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Introduction

1.1 Atherosclerosis

Atherosclerosis is a major cause of death in the western world. In the last decades research has
been done to find the cause of this disease. The main topic of this research is to understand
when and how atherosclerotic lesions are formed. There are several hypotheses regarding this.
One hypothesis may be that atherosclerosis correlates with low or oscillating wall shear rates,
as well as with low or compressive principal stresses in the vessel wall.

At the Eindhoven University of Technology a project on mechanical aspects of blood-wall
interaction is running. Aim of the study is to investigate the correlation between the local
wall shear stress distribution and the local wall strain distribution. Because it is impractical
to perform experiments on human vessels, in-vitro models have to be made. Using these
models, velocity profiles and wall displacements can be measured by means of Laser-Doppler
experiments and video techniques.

1.2 Method

The project on atherosclerosis running at the Eindhoven University of Technology can be
divided into two parts. The first part concerns complex vessel wall behaviour together with
a Newtonian fluid and the second part concerns the mechanical behaviour of a complex fluid
near the vessel wall.

An attempt has been made to make a vessel model which has the same complex mechanical
behaviour as a human vessel, see Rutten (1995) and Caimmi (1995a,b). Although the results
were qualitatively good, they did not match those of a human vessel.

To make a vessel model which has the right characteristics requires knowledge of the material
used. Research has to be done to obtain that knowledge.

1.3 Outline

In this report the derivation of the mechanical characteristics of a two component orthotropic
model is described. After an introduction to vessel wall behaviour a mathematical model
is made. Then the mechanical properties of the two components of the vessel model are
determined.



The next step is to determine what the mechanical properties of the model should be. Then
a tubular model with the desired properties can be made.



Chapter 2

Mechanical behaviour of
the vessel wall

2.1 Components

The constituents of vascular tissue are elastin, collagen fibres and smooth muscle cells. The
mechanical behaviour is mainly determined by these three components.

Elastin Elastin is a biological material with an almost linear stress-strain relationship. It
has a Young’s modulus of approximately 0.6 MPa and remains elastic up to draw ratios A of
approximately 1.6. The material shows hardly any hysteresis. (Fung, 1993a)

Collagen Collagen is a basic structural protein. It consists of three helically wound chains
of amino-acids. These helices are collected together in micro-fibrils, which in their turn form
subfibrils and fibrils. The fibres are normally arranged in a wavy form. Due to this waviness
the stress-strain relationship shows a very low stiffness at small stretch ratios. The stiffness
increases fast once the fibres are deformed to straight lines. (Fung, 1993a)

Vascular smooth muscle There is little known about the effect of passive vascular muscle
on the stress-strain relationship of vessels. However Cox (1978) reported the effect of active
vascular muscle on the stress-strain behaviour of vessels as a whole.

2.2 Mechanical behaviour

Vascular tissue shows complex mechanical behaviour. There are three main characteristics:
a non-linear stress-strain relationship, viscoelastic and orthotropic behaviour. Each of these
three characteristics call for special attention when building a vessel model.

2.3 Vessel models

The mechanical behaviour of vascular tissue can be described using a phenomenological model.
These models only fit experimental data and therefore the predictive capabilities for other
loading situations are often poor. Fung (1993b); Chuong and Fung (1983); Han and Fung
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(1991) showed that the reference state of an artery (axially unstretched and no transmural
pressure present) is not stress-free. The vessel model used in Rutten (1995) also has a non
stress-free reference state, because the fibres are wound with a prestrain on top of the isotropic

tube.



Vessel model

3.1 Introduction

In Caimmi (1995a) and Rutten (1995) a composite of fibres and rubber was used as a vessel
model. The base of the composite is an isotropic tube of viscoelastic EPDM rubber. To make
the tube anisotropic and giving it a nonlinear stress-strain relationship, several layers of fibres
are applied.

