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ABSTRACT

Atherosclerosis, which is the underlying cause of most arterial blockage, is a major health
care risk. The implantation of stents is a popular and effective technique used by
cardiologists to treat the arterial stenosis. Currently the large balloon-inflatable stents
used for iliac vessels have a tendency to slip off the delivery balloon when the stent is
deployed. The project in hand deals with the use of finite element modelling to simulate

the deployment system in an attempt to find a solution to the problem.

The modelling of stents by different finite element packages was carefully analysed and
the results of various simulations described in the literature were reviewed. However,
published work on the simulation of balloon-inflatable stents with computer programs is
very scarce. For this study the ABAQUS finite element package was used to model the
system. After carefully studying the folded balloon shape, the balloon was modelled with
membrane elements, having square ends instead of the actual tapered ones. Two stents
were modelled with the use of shell elements, the one being in the uncrimped form and
the other having the dimensions of an already crimped stent. Shell elements were also
used to create the inner lumen of the catheter. The guide wire that fits inside the lumen
was modelled as a discrete rigid body. At first the already crimped stent was used in the
assembly. The balloon, inner lumen and guide-wire were fixed in the axial direction,
whereas the stent had free boundary conditions and was allowed to move in any
direction. Pressure was applied to the inner surface of the balloon, which inflated and

forced the stent to deploy.

A stent crimping machine was then studied and the mechanism modelled as 12 discrete
rigid plates, which were arranged in circumferential fashion and moved radially inwards
to mimic the crimping action. The already crimped stent was then replaced with the
uncrimped one and the crimping tool model added. The stent was now crimped onto the
outer surface of the balloon, the crimping tool removed and the balloon inflated to deploy

the stent. In an attempt to cause the stent to shoot off the delivery balloon, the stent was



assembled so that it was located off-centre on the balloon and the balloon was then

inflated.

The simulations yielded satisfactory results, although the simulations were found to be
extremely expensive from a computational point of view, with run times of up to 2
weeks. The energies in the system as well as the stress distributions were computed and
analysed. The deformation of the stent and balloon was closely watched throughout the
simulation. The balloon was inflated and the pressure was large enough to overcome the
reaction force of the stent and to deploy it. It was found that the balloon took on a
triangular shape during inflation, which produced out-of-plane deformation of the stent’s
hairpin bends. This is an area of concern, since this could potentially cause injury to the
vessel wherein it is to be deployed. The displacement of the stent during the whole
simulation, both crimping and deployment, was calculated and analysed. It was found
that stored inertial energy caused the stent to have a “spring back™ motion and it began to
oscillate when the crimping tool plates were removed. During crimping and deployment
of the stent it was plastically deformed and thus work-hardened into its new shape. The
use of a parallel computer cluster to decrease simulation times was also investigated, and

found to be a feasible option, depending on the nature of the simulation.

Due to time constraints and the computationally expensive nature of the simulations, the
exact reason for the dislodging of the stent could not be established. However, crucial
knowledge was gained about possible reasons for this phenomenon. The areas where
failure is likely to occur were identified as well as causes for possible vessel injury. The
computer model that was created can also be used to investigate the effects of certain
alterations in the stent design. These include, for instance, changes in stent strut
dimensions and material properties, which could be useful when trying to achieve the
optimal stent design. This finite element model thus opens the door to future simulation

studies and makes it considerably easier to find a solution to the off-shooting stent.
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CHAPTER ONE

INTRODUCTION

The arterial system is increasingly affected by atherosclerosis. It manifests itself through
the gradual thickening of the arterial walls, where there is a deposit of fatty plaque. This
leads to a decrease in the vessel luminal diameter. Atherosclerosis is the underlying
chronic disease in most cases of artery stenosis or arterial blockage. This results in the
narrowing or complete occlusion of the vessels, which in turn leads to restriction of blood
supply to the tissues in the human body. Restoring adequate arterial blood flow to
insufficiently oxygenated tissue areas will help to treat this problem. Presently there are
different surgical and interventional approaches that could be taken. The most common
are the interventional methods because they are minimally invasive. For this method
catheters are used to access the diseased artery. Two different interventional methods are
currently used: Percutaneous transluminal angioplasty (PTA) and stenting. With PTA a
catheter, with a deflated balloon mounted onto it, is advanced in the artery to the area of
blockage. The balloon is then inflated in the area of the occlusion to the original vessel

diameter to widen the restriction and restore normal blood flow to the area.

A stent is a small, smooth, metallic tubular mesh, which is used to support arterial walls
to minimize the blockage of arteries (Etave ef al., 2001 and Migliavacca et al., 2002).
There are two types of stents: self-expanding and balloon expandable. Practically, the
self-expanding stent is crimped onto a balloon, which is then attached to a catheter. It is
then advanced to the area of blockage, the balloon inflated and the stent deployed. The
balloon is then deflated and the plastically deformed mesh maintains the dimension of the
inflated balloon. The stent is thus left to support the damaged arterial wall after the
balloon has been deflated and the delivery system removed. Figure 1.1 shows a typical

stent in crimped and deployed form.

The use of stents is not without problems, however, and there are difficulties: migrations,

clot formations, collapses and positioning are some of the serious issues (Migliavacca et






the balloon opened up quicker than the other and this tended to push the stent off the
balloon. Other reasons could be: the fact that the stent is not central on the folded
balloon; internal pressure is not uniform; balloon folding is not uniform; and the fact that
the stent is not uniformly in contact with the folded balloon. Understanding the physical
mechanism and mechanical properties of the system is the first step in finding the reason

for this phenomenon and solving this problem.

Finite element modelling is believed to be the right tool to use to solve this problem and
therefore the ABAQUS finite element package (Hibbit Karlsson & Sorenses, Inc.,
Pawtucket, RI, USA) is used to model the system. An initial literature study of previous
studies where Finite Element Analysis was used to model stents forms the foundation for
the modelling of the system. Based on these findings the balloon, which is used to expand
the stent, the stent itself, the inner lumen on which the balloon is fixed and the guide wire
used to insert the catheter, will be modelled in detail. Pressure will then be applied to the

inner surface of the balloon to model the deployment of the balloon.

The stent is actually crimped onto the folded balloon to ensure that the stent does not
dislodge during the advancing of the catheter to the site of blockage in the vessel. After
successful modelling of the stent deployment, the crimping tool will be modelled and the ~
whole system assembled. The stent will then be crimped onto the balloon, the crimping
tools removed and finally the balloon, with crimped stent on top of it, will be inflated and*
the stent deployed. Finally, imperfections will be added to the model to try and simulate
the shooting off of the stent during deployment and to find the cause of this strange

phenomenon.

Chapter Two will be a review of the relevant literature on the finite element modelling of
stents. Chapters Three and Four will outline the actual modelling of the system, while
Chapter Five will provide the simulation results and include an in-depth discussion. This
will be followed by Chapters Seven and Eight, which will comprise of a conclusion and

give recommendations on future work.



CHAPTER TWO

LITERATURE REVIEW

2.1 The Finite Element Method

In recent years, the finite element method has become widely accepted by the engineering
professions as an extremely valuable method of analysis (Rockey et al., 1975). At first it
was applied to problems of stress analysis, but has subsequently been applied to many
other problems of continua. The development of the finite element method thus ensures a
rapidly widening field of application. Problems that were once regarded as insoluble can
now be solved and satisfactory results obtained. The finite element (FE) analysis is a way
of getting a numerical solution to a specific problem (Cook, 1995). However, the FE
solution is approximate and it does not produce a formula as solution, nor does it solve a

class of problems.

Cook (1995) gave an unsophisticated description of the FE method to try and explain
what FE modelling is in laymen terms. Basically a structure is cut into several elements
and the behaviour of each element then described in a simple way. The elements are
reconnected via “nodes”, which are like drops of glue holding the elements together. This
process results in a set of simultaneous algebraic equations. There may be several
thousand such equations, which must be analysed and solved by the computer. In stress
analysis these equations are in equilibrium. Cook (1995) also provided a more
sophisticated description of the FE method: it could be regarded as a piecewise
polynomial interpolation. This means that, over an element, a field quantity such as
displacement is interpolated from values of the field quantity at the nodes. If the elements
are connected, the field quantity becomes interpolated over the whole structure in

piecewise fashion. There are thus as many polynomial expressions as there are elements.

