” International Journal of

Engineering Science, vol. 7, no. 7, pp. 689-722, 1969.

J. Casey, “On the derivation of jump conditions in continuum mechanics,” The International

Journal of Structural Changes in Solids, vol. 3, no. 2, pp. 61-84, 2011.

P. S. Gade, K. Lee, B. N. Pfaff, Y. Wang, and A. M. Robertson, “Degradation and ero-
sion mechanisms of bioresorbable porous acellular vascular grafts: An in vitro investigation,”

Journal of The Royal Society Interface, vol. 14, no. 132, p. 20170102, 2017.

C. M. Bender and S. A. Orszag, Advanced mathematical methods for scientists and engineers

1: Asymptotic methods and perturbation theory. Springer Science & Business Media, 2013.

D. Pelletier, “Verification, validation, and uncertainty in computational fluids dynamics this
article is one of a selection of papers published in this special issue on hydrotechnical engi-

neering.,” Canadian Journal of Civil Engineering, vol. 37, no. 7, pp. 1003-1013, 2010.

P. D. Lax and R. D. Richtmyer, “Survey of the stability of linear finite difference equations,”

Communications on pure and applied mathematics, vol. 9, no. 2, pp. 267-293, 1956.

V. Alexiades, Mathematical modeling of melting and freezing processes. CRC Press, 1992.

C. Caro, “The dispersion of indicator flowing through simplified models of the circulation and
its relevance to velocity profile in blood vessels,” The Journal of physiology, vol. 185, no. 3,

pp. 501-519, 1966.

D. A. McDonald, Blood flow in arteries. Williams & Wilkins, 1974.

H. Bailey and W. Gogarty, “Numerical and experimental results on the dispersion of a solute

in a fluid in laminar flow through a tube,” in Proceedings of the Royal Society of London A:

78



[42]

[43]

[44]

[45]

Mathematical, Physical and Engineering Sciences, The Royal Society, vol. 269, 1962, pp. 352—
367.

D. Griffiths, Apparatus for delivering measured quantities of liquor. US Patent 1,004,019, Sep.
1911.

Y

G. Taylor, “Dispersion of soluble matter in solvent flowing slowly through a tube,” in Pro-
ceedings of the Royal Society of London A: Mathematical, Physical and Engineering Sciences,

The Royal Society, vol. 219, 1953, pp. 186—203.

W. Gill and R. Sankarasubramanian, “Exact analysis of unsteady convective diffusion,” in
Proceedings of the Royal Society of London A: Mathematical, Physical and Engineering Sci-
ences, The Royal Society, vol. 316, 1970, pp. 341-350.

M. Lighthill, “Initial development of diffusion in poiseuille flow,” IMA Journal of Applied
Mathematics, vol. 2, no. 1, pp. 97-108, 1966.

79



	TITLE PAGE
	COMMITTEE MEMBERSHIP PAGE
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	1. First twenty eigenvalues of (4.40) for the in vitro approximate solutions of the inner domain
	2. First twenty eigenvalues of (4.57) for the in vitro approximate solutions of the outer domain

	LIST OF FIGURES
	1. Motion of a continuous body
	2. A singular surface that divides a material region into two subregions
	3. A cross section of an asymmetrically degrading biodegradable vascular graft over time 
	4. A cross section of the vascular graft
	5. Comparison of the first order perturbation solution with the numerical solution of the non-dimensional inner radius
	6. Comparison of the first order perturbation solution with the numerical solution of the non-dimensional outer radius
	7. Comparison of the first order perturbation solution with the numerical solution of the non-dimensional inner radius for larger perturbation parameter
	8. Comparison of the first order perturbation solution with the numerical solution of the non-dimensional outer radius for larger perturbation parameter
	9. Plot of difference between approximate solution and the numerical solution against the perturbation parameter for the inner domain
	10. Plot of difference between approximate solution and the numerical solution against the perturbation parameter for the outer domain
	11. A cross section of a vascular graft containing a cell layer in the inner domain
	12. Relationship between the residual and the grid size for the inner domain
	13. Relationship between the residual and the time step for the inner domain
	14. Relationship between the residual and the grid size for the outer domain
	15. Relationship between the residual and the time step for the outer domain

	1.0 INTRODUCTION
	2.0 BALANCE LAWS AND JUMP CONDITIONS
	2.1 BALANCE OF MASS
	2.2 BALANCE OF MOMENTUM
	2.2.1 Balance of linear momentum
	2.2.2 Balance of angular momentum

	2.3 BALANCE OF ENERGY 
	2.4 ENTROPY INEQUALITY
	2.5 JUMP CONDITIONS
	2.5.1 Jump of mass
	2.5.2 Jump of momentum
	2.5.3 Jump of energy and entropy


	3.0 GOVERNING EQUATIONS AND MOVING BOUNDARY CONDITIONS
	3.1 GOVERNING EQUATION
	3.2 THE MOVING BOUNDARIES

	4.0 MATHEMATICAL MODEL FOR THE IN VITRO DEGRADATION OF THE VASCULAR GRAFT
	4.1  MATHEMATICAL MODEL
	 4.2 SOLUTION TO THE IN VITRO PROBLEM
	4.2.1 Solution for the inner domain
	4.2.2 Solution for the outer domain


	5.0 NUMERICAL SOLUTIONS FOR THE IN VITRO PROBLEM
	5.1 NUMERICAL ANALYSIS FOR THE INNER DOMAIN
	5.2 NUMERICAL ANALYSIS FOR THE OUTER DOMAIN
	5.3 COMPARING THE NUMERICAL RESULTS WITH PERTURBATION SOLUTIONS

	6.0 THE IN VIVO PROBLEM
	6.1 PROBLEM FOR THE FLOW REGION
	6.2 PROBLEM FOR THE CELL LAYER

	7.0 DISCUSSION
	APPENDIX A. LIST OF SYMBOLS
	APPENDIX B. GRID SENSITIVITY TEST FOR NUMERICAL METHODS
	APPENDIX C. DERIVATION FOR (2.15)
	APPENDIX D. DERIVATION FOR (2.17)
	APPENDIX E. DERIVATION FOR (2.22)
	APPENDIX F. DERIVATION FOR (2.67)
	APPENDIX G. DERIVATION FOR (4.39)
	APPENDIX H. DERIVATION FOR (4.55)
	APPENDIX I. EIGENVALUES FOR THE APPROXIMATE SOLUTIONS
	BIBLIOGRAPHY