In this chapter a mathematical model for the nonlinear, anisotropic tube is derived. With
the help of a mathematical model an estimate of several production parameters can be given.
The production parameters are the parameters, such as the winding angle, the number of
layers of fibres, the prestrain applied to the fibres and their volume fraction, which can be
altered to change the mechanical properties of the tube.

3.2 Manufacturing of the model

The rubber is dissolved in xylene and 1% by weight dibenzoylperoxide is added to enable
crosslinking. The solution is applied is several layers to a teflon-coated mandrel of 18§ mm
diameter by means of dip-coating. The wall thickness has to be as small as possible to reduce
the influence of the rubber on the total mechanical behaviour of the tube. The smallest wall
thickness that can be reached is 0.25 mm. After application of each layer, the mandrel rotates
until all the solvent has evaporated. Then the mandrel and the rubber are put in an oven at
a temperature of 120° for three hours. The crosslinked tube can then be removed and put on
another mandrel to enable removing after applying two plies of lycra fibres on the isotropic
tube. The fibres are wound at a specific angle to obtain the right mechanical properties of the
tube and are prestrained to obtain a more pronounced nonlinear behaviour. After application
of the fibres, the model is put in an oven again to acquire a firm bond between the fibres and
the rubber. The final result is an orthotropic tube.



3.3 Mathematical model

The base of the model is the constitutive equation for orthotropic behaviour:

E, troEo prz B, 0
Orp I—pzpipz  L—lzplpz l—lzplez Err
o Hor Loy Eso Hopztiz €
el = L—ttzobipz I—pizotloz  1=Hzpbipz (g (3.1)
Ozz pzr Eor Hap Ly Ly 0 Ezz ) .
o ]-_ny(pN(pZ 1_.UZ<,0/J'<PZ 1'_”»580“902 e
rz 0 0 0 Gy Tz
with
E, = ET(Aa )‘7>\w,079)
E, = Ey(M\A A, 6)
B, = B.(\A Ao 6) (3.4)

E.,E,, E, are the stifnesses of the tube in respectively radial, circumferential and longitudinal
direction. The axisymmetric coordinate system is shown in figure 3.1.

Figure 3.1: Axisymmetric coordinate system

Due to nonlinearity the Young’s moduli are not constant. Use of nonlinear parameters in a
linear constitutive equation may lead to inaccurate results.

Because the thickness of the wall of the tube is small, axisymmetric plane stress is applicable
and equation (3.1) reduces to:

Ey Loz Bz
g 1— 1— g
ey — Hzoleoz Hzolbpz pp (3 5)
Oz Bzp By E, :

S
1—pizpbie: 1—pizpphpz “

Equation (3.5) describes the macroscopic behaviour of the tube. The Young’s moduli of the
tube consist of two components. To determine the relationship between the Young’s moduli
and the Young’s modulus of the fibres and the EPDM rubber, laminate theory is used.

The laminate theory presumes linear mechanical behaviour. The mechanical behaviour of the
fibres is strongly nonlinear. Therefore an inaccuracy will occur.

For the k" layer the stiffnessmatrix is denoted as Q- The 1- and 2-direction are the main
axes of the layer, with direction 1 the direction of the fibres and direction 2 perpendicular to
direction 1. Because the main axes of the layer differ from the main axis of the composite, the
stiffness matrix has to be transformed. The stiffness matrix related to the circumferential and
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longitudinal direction of the tube of the k™ layer is according to Halpin (1992) and Agarwal
and Broutman (1980):

Q; =T;'QTx (3.6)

with @, the stiffness matrix in the 1- and 2-direction (the main axis of the layer) and

cos® 6 sin® 0 —2sinfcosf
T, = sin® 9 cos? § 2sinf cosf (3.7)
sinfcosf —sinfcos® cos?H —sin?f |,

with 6 the angle between the fibres and the circumferential direction of the tube. The total
stiffness of the fibre layers @) is the sum of stiffness matrices of each layer, so

=3¢ 55)

with 7 the number of layers.
Because the mechanical behaviour of the fibre is one-dimensional, the stiffness of the fibres
can be written in circumferential and longitudinal direction using equations (3.6) to (3.8):

E¢, =nEf(X\)cos* 0 (3.9)

Ef, =nE;())sin*0 (3.10)
with Ef the stiffness of the fibres. If one layer is applied with an angle of 8, the next one will
be applied with an angle of —6.