According to Cook et al. (2002) the general formulation of elements of finite element

analysis relies on tools of stress analysis, which includes stress-strain relations, strain-






The two-dimensional strain-displacement relations could be written as:

2.3)

9
. ox ol 1
(710 % X{v} 2.4)
) |2 2
&y Ox ]
or symbolically,
{e}=[o)x fu} @.5)
furthermore it was given that
{u}=[N]x{d} where W=lu v wf @9

where {u} and {d} are the displacements and nodal displacement respectively and [N] the
shape function matrix. If the two equations above are now combined, it could be shown
that

{'9 }: [B]X {d } where [B]: [a]x [N] Q.7

The stiffness matrix of the individual elements could be written as:



[kL.. = [[BT [E]Blav 2.8)

For the assembly of the elements to form a finite element structure, the global stiffness

matrix was given as:

[K ot = D[] (2.9)

where N is the number of elements in the structure. It could now also be shown that:
[K}gfobm' {D } = {F }ex:emas' (2' 10)

where {d} for each element is assembled into a global displacement vector {D}, the
vector of degrees of freedom for the entire structure and {F}exema is equal to the external

forces applied to the structure nodes. This equation is for a linear static system.

This project involves a structure that is in movement; therefore it is useful to look at the
equations for a system in motion. Bathe (1976) explained that for a finite element system

in motion the equations for equilibrium could be written as:
[MID}+ KD+ [KHDY= o} @11)

where M, C and K are the mass, damping and stiffness matrices, respectively, Fexernat is
the external load vector and U, U and U are the displacement, velocity and acceleration
vectors of the finite element assembly. All of these factors are time-dependant and the

equation may be rewritten as:

F )+ F()+ F(t)=F(1) (2.12)



where Fi(t), Fp(t) and Fg(t) are inertia, damping and elastic forces, respectively. For this
reason, in dynamic analysis, the static equilibrium at time t is considered. Two types of

numerical integration techniques may be used, implicit or explicit integration.

Bathe (1976) explained that explicit integration is aimed at satisfying only at discrete
time intervals At. This means that equilibrium is sought at discrete time points. If the
displacement, velocity and acceleration vectors at time 0 are known and the solution of
the above equation is needed for time 0 to T. The time T is now subdivided into » equal
time intervals At. The integration algorithm assumes that that the solutions at times 0, At,
2At,...., t are known and that the solution at time t + At is required next. The explicit
integration method most commonly used is the central difference method. It was assumed

that:

Ar?
and
: 1
D} = (D} +{D}.0) @14)

now substituting for Dand D we obtain:

{D},m,=[LM+LC]_'[{F},_[K_LM]{D},-[ Y. c]{p},_A,]

AP 2Ar AP AP 2At
or simply put

(XD} +[ClD} + [KKD}, = {Frra}=> (D}, BT



The time step At is critical for the analysis. The integration scheme is conditionally stable

and therefore Ar < Az, to prevent divergence. If At is too large, explicit integration fails

and if At is too small, it is computationally too expensive. Cook ef al. (2002) defined At

as follows:

L

At < F (2.16)
p

This means that At must be small enough so that information does not propagate more
than the distance between adjacent nodes during a single time step. For implicit
integration equilibrium conditions are not used at time At but at time t + At. This could

easily be explained by the following equation:

[MED}.o +[CHD} s +[KKD). s = {Frema} = (D) @17)

Different types of elements could be used to build up a finite element structure, but only

two will be described here, namely: shell and membrane elements.

Cook et al. (2002) described a shell having a curved inner and outer surface, which is
separated by a thickness t that is small in comparison with the overall dimensions of the
shell. The mid-surface is a distance halfway between the outer and inner surfaces, in
other words a distance t/2. Most finite element software packages make use of the mid-
surface or mid-plane value to model the shell element. An illustration of this surface is

shown in Figure 2.2.



Mid-surface

Figure 2.2  Mid-surface illustration (Bathe, 1982)

The general-purpose shell elements used in the finite element package ABAQUS are
small-strain elements. The ABAQUS user’s manual explained that these general-purpose
elements provide robust and accurate solutions in all loading conditions for thin and thick
shell problems. Thickness change as a function of in-plane deformation is allowed. The
elements do not suffer from transverse shear locking, nor do they have any unconstrained
hourglass modes. With the exception of the small-strain elements, all of these elements
consider finite membrane strains. No hourglass control is required in the bending and
membrane response of the fully integrated shell element. The membrane kinematics of
the elements is based on an assumed-strain formulation that provides accurate solutions
for in-plane bending behaviour. These elements are well suited for many impact
dynamics problems, including structures undergoing large-scale buckling behaviour,
which involves small-strains but large rotations and severe bending. These elements use
simplified methods for strain calculation and hourglass control and offer significant

advantages in computational speed.
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On the other hand, membrane elements are sheets in space that can carry membrane force
but do not have any bending or transverse shear stiffness, so that the only nonzero stress
components in the membrane are those components parallel to the middle surface of the

membrane. In other words, the membrane is in a state of plane stress.

The FE method is a very powerful tool due to its versatility. The structure that needs to be
analysed can have arbitrary loads, supports and shape. The FE method includes matrix
manipulations, numerical integration, equation solving, and other processes that are
carried out automatically by commercial software (Cook, 1995). The user mainly deals
with pre-processing, which includes: describing ioads, supports and materials, as well as
generating the FE mesh. The user also deals with post-processing, which includes: sorting
out, listing and plotting the results. It is very easy to make mistakes in describing a
problem to the computer program and therefore the user should be competent in
mathematical modelling and have a good understanding of the problem at hand. This is
necessary so that any problems that may occur can be detected and fixed without any real

difficulty.

2.2 Stents

A stent is a small, smooth, metallic tubular mesh, which is used to support arterial walls
to minimize the blockage of arteries due to plaque (Etave ef al., 2001 and Migliavacca et
al., 2002). A typical stent is shown in crimped and deployed form in Figure 2.3. The stent
is necessary to restore blood flow perfusion to downstream tissues (Migliavacca et al.,
2002). Dotter (1969) described the first implanted stent that was used to treat arterial
shrinkage. In later years stents were used as a replacement for balloon-angioplasty, due to
the many limitations of this technique. The use of stents is not without problems,
however, and there are several difficulties: migrations, clot formations, collapses and

positioning are some of the serious issues (Migliavacca et al., 2002).

11









investigate design concepts prior to clinical trials. The mechanical characteristics of
stents vary significantly and it is impossible to determine them from first principles or by
extrapolation (Etave ef al., 2001). Therefore the finite element method (FEM) provides
one possible answer to this problem and can be used to determine mechanical properties,

and by doing this help with other issues concerning the design of stents.

According to Tan er al. (2001), two approaches could be taken when studying the
mechanical characteristics of different stent designs. Firstly, direct mechanical
measurements could be made on the individual stents. Typically one could take different
stent sizes and expand them to different diameters, according to the size of the simulated
diseased artery. Each artery would exhibit different characteristics, namely: angulations,
compressibility of lesions, and contractibility or spasm of the vessel wall. This kind of
study is very expensive and almost unachievable. Therefore, studies by computer analysis
employing the finite element method (FEM) would seem to be the logical alternative.
Simulations could be carried out to understand the response of different stents under
different conditions. The results could be verified with targeted experimental
measurements of the mechanical behaviour of stents. This method would be cheaper and

definitely achievable.

In studies conducted to date, it can be seen that the FEM has been applied to different
aspects of stent design. It has been used to investigate mechanical properties of balloon-
expandable stents (Migliavacca ef al., 2002 and Dumoulin ef al., 2000) and in particular
to address the deformation characteristics and stress distribution over the stent (Chua et
al., 2003). It has also been used to measure stent shortening on expansion and to measure
the degree of elastic recoil as a function of expansion diameter (Prendergast et al., 2003).
Tan et al. (2001) and Etave et al. (2001) used the FEM technique to compare the

performance of two different types of stents.
Rogers et al. (1999) described how the FEM technique was used to model balloon-artery
contact stresses and to show how the stent strut geometry, balloon compliance and

inflation pressure affects these stresses. Finally Prendergast e al. (2003) used FEM to
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model the blood vessel/stent interaction. Three types of finite element packages were
used, namely: ANSYS Version 5.5 (Canonsburg, PA, USA), ABAQUS (Hibbit Karlsson
& Sorenses, Inc., Pawtucket, RI, USA) and Autonomic Dynamic Incremental Nonlinear

Analysis (ADINA 7.0, ADINA R&D, Inc.)

Balloon modelling has really been neglected in most modelling of balloon-expandable
stents, due to the difficulty of modelling the balloon in its crimped form. When pressure
is applied to the inner surface of the balloon, it will start to unfold, creating friction
between the surfaces of the balloon due to its surfaces sliding over one another. The
inflation pressure, transmitted through the balloon membrane is locally uniform, but its
direction follows the deformed stent and its magnitude depends on the balloon
compliance (Dumoulin et al., 2000). This and the interaction between the balloon and the
stent are very difficult to model and therefore only very simple balloon models have been

created in the past.

From what was said in the previous paragraph it could be seen that the FEM has a
number of different applications concerning the design and development of stents and in
particular balloon-expandable stents. The rest of this review focuses on these previous
studies to give a clearer understanding of exactly how this technique was used to aid with

stent development.

2.3.1 Geometrical Model

Stent Model

Different types of stents have been modelled, and thus different geometrical models were
created to model these stents. Chua et al. (2003) used the ANSYS Finite Element
package to design the geometric model of the balloon-expandable stent with an outer
diameter of 3 mm, inner diameter of 2.9 mm and length of 10 mm. The stent model
consisted of 66 slots or cells, which were equally spaced throughout the entire length of

the model. ABAQUS was used to create a 3D FE model of a typical diamond shaped
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stent (Palmaz-Schatz'). It was assumed to be a tube with rectangular slots on its surface,
5 in the longitudinal direction and 12 in the circumferential direction. The stent has a
length of 16 mm, outer diameter of 1.2 mm and wall thickness of 0.1 mm. The slot length
and stent thickness were varied to see what influence changes to the mechanical
parameters would have on the physical performance of the stent. The stent performance
was evaluated in terms of radial recoil, longitudinal recoil, foreshortening and dogboning.
Due the circumferential symmetry of the stent, only one-twelfth of the stent was
modelled and because of the presence of longitudinal symmetry it was possible to model
and study only half of the length of the stent. Prendergast ez al. (2003) also used ANSYS
to model the stent and the arterial tissue surrounding the stent when deployed. The ideal

case of a cylindrical vessel was assumed for simplification of the problem.

Tan et al. (2001) and Etave et al. (2001) used FEM to model two different stent
configurations. This was done to investigate and compare the structural behaviour of the
two different stent geometries. The first of the two stents modelled was a typical tubular

stent namely: Palmaz-Schatz' and the second was a typical coil stent namely: Freedom®.

Etave ef al. (2001) used the ABAQUS software to model both of these geometries. Two
tubular stent models were created; the first model consisted of a slotted tube, 8 mm in
length. It was made up of six identical units, each comprising of two openwork struts and

two solid metal struts.

The second model had the same overall geometry, but its struts were twice the size. The
coil stent was modelled in the form of a helical round wire. Two different coil stent
models were created, the only difference between the two being that the second had a
height twice that of the first. Two models of each stent geometry were created to

investigate the impact of changing parameters on the stent’s mechanical properties.

! Johnson & Johnson Interventional System, Warren, NJ.
2 Global Therapeutics Inc., Broomfield, CO, USA.
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Balloon model

Chua et al. (2003) used the ANSYS finite element package to design the geometric
model of the balloon with an outer diameter of 2.9 mm. It had a wall thickness of
approximately 0.1 mm. Oh ef al. (1994) used the ABAQUS finite element software to
model the balloon used for Balloon Angioplasty’. Since the balloon is crimped in the
same way as that of the balloon-expandable stent’s balloon, and will respond in the same
way when pressure is applied to its inner surface, it is worthwhile to see how this balloon
was modelled. Rogers et al. (1999) also used the ANSYS package to create a 2-
dimensional FEA model of the balloon. The balloon was assumed to have no thickness

and the contact between the balloon, artery and stent was assumed to be frictionless.

Another assumption was made: no other substances, such as blood, were present between
the balloon and arterial wall. From what can be gleaned from the literature, the balloons
were all modelled as a simple cylinder, which had a small diameter when crimped, and
" then expanded to a bigger diameter when inflated. As mentioned above, this is not a true
reflection of the balloon shape when crimped; it is actually folded, so that its surfaces
fold over one another. This special folding technique is later explained in detail in

Section 3.2.

2.3.2 Material Model

Stent Material

Chua et al. (2003) used a bi-linear elasto-plastic material model, with stainless steel 304,
to represent the material properties of the stent. Migliavacca et al. (2002) on the other
hand, used stainless steel 316LN. A Von Mises-Hill plasticity model, with isotropic

hardening, was used to describe the inelastic constitutive response of the material.

? Balloon Angioplasty is the process in which an inflatable balloon, mounted on the tip of a flexible catheter, is placed
within the lumen of the obstructed vessel, under X-ray control. On inflation of the balloon, the lumen is reopened.
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Stainless steel 316LN was also used in the study done by Etave et al. (2001) and

Dumoulin ez al. (2000). The material properties of both these materials can be seen in

Table 2.1.

Table 2.1  Material properties of two types of stainless steel

Material property | Stainless steel 304 Stainless steel 316LN
Young’ modulus 193 GPa 196 GPa

Shear modulus 75x10° MPa

Tangent modulus 692 MPa 670 MPa

Density 7.86x10° kg/mm’ 7.85x10° kg/mm’
Yield strength 207 MPa 205 MPa

Poisson’s ratio 0.27 03

Balloon Material

Two types of materials are currently used to manufacture balloons, namely: Nylon and
polyester or polyethylene terephthalate (PET). Nylon balloons are softer than PET
balloons, but are not as strong. Due to this characteristic, the nylon balloon has to have a
thicker wall and will thus have a larger profile. A comparison between PET and Nylon

balloons can be seen in Table 2.2.

Table 2.2  Comparison of two High-Pressure Balloons

Materials|Tensile StrengthCompliance (Stiffness|Profile Max. Rated Pressure

ATM PSI
PET High - Very High |Low - Medium High Low 20 294
Nylon Medium - High IM:dium Medium |Low - Medium|16 235
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Chua et al. (2003) used a polyurethane rubber type material to represent the balloon. A
hyperelastic material model in ANSYS was chosen to represent the balloon. Two
Moonley-Rivlin model constants were derived and used: C(10) = 0.106881x10 and
C1) = 0.710918x10°. The density of polyurethane rubber was taken as 1.07x10°
kg/mm’ and the Poisson’s ratio as 0.495. As mentioned above, Oh et al. (1994) modelled
the Balloon Angioplasty balloon. The non-linear solution option in the ABAQUS
software package was used to create the material properties for the balloon. A non-linear
hyper-elastic material was assumed to model the stent. Rogers ef al. (1998) made use of a
strain-stress measurement instrument (Instron), with a 50 kg load, to measure the
Young’s modulus of balloon materials. The Young’s modulus was 2.58x10* kPa for a
compliant balloon and 7.03x10° kPa for a semi-compliant balloon. It is very difficult to
measure the Young’s modulus of the non-compliant balloon and therefore a value was
estimated on the basis of its material properties. For the FEA, three values, within the
normal range, were chosen for low-compliant, semi-compliant and compliant balloons.
These values were 1.38x10° kPa, 6.9x10° kPa, and 3.45x10° kPa respectively. A
Poisson’s ratio of 0.3 was chosen for all three types of balloon. Dumoulin et al. (2000)

assumed the stent material to be elastic and perfectly plastic.

2.3.3 Boundary Conditions

Symmetry conditions made it possible for simplification of some of the models. Chua et
al. (2003) only modelled a quarter of the stent and balloon. Symmetric boundary
conditions were imposed on the nodes in the planes of symmetry. Nodes were not
allowed to move in the direction perpendicular to the plane of symmetry. The ends of the
stent were unconstrained, to be able to observe its expansion and shortening behaviour.
The balloon was assumed to be fully tethered at both ends, so that expansion in the radial
direction was the only movement allowed. An autonomic surface-to-surface algorithm
approach was used to cope with the non-linear contact problem between the surfaces of
the stent and balloon. Migliavacca et al. (2002) only modelled one-twelfth of the stent in

the circumferential direction and half of the length due to symmetry. Similarly to Chua et
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al. (2003), nodes on the symmetry plane were fixed in the direction normal to the
symmetry plane. Etave et al. (2001) applied boundary conditions to the model that
corresponded to radial shifts. The shifts were made on all the nodes of the coil stent
model and only on specific ones for the tubular stent model so as to limit flexion effects.
Both of these models were piloted with such shifts to calculate what forces arose from

these changes.

2.3.4 Meshing

Meshing the model is a very important step in the FEM process. It is important to get the
correct balance between a fine and a coarse mesh. Typically you want to have a finer
mesh in the areas of interest and high stress concentration. A fine mesh is unnecessary in
the areas with low stress concentrations and will only increase the computational time;
therefore a coarse mesh is ideal for these areas. Different approaches have been taken in
previous studies, and in the following paragraphs I try to outline these approaches and see

if there is any comparison between them.

Stent Mesh

Chau ef al. (2003) meshed the stent model with tetrahedral, reduced integration elements.
It comprised of 7,881 elements and 3,473 nodes. The models created by Migliavacca et
al. (2002) and Chua er al. (2002) were meshed with eight-node explicit solid brick
elements that were fully integrated. Migliavacca et al. (2002) used the commercial code
GAMBIT?® to automatically generate a mesh for the model. It comprised of 3,840 brick
elements and 6,560 nodes. The model by Chua ez al. (2002) consisted of 9,504 elements,
discretized by 200 elements along its length, 88 elements in circumference and one

element in thickness.