Because a finit number of fibres is applied, the Halpin-Tsai relation is used to compute the
stiffness of the tube (Halpin, 1992):

E, = Ej;+ En(l—vy) (3.11)
E, = Efz’l)f—i—Em(l——'Uf) (3.12)

with v; the volume fraction of the fibres and E,, the stiffness of the EPDM matrix.
The Poisson ratios for the fibre and the matrix can be derived in a similar way and are:

prp = 05 (3.13)
pp, = 05 (3.14)
pm = 0.5 (3.15)

Analog to equation (3.11) an equation for the Poisson ratio of the tube can be found. Halpin
(1992) gives for p,, and p,:

Pz = PfeUs + pn(l —vf) (3.16)
Hzp = ﬂfz”f+ﬂm(1“vf) (3.17)

Now every unknown in the constitutive equation is determined, except the stiffness of the
fibre £y and the modulus of the rubber E,,. Experiments are required to determine these
material parameters.
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Chapter 4

Material

4.1 Lycra fibres

4.1.1 Introduction

Lycra fibres are polyurethane fibres (DuPont de Nemours, Dordrecht (NL)). One fibre of 78
dtex (1 dtex= 1 kg / 10km) is a bundle of six fibres of 13 dtex each. Lycra fibres are highly
elastic. The draw ratio at which the fibre is ruptured is approximately 8.

The lycra fibres are subjected to preconditioning. The preconditioning consists of stretching
the fibre and subsequently heating it. Because of preconditioning the mechanical behaviour
of the fibres changes. It is necessary to introduce a A-axis transformation which links the
various states of the fibre to the original state before preconditioning.

After the preconditioning, a tensile test is performed and the Young’s modulus can be deter-
mined.

4.1.2 J-axis transformation

During the experimental characterization of the lycra fibres, there are 2 different states of the
fibre which can be used as reference state:

1. Untreated, undeformed. This is the state of the fibre as is.

2. Treated, undeformed. This is the state of the fibre after preconditioning when it is
loosened.

Throughout this section the second index of a parameters determines the state to which that
parameter is related. The index -. ¢ refers to the untreated state, the index -.; refers to the
treated state.

Prestrain

Originally the prestrain is applied to the untreated, undeformed state of the fibre. After
heating and releasing the fibre it does not return to its reference state: some deformation
remains. This state can be used as another reference state. So the prestrain related to this
state (treated, undeformed) is:

A
Awi = f‘ﬁ (4.1)
0,t
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with Ap; the remaining strain in the treated, undeformed state.

Tensile test

The treated, undeformed state is considered the reference state for the tensile test, so all draw
ratios during the tensile test are related to this state. The strain of the fibre can be related
to the untreated, undeformed state with the following equation:

Aro = Ao (4.2)

with \; the applied draw ratio during the tensile test.

The composite

The fibres have a prestrain of A, ; related to the treated, undeformed state. If the composite
made of EPDM rubber and lycra fibres is stretched, the draw ratio of the fibres related to
the treated, undeformed state is:

)‘f,t = >\w,t>‘c (43)

with ). the applied draw ratio. The draw ratio of the fibres related to the untreated, unde-
formed state is:

)\f,O = Aw,tAO,tAc = Aw,OAc (4.4)

4.1.3 Preconditioning

One fibre is stretched to a certain draw ratio Ay 0. Then the fibre is heated to 100 e during
30 minutes. The reference length marked on the fibre will be longer after the heat treatment
compared with the reference length before heating. The remaining stretch, noted as Agg,
can be calculated by loosening the fibre and measuring the reference length after the heat
treatment. Ao is derived by dividing the length after stretching and heating by the reference
length after heating. The relation between the prestrain and the remaining stretch in the
treated, undeformed state is shown in table 4.1.

fibre >\w,0 H AO,t H
1 1.2 1.2
2 1.6 14
3 2.3 1.8
4 2.6 1.8
5 3.0 1.9
6 3.7 2.0
7 4.0 2.1
8 4.9 2.3

Table 4.1: Applied prestrain and remaining stretch after heat treatment.

14
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Figure 4.1: Experimental data of 8 lycra fibres with different prestrain as function of the
stretch related to the untreated, undeformed state. The left most curve represents the fibre
with the lowest prestrain. The dashed curve represents the fibre with the highest prestrain.

4.1.4 Tensile test

To determine the mechanical behaviour of the material, tensile tests are performed. The
state of the fibres after preconditioning is stated as the undeformed state, so the applied
elongation A; of the fibre is related to the treated, undeformed state. The strain called true
strain throughout this section, is related to the untreated, undeformed state of the fibre, so
equation (4.2) can be applied:

Aro = Aotk (4.5)

with Asg the draw ratio of the fibre, A; the draw ratio applied during the tensile test and Ay
the remaining strain in the treated, undeformed state.

The modulus of the fibre relates the true strain with the Cauchy stress. The Cauchy stress is
the applied force divided by the momentanuous cross-sectional area, which can be calculated
by using the fact that the fibre can be considered incompressible, i.e. the volume of the fibre
remains constant. The area A of the fibre can be computed by using the following equation:

1

A=A
“Xo

(4.6)
with Ag the area of the fibre in the untreated, undeformed state, which is 8.7 - 1072 m? (see
Caimmi (1995a)). Figure 4.1 shows the results of the tensile test. The effect of preconditioning
on the stress-strain relationship is shown in the figure. Stretching and subsequently heating
the fibre gives it a more pronounced nonlinear stress-strain relationship. For a large prestrain
this means that the stiffness of the fibre increases rapidly at a draw ratio of approximately
6.5.
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4.1.5 Derivation of the stiffness of the fibre

To obtain a relationship between the Young’s modulus and the strain, a function is fitted
to the tensile test data. If the relationship between the stress and the strain is known, the
relationship for the stiffness of a 1-D material can be derived by applying:

oo .

Ef — E \4.7)

Fitting the stress-strain relationship

The lycra fibre shows rubber-like behaviour, which means that the elastic deformation is
mainly entropic. This behaviour can be described by using a neo-Hookean constitutive equa-
tion. In figure 4.1 it is clearly shown that the stress-strain relation is exponential. The func-
tion that will be used for fitting the testdata is a exponential function with a neo-Hookean
strain-scale. This yields for o11:
A2 _—ga—t

o11 = are N oTE xR (4.8)
with Az the draw ratio of the fibre related to the untreated, undeformed state. The testdata
are fitted with a least squares method. The fitting process gives the results presented in table
4.2.

fibre >\w,0 H >\0,t H al [MPa] a2 [—] as [—]
1 1.2 1.2 6.3-10% | 1.7-1072 | 11.00
2 1.6 1.4 1.1-10% | 1.1-1072 | 14.38
3 2.3 1.8 1.5-10% | 0.9-1072 | 16.71
4 26 | 18 | 14-10° | 0.8-1072 | 17.36
5 3.0 1.9 7.1-10° | 1.9-1072 | 26.97
6 3.7 2.0 6.7-10° | 0.6-1072 | 29.04
7 4.0 2.1 3.7-10° | —1.3-1072 | 50.95
8 4.9 2.3 3.3-10° | —1.1-1072 | 51.88

Table 4.2: Applied prestrain and remaining stretch after heat treatment and results after
fitting the experimental data.