® Fluent Inc., Lebanon, NH, USA.
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Etave et al. (2001) made use of Visual Basic software® to program all the nodes and their
coordinates, since the specific version of ABAQUS used did not have automatic grid
generation. Quadratic continuum elements in two or three dimensions were used to mesh
the model, which Dumoulin ef al. (2000) investigated. It was done in two or three

dimensions depending on the case they investigated.

Balloon Mesh

The balloon model created by Chua ef al. (2003) was meshed using eight-node three
dimensional explicit dynamic solid brick }elements. The model consisted of a total of
2400 elements. It was discretized by 60 elements along its length and 40 elements in
circumference with 1 element in thickness. On the other hand, Rogers ef al. (1999) used

two-node isobeam plane-strain elements to mesh the model.

2.3.5 Loading and Solution

Different approaches have been taken to simulate the loading of the stent and balloon.

The following section outlines these approaches and the differences between them.

Chua et al. (2003) applied a uniform pressure load to the inner surface of the balloon.
This caused the balloon and the stent to expand radially. The pressure increased
constantly from 0 to 0.409 MPa at a constant rate for 1.635 ms. Figure 2.5 illustrates the
loading curve. The balloon was loaded until the stent reached its failure stress at the
maximum diameter, passing its elastic limit in the process. According to Chua et al.
(2003), using ramp loading at a sufficiently low rate provides the opportunity to find the
relationship of pressure level to ultimate tensile strength of the stent material. This is due

to the fact that at a slow loading rate, there is small kinetic energy and small oscillations.

¢ Windows®, Microsoft Corporation, Redmond, WA, USA.
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Figure 2.5 Loading curve (Chua et al., 2003)

Different damping coefficients were used to try and keep the dynamic effects to a
minimum. In the end a damping coefficient of 10 was found to give the best results. To
try and reduce the computational time, a short simulation time was chosen for this
analysis. The time chosen was a lot less than the actual time for stent deployment, but the
kinetic energy was checked throughout to ensure that it was negligible compared to the
internal energy. Chua et al. (2002), Rogers et al. (1999) and Oh et al. (1994) also applied
pressure to the inner surface of the balloon. According to the paper by Chua et al. (2002),
two cases were investigated. In the first case, the stent was subjected to uniform internal
pressure at a rate of 400 MPa/ms and in the second case the rate was changed to 11.3
MPa/ms. Rogers et al. (1999) used a deployment pressure of 0.8106 MPa to inflate the

balloon.

Migliavacca et al. (2002) organised their simulations in three levels. First a uniform
linearly increasing radial pressure was applied to the inner surface of the stent to simulate
the free expansion of the stent. This pressure was applied until a 2 mm radius was
reached in the central region. The pressure and distal radius were now calculated. Next,
the model was loaded by an internal uniform radial pressure to investigate the behaviour
of the stent up to a diameter of 3 mm. This corresponds to the typical diameter of a
coronary vessel. At this stage the pressure, longitudinal length and distal radius were

calculated. Finally, a simulation was performed to check the mechanical properties of the
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stent after load removal. The pressure was thus decreased until zero. Again, the pressure,

longitudinal length and distal radius were calculated.

Etave et al. (2001) ran three different simulations to model three stents with different
deployment diameters. One of their main concerns was to find the pressure required for
stent deployment. To try and calculate this pressure and other mechanical properties of
the stent the following simulations were done:

e Each of the stent’s nodes was subjected to a positive radial displacement. This
was done to model stent deployment. Eight different calculations were performed
in modelling the stent from its crimped position to a variety of deployment
diameters.

e Stent compression was modelled by submitting each of the nodes of the various
deployed stents to a negative radial displacement. Four different calculations were
performed.

e Conformability was modelled by positioning the stent on two supports, with a

negative radial force applied to the opposite generatrix.

Dumoulin et al. (2000) considered an infinite prosthesis under uniform radial internal
pressure. This approach, together with loading symmetries and periodic boundary
conditions, allowed investigation on a generic part of the model. Two types of analysis
were performed (Figure 2.6). Firstly, internal pressure was applied to the inner surface ot
the three-dimensional curved cells of the stent model. They found that during expansion
of the stent the circumferential stresses were greater than the radial stresses. This allowed
them to consider the same cells, but unrolled on a plane. These cells were deployed by a

prescribed displacement under plane stress assumptions.
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e The pressure needed for full stent deployment, meaning the pressure needed to
achieve plastic deformation

o The intrinsic elastic recoil, thus the amount of reduction in diameter after the
balloon has been deflated

e The resistance of the stent to external forces

¢ The amount of stent foreshortening due to expansion in the radial direction

o The stent flexibility by calculating the stent stiffness. The stiffness was calculated
by dividing the force required for stent deployment by the maximum radial
displacement

o Stress and strain in the stent after deployment

Rogers et al. (1998) performed a study with FEA to investigate the effects of distance
between strent struts, balloon and stent material properties and balloon inflation pressures
on the balloon-artery surface stress and contact area. Dumoulin et al. (2000) focused on
the following cases: the plastic limit load, assuming small displacements and strains; the
linear buckling limit, assuming elastic material behaviour and small displacements; non-
linear analysis; post-buckling analysis; elastic-plastic collapse analysis; and lastly the

measurement of sensitivity of critical load to geometric imperfections.

2.3.7 Results and Discussion

Chua et al. (2003) found that the development of stress in their model closely resembles
the bi-linear stress-strain relationship of the stent material, which indicates that the
solution is reliable. What was evident however was the fact that the stress development
Was fairly unstable at the beginning of the simulation. After a time of 0.251 ms, the yield
point was reached and the stress began to stabilise. Chua et al. (2003) also found that the
deployment of the stent and balloon is a volume-controlled process. This can be seen
from the fact that during the initial inflation of the balloon there is almost no dilatation of
the stent diameter. This phenomenon occurs until the pressure reaches approximately

0.06 MPa, from where the balloon starts to bulge at its ends. As the pressure increases the
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application was also found to have a direct effect on the foreshortening of the stent during
expansion, i.e. the faster the speed of pressure application the greater the foreshortening.
According to Tan et al. (2001), the stent becomes stiffer as the number of convolutes
making up the stent increases, meaning that higher pressures are required to deploy the
stent as the number of convolutes is increased. It was also found that an increase of stent
wire diameter and foundation elastic modulus increases the deployment pressure
considerably. Etave et al. (2001) found that the deployment pressure required for a
tubular stent is almost 3 times as much as that for the coil stent. The stent strut thickness
was also found to have a large influence on the deployment pressure, the thicker the struts
the higher the pressure required to deploy the stent. The thickness also had a significant
influence on the stent stiffness. After the deflation of the balloon, there was definite
elastic recoil and thus shrinkage in the diameter of the deployed stent (Etave et al., 2001
and Dumoulin et al., 2000). It was also shown that the degree of foreshortening increased

with an increase of the deployment diameter.

The papers by Etave ez al. (2001) and Dumoulin ef al. (2000) showed the mechanical role
of the balloon in the stent deployment process. The pressure required to deform the
balloon was shown to be the difference between the external and internal pressures
(Etave et al, 2001). The balloon’s linear compliance curve was used to relate these
pressures with the relative balloon diameters. The balloon manufacturers define this
pressure as the nominal balloon inflation pressure (NBP). Once the stent is mounted onto
the balloon the external force on the balloon is no longer zero. The total inflation pressure
of the balloon now becomes the nominal inflation pressure plus the pressure required to
deploy the stent. As shown earlier, this pressure depends on a number of factors, which
include the stent strut thickness and mechanical properties of the stent and balloon.
Dumoulin ef al. (2000) used a slightly different approach. They assumed that the balloon
is subjected to pressure exerted by the internal fluid (P;) on the open surface (S;), pressure
exerted by the stent (Ps) on the covered area (Ss) and external pressure (Pe) on the tube’s
exterior (Se = S; + S;) while at equilibrium. The following equation was used to describe

the energy balance in the balloon:
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PeSeUe = P,‘SiUi + PsSsUs + Wdef (218)

where U is the displacement on surface S and

Waer = %2 [aoije; AQ (2.19)

is the energy accumulated during wall deformation. If the balloon is assumed to be
uniformly deformed, and if the wall stays thin and soft and displacement is kept to a
minimum, then the external pressure can be estimated by looking at the ratio between
surfaces in contact. The study by Rogers et al. (1998) also showed that small alterations
in inflation pressure, stent design or balloon material could have major effects on the
balloon-artery contact and stress applied to the arterial wall by the balloon. FEA was used
to determine this stress in the arterial wall. Interstrut distance and balloon pressure and
compliance were used as input variables. By changing these variables it was clear that
increasing the geometric complexity of the stent design or increasing the number of struts
would reduce the surface-contact stress. When the interstrut distance and balloon
compliance was kept constant, the surface-contact stress grew in a non-linear fashion as
the pressure in the balloon increased. With an increase in balloon compliance the surface-
contact stress and contact area increased and visa versa. As menttoned earlier, Dumoulin
et al. (2000) studied the sensitivity of the critical load to geometric imperfections. A point
load was added to the radial pressure, which was applied to the inside of the stent, by the
balloon. This load involved a displacement equal to the stent wall thickness. This added

load suggested that the stent is not very sensitive to imperfections.