Derivation of the Young’s modulus

The Young’s modulus can be derived by using equation (4.7) and (4.8). Because the strain ¢
equals € = Ajo — 1, the equation for the Young’s modulus becomes:

_80 _ do 3>\f,0 _ do
Ef N —EE N 6>\f’0 Oe N a)\ﬁo (4.9)

Application of equation (4.9) to equation (4.8) gives:

asA2  —az—— 1
( ZAf,O 3>‘f70)( ) (410)

2a9A50 + a3 2
1,0

Ef = aie
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Figure 4.2: Young’s modulus derived from the fitted stress-strain relationship for 8 values of
the prestrain. The left most curve represents the fibre with the lowest prestrain. The dashed
curve represents the fibre with the highest prestrain.

The results of the fitting process is shown in figure 4.2. At high values of Ay the Young’s
modulus drops for fibres with a high prestrain. This could be due to the fitting process.
Because other functions could not describe the experimental data better over the whole range
of draw ratios, equation (4.10) gives the best results and the possible inaccuracy can not be
avoided. Therefore equation (4.10) is only applicable for draw ratios lower than Asg = 8.

4.2 EPDM rubber

4.2.1 Introduction

EPDM rubber belongs to the family of ethylene-propylene rubber and is made by DSM,
Geleen (NL). The EPDM rubber that is used for experiments is Keltan 320. An extensive
description of EPDM and the production process is given in Caimmi (1995a).

4.2.2 Relaxation experiments

EPDM rubber is viscoelastic. Therefore relaxation experiments are done to determine a relax-
ation modulus. These experiments can also be used to see if the rubber is linear viscoelastic
or nonlinear viscoelastic.

Figure 4.3 shows the data derived from the relaxation experiments. The vertical axis shows
the stress divided by the applied step in the strain €g. Because it is hard to see if the stress
keeps decreasing for a wide time range, the test data can be plotted on a log-log scale, which
is shown in figure 4.4.

Because the relaxation modulus of the rubber does not depend on the applied step in the
strain, the rubber can be considered linear viscoelastic. The third specimen shows a relaxation

17
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Figure 4.3: The Young’s modulus as function of the time after relaxation experiments.
g0 = 0.25 (solid), e = 0.2 (dashed), g = 0.15 (dotted), g = .05 (dash-dotted)
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Figure 4.4: The Young’s modulus as function of the time after relaxation experiments on a
log-log scale.
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modulus which is translated in the vertical direction. This may be the result of measurement
inaccuracies.

4.2.3 Viscoelastic behaviour

EPDM rubber is linear viscoelastic. A phenomenological constitutive equation for the Young’s

moediiliig ic 5 nowerolawr o i 1 1
modulus is a power-law model. The Cauchy stress ¢ decreases linearly with a negative power

of the time when a step in the strain is applied. The constitutive equation for the stress is:
o= E(t)E() = [Clt_n] £p (4‘11)

with ¢¢ the strain applied stepwise to the material. The dimension of ¢; is MPa s™. The
material parameters ¢; and n can be derived from a relaxation test. If a relaxation experiment
is performed, the rubber is stretched to a certain strain stepwise and the stress is measured
over time. Fitting the experimental data with equation (4.11) gives ¢; = 1.3 MPa s" and
n = 0.078. The low value of n shows that the rubber is nearly elastic. Only when loads with
frequencies higher than 10 Hz are applied, the viscoelasticity will play an important role.

Superposition
If the load changes as a function of the time, the stress can be computed by using the super-

position theory. This theory is applicable because the EPDM rubber shows linear viscoelastic
behaviour. Using superposition, the equation for the stress becomes:

t
o) = / B(t — 1)é(r)dr (4.12)
0

For a tensile test, the strain rate € is constant, so equation (4.12) can be solved analytically.
Because the strainrate is constant, equation (4.12) becomes:

¢
o{t)=¢ | E(t —71)dr (4.13)
/

If a new variable ¢ =t — 7 is introduced, equation (4.13) can be rewritten as:

¢
oft) = ¢ [ By (4.14)
0
Solving this equation gives:
_ . A 1
o(t) = €T nt (4.15)

Dynamic behaviour

A second way to describe viscoelastic behaviour is by means of the complex modulus. The
complex modulus E can be determined by Laplace transformation of equation (4.11):

.. E
6=He="c (4.16)
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Together with equation (4.11) this yields for the complex modulus:
E(s) = eiT(1 — n)s™ (4.17)
with T' the gamma function. In terms of frequency the complex modulus is:

E(jw) = ;T (1 — n)w"emE (4.18)
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Chapter 5

Results

5.1 Introduction

In chapter 3 a mathematical vessel model is presented. Several experiments have been done to
require the necessary material parameters. Now the experiments and the contitutive equations
can be combined to estimate the production parameters that will lead to a vessel model with
the right properties.

There are three parameters which can be altered to obtain the right properties. These three
parameters are the winding angle 6, the volumefraction of fibres v; and the number of applied
layers of fibres n and the applied prestrain. First the mechanical behaviour as function of the
three parameters is given, then the influence of the production parameters on the stress-strain
relationship is discussed.

5.2 Mechanical behaviour

The moduli of the tube in circumferential and longitudinal direction are:

E, = nvjcos*0A + B(1 — vy) (5.1)

E, = nvysin*0A + B(1 — vy) (5.2)
with

A = a7e(2M00200 0X0000) (905 ), 0 Mo + A3A5HAT2) (5.3)

which is the Young’s modulus of the fibre and
B = Clt—n (54)

which is the relaxation modulus of the rubber. a7 to a5 are the parameters derived from the
fibre fitting process at a certain value of Ay 0, Ay, is the applied prestrain, A., and A, are
the draw ratios of the tube in respectively circumferential and longitudinal direction and ¢;
and n the material parameters for the EPDM rubber.

Because the relaxation modulus of the EPDM rubber is used, the equations for the moduli
of the tube are only applicable if a step in the strain is applied. The way the stresses are
calculated depends on the load scheme. If a step in the strain ¢p is applied, the stress can

21



be calculated by multiplying the modulus with gy. If a load scheme other than a step in the
strain is used then the superposition theory or the dynamic modulus has to be applied.
The Poisson moduli can also be calculated and equal to:

[z = 0.505 + 0.5(1 — vg) = 0.5 (5.5)

tzp = 0.5vf +0.5(1 —v;) = 0.5 (5.6)

5.2.1 General stress-strain relationship

Using equations (3.5) and (5.1) to (5.4) give for the Cauchy stress in the model:

Opp = 1_—1;@ [(nvscost0A) (A — 1) + C(L —vp)+ (5.7)
oz (nvgsint 04) (A, — 1) + pp,C(1 — v5)] (5.8)

Ozz = 1—_ule [ﬂzw (m’f cos* 0A) (Aep = 1) + p1p C(1 — vp)+ (5.9)
(nvpsin 04) (e, — 1) + C(1 — vy)] (5.10)

where C depends on the load scheme.
Using the superposition theory for tensile test with a constant strainrate A, C can be written
as:

1-n
Tt (5.11)

5.3 Influence of the parameters

To produce a model which has the same characteristics as a real human vessel, an estimation
of the parameters is needed.

5.3.1 Winding angle 0

By changing the angle at which the fibres are wound on the tube, the anisotropy of the tube
can be altered. The range of @ lies between § = 0° and # = 90°. A winding angle 6 = 45°
will result in a tube which has the same characteristics in ¢ and z-direction. In figure 5.1
the stress-strain relationship is given for increasing values of 8 from 6 = 45° to § = 90°. If
6 is smaller than 45°, the modulus in longitudinal direction becomes lower than the stress in
cicumferential direction.