2.4 Study Limitations

From all the papers studied it is clear that there are still a lot of limitations and
shortcomings when using FEM as a tool to solve issues concerning stent design. The
FEM process does use a theoretical model, which means there are definite limitations

which come with this type of analysis. Due to the complexity of modelling the balloon
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and stent, various assumptions have been made along the road to simplify the models and

to decrease computation times.

Chua et al. (2003) and Migliavacca et al. (2002) did not model the interaction between
the balloon and stent, but rather applied a uniform pressure directly to the inside surface
of the balloon. In reality the stent is actually crimped onto the balloon before the
deployment process. To actually represent the model, the crimping process will also have
to be modelled. The results obtained from the simulations were simply validated by
standard general checks with smooth load development, smooth continuity of contour
lines and similarity of stress-strain plots of the structure against its material property data
(Chua et al., 2003). In the study done by Etave et al. (2001) a balloon model was used to
simulate the actual balloon, but to simplify the model, perfectly radial and homogeneous
balloon deployment was assumed. The model ignored friction between the balloon, stent
and arterial wall. The analysis should also include an appropriate model for the arterial
vessel and atherosclerotic plaque, so that a simulation of the interaction between these

elements and the stent can be run during deployment (Migliavacca et al., 2002).
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CHAPTER THREE

FINITE ELEMENT MODELS

The first task was to create a model for both the balloon and stent, which was similar to
the actual balloon and stent. The ABAQUS finite element package (Hibbit Karlsson &
Sorenses, Inc., Pawtucket, RI, USA) would be used to create these models. The models
could not be an exact presentation of reality due to computational restraints. The models
had to be simplified in order to decrease computational time, cost and difficulty in
modelling. However, these simplifications could not be done at random and had to be
well thought out and judged, so that the model would react in the same way as the real

system.
3.1 Test Model

Initially the possible modelling of this type of application was tested with a very simple
model. A simple 3-D structure was created within ABAQUS. The balloon was modelled
as a cylindrical surface with a few kinks in it and the stent as an octagon. Only half a
model was simulated with axi-symmetric boundary conditions imposed on the side of the
model. The stent’s outer diameter was larger than the balloon’s and the two were then
assembled. Two different material properties were chosen, the one for the stent being
significantly stiffer than the balloon’s. Pressure was then applied to the inner surface of
the balloon, to see if the balloon would open and push the stent outwards. This was done
successfully and the real system could now be modelled. The assembled model is shown

in Figure 3.1.
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The location of these angles can be seen in Figures 3.6, 3.7 and 3.8
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Two sets of equations were generated for the arcs making up the bulk of the drawing, one

set for the large arcs and another for the small ones. The lengths of the large arcs could be

described as:

and the lengths of the small arcs as:

S, =2aR, -38,
S, =Ra

S, =2xR, 38,

S, =2aR, -3S,

S, =2aR, - 38,

S, =2aR, -3S,,

Su = Rug

Su =R;;0

L =n
L,=¢r

L, =(r+0)(z-¢)
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Eventually this gave the final folded balloon geometry that could now be used to create

the model in the finite element package. The final geometry is shown in Figure 3.11.

Inner lumen

N

Figure 3.11  Final geometry of folded balloon

ABAQUS/CAE was now used to create the balloon model. Firstly, the 2-dimensional
balloon geomelry was created. With the sketch function a drawing of the folded balloon
was made, since all the distances for the curves were known. One thing that has to be
kept in mind is that ABAQUS works with the mid-plane values, as described in Section
2.1. This meant that fine calculations had to be done to draw the balloon surfaces at half
the wall thickness. A 3-D deformable extrusion membrane element was chosen as base,
where the extrusion depth was equal to the length of the balloon. Figure 3.12 shows the
extruded balloon model. The balloon has an inside diameter of 1.1 mm, an outside

diameter of 1.94 mm and a length of 20.72 mm.

The actual balloon tapers off towards its furthest extremities, where it is fixed to the inner
lumen (Figure 3.13). To model this taper would be extremely difficult, since it would be
almost impossible to predict and model the geometry of the tapered pieces. The problem
is created by the fact that the balloon twists as it tapers. The balloon has a part that is not
tapered before the part where the stent sits. This part is more or less the same length as

43






By calculating the Young’s Modulus from experimental data, the validity of these values
was tested. The wall thickness, inflation pressure, % elongation and the nominal diameter
of the balloon were known. By using the following equations the Young’s Modulus could

be calculated,

E=2 (3.42)

where ¢ and ¢ are the internal stress and % elongation, respectively. This equation can

now be rewritten as follows,

PD
EY (3.43)

where P, D and t are the inflation pressure, nominal diameter and wall thickness,
respectively. These values were used in equation 3.43 and the Young’s Modulus
calculated as 1.1 x 10° Pa, which closely correlates with the given value. These values

were thus taken as sufficient to represent the Nylon 11 used for these balloons.

Next, this material had to be assigned to the 3-D model as a membrane shell section with
a wall thickness of 0.06 mm. The reason for using membrane shell elements was that the
balloon’s bending stiffness was assumed to be negligible in comparison with its own
membrane stiffness and the bending stiffness of the stent. The model then had to be
meshed. It is difficult to know when a mesh is fine or coarse enough and that a specific
mesh density will deliver accurate results without complicating the model too much or

increasing the computational time by too large a factor.
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An alternative would be to use 8-noded continuum brick elements, but this would be

computationally too expensive.

These stents are made from Stainless Steel 316L and the material properties were chosen
to approximately represent this material. The material was modelled using a Von Mises
type bilinear elasto-plastic material model. The elastic and plastic responses are
distinguished by separating the deformation into recoverable (elastic) and non-
recoverable (plastic) parts. This separation is based on the assumption that there is an
additive relationship between strain rates:

&= éel +épl (3'47)

where £ is the total strain rate, £°is the rate of change of the elastic strain, and &7 is the
rate of change of the plastic strain. Belytschko ef al. (2000) explain that the elastic strain

is always related to the elastic modulus:
o = E&” (3.48)

where E is the elastic or Young’s modulus. The above relations are homogeneous in the
rates of stress and strain, meaning that the time can be scaled by any factor, but the
constitutive relation will remain unchanged. This means that the material chosen is rate-
independent even though it is expressed in terms of strain rate. The plastic strain rate is

given by:

oo = ;0¥ (3.49)

where A and W are the plastic rate parameter and plastic flow potential, respectively. The

yield condition can now be described by:

f=6-0,(%)=0 (3.50)
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3.4 looer Lumen Model

The inner lumen is a piece of rubber piping which houses the guide wire for the catheter.
This lumen fits tightly over the guide wire of the catheter. An illustration of the assembly
of these three items can be seen in Figure 3.19. The first idea was to model the lumen and
guide wire as one rigid body, since the guide wire would not budge under the pressure
from the balloon and stent.

Balloon

&

/ p 7

Guide wire

Lumen

Figure 3.19 Section of balloon, lumen and guide wire assembly

To create a more realistic model, the two were modelled separately though. The rubbery
lumen was modelled using a 3-D deformable planar shell element as base element with
an extrusion length equal to that of the balloon model. The lumen model has an outside
diameter of 1.1 mm and length of 20.72 mm. The lumen is made from a material called
PEBAX and the material properties for this model were chosen lo approximately

represent PEBAX. The following material properties were used (Appendix B):

= Young's Modulus: 3.38 x 10° Pa
e Density: 1.0| x 10°® kg/mm’
» Poisson’s ratio: 0.35
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Next this material had to be assigned to the 3-D model as a membrane shell section with
a wall thickness of 6 x 10> mm. The lumen was meshed with linear quadrilateral
elements and the model discretized into 3,540 nodes and 3,520 linear quadrilateral

elements.

A 3-D discrete rigid shell extrusion part was created for the guide wire. The extrusion
depth was the same as that for the lumen, which was in fact equal to the length of the
balloon. The guide wire has an outside diameter of 0.8 mm and length of 20.72 mm. The
lumen was meshed with linear quadrilateral elements and the model discretized into

5,612 nodes and 5,589 linear quadrilateral elements.