5.3.2 Volumefraction vy

The higher the volumefraction of fibres, the more nonlinear the stress-strain relationship will
be. The volumefraction varies between 0 and 1. If the volumefraction is chosen very small,
the influence of the fibres on the mechanical behaviour of the tube is very small. Therefore a
high value for v is needed to match the characteristics of a real vessel.

In figure 5.2 the stress-strain relationship is given for a volume fraction from 0.01 to 0.1.
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Figure 5.1: Stress-strain relationship for increasing winding angle 6 in circumferential di-
rection (top plot) and longitudinal direction (bottom plot). vy = .1; A = 0.01
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Figure 5.2: Stress-strain relationship for increasing volumefraction in circumferential direc-
tion (top plot) and longitudinal direction (bottom plot). A = 0.01;6 = 50°

24



0y [MPa)

04, [MPa]

Figure 5.3: Stress-strain relationship for increasing strainrate in circumferential direction
(top plot) and longitudinal direction (bottom plot) with the stress in the rubber (dashed),
the fibres (dash-dotted) and the tube (solid). v¢ = 0.01;6 = 50°
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5.3.3 Strainrate

The strainrate determines the stress-strain relationship of the EPDM rubber. If the strainrate
increases the rubber will become stiffer. This can be seen in figure 5.3. The strainrate is
increased from 0.01 to 0.1. The stress in the rubber increase with increasing strainrate.

5.4 Vessel model parameters

To obtain a correct vessel model, the parameters have to be estimated. The strainrate A s
taken 0.1, which can differ from an in-vivo situation. It is yet unknown what the strainrate
of a vessel wall is. Because the stiffness in longitudinal direction is greater than the stiffness
in circumferential direction, the winding angle has to be greater than 45°.

One parameter is not included in the model: the wall thickness of the tube. It is assumed
to be 1. The stress-strain relationship of the vessel can be scaled with the wall thickness to
match the characteristics of a human vessel, which is found e.g. in Kas’yanov and Knet-s
(1974).

If & = 48° and the volumefraction vy = 0.1 the stress-strain relationship of the vessel model
needs to be scaled with 0.1 to match Kas’yanov and Knet-s (1974). In figure 5.4 both rela-
tionships are plotted. It can be seen that the vessel model is not as nonlinear as a human
vessel.

The working area for the model is from A = 1 to A = 1.5. Within this range the obtained
vessel model describes human vascular tissue.
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Figure 5.4: Stress-strain relationship of the vessel model (_so]id) and the human vessel from
Kas’yanov and Knet-s (1974) (dashed). vy =0.1; 0 =48%; A=0.1; h=0.1
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Remarks and conclusions

6.1 Remarks

The basic constitutive equation for the vessel wall describes orthotropic behaviour. It implies
that the material properties in r-direction do not change across the cross sectional area of
the tube and along ifs whole length. The tube made of EPDM rubber and lycra fibre is
orthotropic, so that constitutive equation may be used.

The introduced constitutive equation is only applicable for geometrical linear mechanical
behaviour. The vessel model shows nonlinear behaviour, so an inaccuracy is introduced.
When the tube is subjected to a tensile test, the angle of the fibres will change. Because the
winding angle of the fibre determines the anisotropy of the tube, the anisotropy will change
during the tensile test. This introduces geometrical nonlinear behaviour.

Because the cross-sectional area of the fibres is very small, it is difficult to measure a marked
reference length. A small error will be increased due to the A-axis transformation.

To make a tube of EPDM rubber requires dissolving it in xylene and adding dibenzoylperoxide
to enable crosslinking. The amount of dibenzoylperoxide and the time during which the
tube is put in the oven, determine the rate of crosslinking. Because the amount of added
benzoylperoxide is small the rubber is not crosslinked entirely. Small fluctuations in the
amount of benzoylperoxide results in fluctuations in the crosslink-density. Every time a tube
is made, relaxation experiments have to be done, because the mechanical behaviour of the
rubber can be different, because of the poor reproducebility of the crosslinking process.