3.5 Crimping Tool Model

" The actual stent is crimped onto the folded balloon. An uncrimped stent and folded
balloon are placed inside a specially designed crimping machine. The machine works on
a collet-based system consisting of 12 triangular beams which are arranged
circumferentially. This creates the central canal where the stent and balloon can be placed
and where the stent is crimped onto the balloon. As the triangular beams are displaced
centrally, they slide over each other, keeping the central canal circular and ensuring that a
regular and smooth crimped stent is created. A picture of the crimping machine
mechanism can be seen in Figure 3.20. As the stent is crimped onto the balloon it is
deformed plastically, meaning that it keeps its deformed or crimped shaped afier the
crimping process. This also causes the stent to be pre-loaded, so that the stent is internally
stressed even before the balloon is inflated. Creating a stent model in ABAQUS that is
already the crimped size, and assembling it onto the folded balloon model, will not reflect

the true behaviour of the system. This stent will be the right size, but will not be pre-

loaded. For this reason a model of the crimping machine had to be created to crimp the

stent model onto the folded balloon model within ABAQUS.
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CHAPTER FOUR

LOADING AND SOLUTION

The correct boundary conditions had to be created for the model, in order to achieve
accurate and real results after running the simulation. The guide wire was fixed in all
degrees of freedom, since it remains stationary during the crimping of the stent and
during the deployment of the balloon when the stent is delivered. The balloon and lumen
were fixed in the axial direction, since the lumen is stationary in the axial direction and
the balloon is fixed to the lumen. No actual boundary conditions were placed on the stent
for the full model; it was free to move in any direction during the crimping and
deployment processes. Due to computational time limits a smaller model had to be
created. Initially the idea was to model only half of the complete stent model and to
impose symmetrical boundary conditions on the one side. Symmetrical boundary
conditions would cause the nodes in the plane of symmetry to have no displacement in
the direction normal to the plane and impose rotational restrictions on the nodes in the
plane of symmetry. To impose symmetrical boundary conditions one would assume that
the model is symmetrical. To make this assumption would not be a true reflection of
reality. As previously mentioned one of the main causes for the stent shooting off the
balloon could be the asymmetrical placement of the crimped stent on the balloon.
Therefore it was decided to duplicate the model, but to scale it down to one quarter of the

length.

The coordinate system was transformed to a cylindrical system for the crimping tool. The
plates of the crimping tool were fixed in all degrees of freedom except for the one in the
radial direction, meaning that the plates could only move radially inwards. The boundary
conditions imposed on these plates allowed them to move through one another when they
were displaced centrally, and this was necessary to mimic the actual behaviour of the
crimping machine during the crimping of the stent and to keep the central canal circular.
In order for the stent to be crimped uniformly, the plates had to move inward smoothly

and be kept at the same angle.
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Another important consideration was the effect of contact between all the surfaces. All

the contact had to be specified within ABAQUS. Here is a list of the contact pairs:

e Crimping tool and stent outer surface

e Stent inner surface and balloon outer surface

e Balloon self contact

¢ Balloon inner surface with lumen outer surface

¢ Lumen inner surface with guide wire outer surface

To simplify these contact definitions, ABAQUS’s generalized contact function was used
to create a general contact definition for all the contact surfaces. This contact algorithm
uses a penalty method to enforce the contact constraints. The ABAQUS user’s manual

explains it as follows.

The two deformable bodies or deformable body and a rigid body that take part in the

113

contact are named. With this approach one surface definition provides the “master”
~ surface and the other surface definition provides the “slave” surface. The penalty contact
algorithm searches for slave node penetrations in the current model. Contact forces that
are a function of the penetration distance are applied to the slave nodes to oppose the
penetration, while equal and opposite.forces act on the master surface at the penetration

point.

When the element faces form the master surface, the master surface contact forces are
distributed to the nodes of the master faces being penetrated. In the case of an analytical
rigid master surface, the master surface forces are applied as forces and moments on the
associated rigid body. An illustration showing the master and slave surfaces is shown in

Figure 4.1.

The “spring” stiffness that relates the contact force to the penetration distance is chosen
automatically by ABAQUS/Explicit for hard penalty contact, such that the effect on the

time increment is minimal yet the allowed penetration is not significant in most analyses.
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The distance that the crimping tool plates move determines the size of the crimped stent:
the more they move inward the smaller the outside diameter of the stent, and the bigger
the crimp. After careful calculation, it was concluded that each plate had to be displaced
by 0.60 mm. This ensured that the stent was crimped tightly onto the folded balloon.

Frictional contact was defined between the outer surface of the balloon and the inner
surface of the stent. The friction was modelled using a standard Mohr-Coloumb model,
where the maximum allowable frictional shear stress is linearly proportional to the

contact pressure:

4 Jriction < :uP (4‘1)
where 1 and P are the frictional coefficient and the contact pressure respectively.

A set of fixed steps was created to simulate the response of the real system. The time
scale is important in a dynamic analysis, and an accurate representation of the physica]
mass and inertia in the model is required to give a true response in the simulation.
However, this model has many very small elements, which will force ABAQUS/Explicit
to use a small time increment to integrate the entire model in time. These small elements
are the result of a dense mesh, which gives a difficult mesh generation task. Mass scaling
is often used in ABAQUS/Explicit for computational efficiency in quasi-static analyses
and in some dynamic analyses that contain a few very small elements that control the
stable time increment. By scaling the masses of these controlling elements at the
beginning of the steps, the stable time increment can be increased significantly, yet the
effect on the overall dynamic behaviour of the model may be negligible. During an
impact analysis like this, where there is a lot of contact, elements at the contact zone
typically experience largé amounts of deformation. The reduced characteristic lengths of
these elements result in a smaller global time increment. Scaling the mass of these
elements as required throughout the simulation can significantly decrease the

computation time. For this exact reason, mass scaling was used to increase computational
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efficiency. There was however the danger that with the increase of the overall mass
properties of the model, it would degrade the accuracy of the dynamic solution. The
masses of the elements were scaled once at the beginning of the first step by the chosen

scaling factor of 100. The following four steps were taken for the analysis.

4.1 Crimp Step

In this step the crimping tool plates were moved inward and the stent crimped onto the
balloon. A smooth step amplitude was created for the displacement of the crimping tool
plates. This was to ensure that the crimping velocities and accelerations were kept under
control. Avtypical smooth step curve can be seen in Figure 4.2. Due to computational time
limits the time step taken for this step was very small. The step time was taken as 0.005
seconds. The distance by which the crimping tool plates had to be displaced radially was
specified in the load step. They were displaced by 0.6 mm, which was the distance that
was required to crimp the stent tightly onto the folded balloon.

0.6
04 -
Amplitude
(mm)
0.2 =
0.0

Time (s)

Figure 4.2 Graph of smooth step function
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4.2 Zero Velocity Step

After the crimping step the velocities of both the stent and balloon had to be zeroed. Due
to the fixed mass scaling the inertial effects were increased by a considerable factor,
which caused the stent and the balloon to keep moving radially inwards after the
crimping tool plates had stopped. By imposing a zero velocity boundary condition for a
time of 1 x 10” seconds, this was corrected and the velocities of the stent and balloon

equalled zero.

4.3 Release Step

After the zero velocity step another step had to be taken where the crimping tool plates
were removed. This was done to allow the balloon to open up properly during inflation
and the deployment of the stent to a diameter of 10 mm. A fixed radial distance in the
opposite direction was specified and the crimping tools were then moved out of the way.
The stent had internal energy after the crimping step and would oscillate until a stage of
equilibrium was reached after the crimping tool was removed. To try and correct for this,
the crimping tool was taken away in two stages. The first part of the removal was slow to
allow the stent to move out gradually with the tools until an equilibrium state was
reached. This was also done with a smooth step function over a time of 0.009 seconds.
During this time the crimping tool plates were only moved outwards by a distance of 0.01
mm. After that the plates were moved out of the way completely by 9.6 mm in 0.001

seconds.

44 Deployment Step

The pressure foad required to inflate the balloon was approximately 8 bar. The pressure
was applied to the inner surfaces of the balloon as a uniform surface load. A smooth step
function was chosen to ramp up the pressure. A step time of 0.08 seconds was selected,
where the pressure was ramped up to 8 bar within 0.001 seconds and then kept constant
for the rest of the inflation time. The kinetic and internal energies were checked
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throughout to ensure that the balloon-loading rate was not too high. The kinetic energy
had to be negligible for this to be true (Chua et al., 2003). This allowed the balloon to be
opened fully and the stent to be deployed to the required diameter.
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The balloon was now fully deployed and the stent had reached its fully expanded
diameter of about 10.35 mm in 0.025 seconds. A short simulation time was selected to
compensate for the computational expense of having a very fine mesh and having a high
mass scaling. As explained in Section 3.3 the material chosen was rate-independent,
meaning that by shortening the step times the accuracy of the results would not be
influenced. However as explained in Section 2.1, the length of the smallest element
determines the size of the critical time step. Since a fine mesh was selected, the smallest
element length caused the critical time step to be 2.085 x 10” seconds and the simulation
to run for approximately 9 hours. In order to achieve an economical solution, it was either
useful to reduce the step time of the analysis or to artificially increase the mass of the
model with mass scaling. For quasi-static cases, a limited amount of mass scaling is
usually possible and does result in a corresponding increase in the time increment used by
ABAQUS/Explicit and a corresponding reduction in computational time. Both
alternatives yield similar results for rate-independent materials, such as the materials used
in this analysis. However, one must ensure that changes in the mass and consequent
increases in the inertial forces do not alter the solution significantly. A limited amount of
mass scaling is usually possible for most quasi-static cases and would result in a
corresponding increase in the time increment used by ABAQUS/Explicit and a
corresponding reduction in computational time. A combination of a mass-scaling factor
of 100 and a decreased step time was used in this analysis to yield respectable run times

with reliable results.

Although the selected simulation time was considerably shorter than the actual time
required to expand the stent, the kinetic and internal energies were checked throughout to
ensure that the kinetic energy was negligible when compared to the internal energy. This
also meant that chosen fixed mass scaling was chosen correctly. The same approach was
taken by Chua et al. (2003). The fully expanded balloon and stent are shown in Figure
5.10.
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Something that could be considered for future work is to model an obstructed artery
around the stent and balloon. The stent could then be deployed in exactly the same way
as the above simulation. Its effectiveness to remove the plaque, which obstructs the
vessel, could then be checked. The effect of the sharp out sticking parts of the deploying

stent could be monitored to see if any damage would be caused to the vessel itself.

The difficulty however will be to find the material properties of an artery and the plaque
which obstructs it. It will also be extremely difficult to predict when injury would occur
to the inner surface of the artery, due to its unknown characteristics and the difficulty to
model its reaction accurately. One of the biggest questions will be how one would
determine under which inner pressure or compressive force the artery will fail or get

injured.

Some finite element studies where the stent artery contact has been modelled has already
been done by Prendergast et al. (2003), Tan et al., (2001) and Rogers et al. (1999) and it
was shown that this kind of study would be feasible.

5.3 Crimping Tool Simulation

The crimping tool mechanism was first tested without actually crimping a stent. The idea
was to allow the 12 rigid body plates to move through one another displacing them
radially inward by a fixed distance. Because of the angular offset of each one of the 12
plates, their inward movement caused the central canal to become smaller and smaller
and eventually disappear. This is a very good reflection of what happens in the actual
crimping machine and this model would be a suitable representation of the actual

crimping mechanism. The crimping simulation is shown in Figures 5.15, 5.16 and 5.17.
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5.4 Full Assembly Simulation

As mentioned in Section 3.3 an uncrimped stent model was now used in the assembly.
The initial model had a very fine mesh in order to obtain accurate and true results. This,
however, resulted in very small elements, which caused the critical time step to be very
small. The critical time step was in the order of 1.8 x 10° seconds, which meant that for a
simulation time of 1 ms it would have to take 5.5 x 10® increments to complete the
simulation. Computationally this was very expensive. However, the first few simulations .
were run with this fine mesh. The smaller model was still used and it consisted of only
two of the eight stent rings and the balloon was shortened accordingly. The crimp step
alone took almost 18 hours to complete. This was definitely not ideal, since changes had
to be made to the model after each run, only to wait another 18 hours to see the result of
these changes. Due to the limited availability of computers to run these simulations, and

the computationally expensive mesh, an alternative option had to be taken.

It was decided to coarsen the mesh in order to increase the critical time step. This would
obviously influence the accuracy of the results, but would speed up the simulation run
times considerably. With a coarsened mesh, the critical time step was increased to 3.2 x
10? seconds. The new time step was almost double the old one and would speed up the
simulation by a factor of two. The density of the mesh on the bends of the stent struts and
the folds of the balloon could not be decreased by such a large margin, due to the

sharpness of the bends and the importance of the stress data of these corner elements.

This meant that there were still fairly small elements in the model, which is why the
critical time step only increased by a factor of two. This was however a big improvement
and meant that changes to the model could be made at more regular intervals and the
smaller model simulation could be perfected, so that the full model could be run with

minimal delays and compromises.
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5.4.1 Crimp Step

An initial time step of 0.001 seconds was taken for the crimping simulation. The
crimping tools were placed a reasonable distance away from the stent itself, about 100
um. The diameter of the uncrimped stent was about 3200 um, and this was crimped down
by 1200 um to 2000 um, meaning that was a 37.5 % reduction in the diameter. It was
however observed that the stent gathered more momentum than expected and overshot
the displacement of the crimping tool. It was mentioned in Section 4.1 that a smooth step
function was chosen to displace the crimping tool. At the end of the crimp step, as the
crimping tools started to slow down, the stent kept on moving inwards and away from the
crimping tool plates until contact was made with the balloon’s outer surface. This was not
a true reflection of the real system and it was observed that the kinetic energy of the stent
was a lot higher than its internal energy. The reason for the increase of velocity of the
stent could be ascribed to the initial hard contact that was made between the crimping
tool plates and the stent, as well as speed of the simulation and the mass scaling, as

mentioned in Chapter 4.

It was then decided to increase the simulation time to 0.005 seconds and move the
crimping tool plates in so that they just touched the outer surface of the stent. Again the
simulation was run and the kinetic energy compared to the internal energy of the stent. It
was found that the kinetic energy was negligible compared to the internal energy. This
can clearly be seen in Figure 5.18. Initially at about 1.2 milliseconds the kinetic energy
was higher than the internal energy. This can be ascribed to the initial contact of the
crimping tool plates with the outer surface of the stent. This was soon inverted at about
1.45 milliseconds, and now the kinetic energy was less than 2% of the internal energy.
Although the new simulation time was still much shorter than the actual time required to
crimp the stent, it was justified by the energy investigations. The stent now no longer
accelerated faster than the crimping tool plates, but rather slowed down towards the end

of the step, insuring a smooth crimp.
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One of the main difficulties experienced during the simulation of crimping the stent onto
the balloon, was to find the correct distance by which the crimping tool plates had to be
moved radially inwards. The common idea would be that the stent’s inner surface was
perfectly circular when crimped, but in fact this was not found to be true. From Figure
5.27 it can be seen that the crimped stent has 12 square facets or square areas all around
its inner surface, which caused the stent’s inner diameter to be smaller than expected in

some areas.

Flat area

Flat area

(a) (b)
Figure 5.27 (a) Side view of crimped stent (b) Close up of crimped stent section

This provided considerable difficulty in predicting the inner diameter of the crimped stent
and thus the distance the crimping tool plates had to be moved inwards. These facets
were formed by the bends that connected the individual stent struts as illustrated in Figure
5.25. Due to the fact that no air gap was assumed between the folds of the folded balloon,
the stent could not be crimped too far, since this would cause the balloon’s surfaces to be

pushed through each other and over-closure to occur. In return this would prevent
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inflation of the balloon and the simulation would fail. There is a slight gap between the
inner lumen and the guide wire, meaning that the stent could be crimped tightly onto the
balloon. The balloon would transmit the displacement to the deformable inner lumen,
which would then move radially inwards until it touched the guide wire. The difficulty
was thus to crimp the stent so that the amount of crimp would be realistic and it would fit
tightly on the balloon, but not crimp it too far so that over-closure of the balloon surfaces
would occur. The correct crimping distance was eventually obtained after numerous
simulations. This non-circular crimp of the stent could also be one of the reasons for the
stent shooting off during the deployment of the balloon. Not all of the flat areas were the
same size and therefore some parts of the stent made more contact with the balloon than
others. This meant that there is more interaction and friction between some parts of the
stent and balloon, which causes an uneven distribution of the loads and could initiate an

uneven opening of the balloon and stent thus forcing the stent to shoot off.

5.4.2 Zero velocity step

As explained in Section 4.2, the zero velocity step ensured that the inward acceleration of
the stent and balloon, due to the inertial effects caused by the mass scaling, were zeroed.
This step was necessary to ensure that the balloon and stent would not still have inward
velocities with the onset of the inflation step. If they had, it would cause over-closure of
the balloon and the simulation would fail at the beginning of the balloon inflation. This

step was performed successfully so that the crimping tool plates could be removed.