6.2 Conclusions

Lycra fibres and EPDM rubber can be used to make a vessel model. By preconditioning the
fibres, they gain properties which are useful for the vessel model. The EPDM rubber shows
little viscoelasticity, which results in viscoelastic behaviour when a load with high frequencies
(higher than 10 Hz) is applied.

A nonlinear vessel model shows physical and geometrical nonlinear behaviour.

The physical nonlinear behaviour is a result of the used material and is modelled using EPDM
rubber and lycra fibres. If the fibres are preconditioned (prestrained and heated) they show
a more pronounced nonlinear behaviour.

Because large strains are applied, the deformation is nonlinear. Geometrical nonlinear be-
haviour can not be modelled with the linear constitutive equation presented in this report.
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An estimation for the winding angle, the volume fraction fibres and the wall thickness can be
made. The volume fraction is approximately 0.1, the winding angle is 48°. The wall thickness
has to be 0.1 mm. Then the stress-strain relationship of the model matches the stress-strain
relationship of a human vessel measured in Kas’yanov and Knet-s (1974) for small strains.
Unfortunately it is impossible to make a tube with a wall thickness of 0.1 mm with the present
production method.

A better method has to be developed to obtain the mechanical behaviour of the fibres.

6.3 Suggestions for further research

A method to determine a reference state for the lycra fibres has to be developed. A possibility
is adding a preload, which forces the fibre to stretch. Then a reference length can be marked
and measured. Because the fibre is stretched, it remains straigth and the measurement can
be more accurate than without adding a preload.

The model presented in chapter 3 can not be used to compute the mechanical behaviour of the
vessel model when a large strain is applied. Because pressure-wave propagation experiments
(which cause inhomogenuous deformation) are done on the nonlinear vessel model, a FEM
model would be practical. The developed FEM model could be used in FEM computations
regarding pressure waves.

Only if the vessel model has a wall thickness of 0.1 mm, the stress-strain relationship describes
vascular tissue well (for small strains). At present it is impossible to remove a tube with a wall
thickness of 0.1 mm from the mandrel without breaking it. So another production method
has to be developed to enable making a tube which has a very low wall thickness.

30



Agarwal, B. and Broutman, L. (1980). Analysis and performance of fiber composites. John
Wiley & Sons.

Caimmi, M. (1995a). A device for the production of anisotropic fibre reinforced tubes. Eind-
hoven University of Technology.

Caimmi, M. (1995b). Wave propagation phenomena in anisotropic-viscoelastic tubes. Eind-
hoven University of Technology.

Chuong, C. and Fung, Y. (1983). Three-dimensional stress distribution in arteries. ASME
Journal of Biomechanical Engineering, 105, 268-274.

Cox, R. H. (1978). Regional variation of series elasticity in canine arterial smooth muscles.
American Journal of Physiology, 234, H542-H551.

Fung, Y. (1993a). Mechanical Properties and Active Remodeling of Blood Vessels, chapter 8,
pages 321-391. In Fung (1993b), 2"¢ edition.

Fung, Y.-C., editor (1993b). Biomechanics, Mechanical Properties of Living Tissues. Springer
Verlag, New York Berlin Heidelberg, 27¢ edition.

Halpin, J. (1992). Primer on composite materials analysis. Technomic Publishing, 2nd
edition.

Han, H. and Fung, Y. (1991). Species dependence of the zero-stress state of aorta: Pig versus
rat. ASME Journal of Biomechanical Engineering, 113, 446-451.

Kas’yanov, V. and Knet-s, 1. (1974). Deformation energy function of large human blood
vessels. Translated from Mekhanika Polimerov, No. 1, pp. 122-128.

Rutten, M. (1995). Arterial wall mechanics and atherosclerosis. Stan Ackermans Institute
Eindhoven University of Technology.

31



	Voorblad

	Contents

	1. Introduction

	2. Mechanical behaviour of the vessel wall

	3. Vessel model

	4. Material

	5. Results

	6. Remarks and conclusions

	References