5.4.3 Release step

Initially it was thought that this step would be a very simple one in that it would only
entail the removal of the crimping tool plates. This was however found not to be so
simple. With the release or away movement of the plates, the stent also moved radially
outwards. It expanded radially outwards for more or less 200 um before it started to

oscillate. Tt kept on oscillating, by moving inward and outward by small distances. The
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5.6 Limitations

As already mentioned this simulation was computationally extremely expensive. The first
small assembly simulation was done on a 1 GHz Intel Pentium III processor with 512
MB of RAM. The time taken to complete this simulation was more or less 9 hours. Due
to the fact that this was novel work and that very little prior knowledge was available to
help with the simulation of this problem, this was an iterative process. Meaning that small
steps had to be taken at a time to get to the final assembly of the system and subsequent
simulation. Small bits were added to the model each time, to try and understand the
system and to model it as correctly as possible. This meant that it took at least 9 hours to
see the effect of a change or correction to the model. Numerous runs had to be done to
insure that the small model assembly simulation worked and that the inflation of the

balloon deployed the stent.

The next step was to run the simulation of one quarter of the complete assembly of the
system, with the crimping tool. At first a fine mesh was chosen for the model. Due to the
large amounts of contact in the model and the small critical time step the simulation was
computationally very expensive. A 2.7 GHz ZEON processor with 4 GB of RAM was
used to run this simulation. This computer is the property of Finite Element Analysis
Services (Pty) Ltd, a company based in Mowbray, South Africa and is used to run all
their simulations on. With this computer the run times for this simulation was in region of
6 days or 140 hours. The same iterative approach was taken with this simulation. As
mentioned in Section 5.4.1 it took a lot of calculations and reruns to obtain the correct
distance by which the stent had to be crimped in order to fit tightly on the balloon. The
length duration of the simulations were extremely frustrating and time consuming. The
length of these simulations meant that good progress was prevented. Finite Element
Analysis Services also made use of this computer to run some of their complex jobs on,
which meant that the simulation times were lengthened even more. With time to time the
computer was scheduled for other jobs, which meant that this simulation could not be
started. It was not feasible to start the simulation on the 1 GHz processor since that would

have increased the run time by a large margin.
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Accuracy was then forfeited to try and bring down the simulation time, and the mesh was
coarsened considerably. This insured that the critical time step increased and that the
- simulation run time would come down. The simulation with the changed model was
again run on the 2.7 GHz ZEON processor with 4 GB of RAM, and it was found that the
run time was almost halved to about 3 % days or 80 hours. This allowed more regular

checkups on changes made to the model and helped the progress of this study somewhat.

The complete model could however not be run on this computer due a fully booked
schedule of jobs for Finite Element Analysis Services. The complete model is four times
bigger than the smaller one and would thus take four times longer to run. This means that
an estimated 2 weeks could be expected per simulation. There were also no other
computers available with enough computing power to handle a job of this size. The
minimum system requirements for the complete model would be a 2 GHz machine with
at least 1.5 GB of RAM. This would still only be half the computing power of the ZEON,
meaning that the run time for the simulation would be doubled to 4 weeks per run. For
this reason the simulations were carried on the quarter model to ensure that all flaws are
eliminated and that these changes could be implemented in the full-scale model. This
meant that a simulation of the complete model could be run at a later stage with the right

resources and computer power to allow quick and accurate simulations.

5.7 Computer Cluster

Another alternative option was investigated to try and reduce the simulation time.

The UCT-CERN Research Centre in the Physics Department at the University of Cape
Town, South Africa, has a cluster of 20 computers that is used to run jobs in parallel.
Becker et al. (2004) explain that these 20 nodes are stacked on a 5-level rack, capable of
6 boxes per level with 3 switches. Ethernet cables machined into the frame of the rack
allow the nodes to connect to the server via a fast Ethernet switch, capable of handling a

total of 26 connections. This number is made up of 24 10/100 MBs ports and 2-gigabit
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ports to the backplane, which are unused. Typical disk [nput/Output rates of Monte-Carlo
simulations are about 100 MB/min, per event, which translates to a required bandwidth of
25 MB/s when all nodes are accessing NFS-mounted volumes. This bandwidth is easily
saturated on a 10/100 MB/s subnet, and hence the requirement to write data to a local

disk, instead of an NFS-mounted one.

From the ABAQUS documentation it can be established that the use of domain
parallelization with general contact allows the contact computations to be split across
domains so the parallel performance can be greatly improved. The model is split into a
number of topological domains. These domains are referred to as parallel domains to
distinguish them from other domains associated with the analysis. The domains are
distributed evenly among the available processors or “nodes” as they are called. The
analysis is then carried out independently in each domain. However, information must be
passed between the domains in each time increment because the domains share common

boundaries.

The domain-level method divides the model so that the resulting domains take
approximate]y the same amount of computational expense. The load balance is defined as
the ratio of the computational expense of the most expensive domain to‘ that of the least
expensive domain. Element and node sets are created for each domain and cannot be
inspected during the simulation process. The analysis results are independent of the
number of processors used for the analysis. However, the results do depend on the
number of parallel domains used during the domain decomposition. The number of

parallel domains can be set on the command line.

There are however a few limitations concerning the domain decomposition.

Certain features cannot be split across domains. The domain decomposition algorithm
automatically takes this into account and forces these features to be contained entirely

within one domain. Even if the algorithm succeeds in creating the requested number of

domains, the load may be balanced unevenly. Contact pairs that use the penalty contact

104



algorithm require that the associated nodes be part of a single parallel domain, but these
nodes may also be part of other parallel domains. Analyses in which a large percentage of

nodes are involved in contact may not scale well when contact pairs are used.

The general contact algorithm has minimal effect on the domain decomposition in most
cases. If a rigid body is part of the general contact domain, the entire rigid body is forced
into a single parallel domain; however, all rigid bodies having general contact need not
be assigned to the same domain. In most cases this restriction for rigid bodies does not
cause a load imbalance, although a rigid body with a large number of nodes and faces or

that spans a large region of the model, can degrade the load balance.

To run ABAQUS in parallel on a cluster of computers with a message-passing interface
(MP]), it may be necessary to install middleware to facilitate inter-processor
communication. This would assist in the even distribution of workload over all the nodes

and ensure fast and effective simulations.

Permission to use the cluster was obtained from the UCT-CERN Research Centre and
ABAQUS was installed on the host computer. Certain alterations had to be made to the
ABAQUS environment file to allow it to use the correct version of MPI and Linux
(RedHat 9). The first small assembly was used to run a simulation on the cluster. The
simulation was first run on a single processor, so that a comparison could be made
between the run times of a simulation performed on one processor versus the ones done
on a number of nodes. Two simulations were run on the computer cluster, one with 4
nodes and one with 6 nodes. The idea was first to see how the simulation scaled as the
number of processors was increased. All hope of using the computer cluster soon
vanished due to a memory shortage of the host machine. The host machine had to split
the model up into certain domains and then allocate them to different machines. This was
done without any difficulty and the simulation started running on all specified nodes.
However, the host machine was also used as a domain in order for ABAQUS to recognise
its licence throughout the simulation. Output data were also written to a file on the host

machine throughout the simulation, meaning that the information froma 11 the domains
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bottlenecked at the main node. All of this caused memory of the host machine to be used
up and the system crashed time after time. The simulation did however manage to get
through 4 of the 200 steps and a comparison could be made with the run done on a single

processor. Table 5.1 provides a comparison of the three simulations.

Table 5.1 Comparison between cluster and single processor

Number of processors 1 4 6
Weight per domain 100% +25% *+16.5%
Time taken per step 2 min 15 sec. 30 sec.
Estimated completion time 9h 20min | 1h 10min | 2h 20min

The simulations times come down considerab]y with the use of the cluster, and parallel
processing could definitely be used to run a simulation that is computationally as
expensive as this one. What is interesting to note from these comparisons in Table 5.1 is
the fact that the simulation was faster with four processors than with six processors. This
could be ascribed to the fact that the model consists of so many nodes and elements with
a lot of contact between them. These domains have to communicate constantly with each
other to check the contact between the elements of the different parts within the model.
The use of rigid body parts and the penalty contact algorithm also contributes to the
scaling of the simulation. As the number of processors increases, the model is split into
more domains, which means that the network traffic increases, as more and more inter-
domain communication has to take place. The scaling is thus governed by the speed of
the network connecting all the domains. Unfortunately the network speeds of this specific
cluster are not very high and the system is quickly saturated. This is why simulations are
faster on four nodes than on six. The difficulty is thus to find the optimal number of
processors that should be used for a simulation run in parallel. There was no way that this

problem could be fixed; neither the memory of the host computer nor the network speed
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could be increased and therefore the use of the cluster for this simulation was not

feasible.

However, it is still believed that a computer cluster could be used to improve the run
times of a job like this. Each node of the cluster would have to be very powerful
computationally, especially the host node. It is also crucial that a fast network connection
is made between each of the domains, since slow inter-node communication was what
reduced the effectiveness of the UCT cluster. Big computer clusters with extremely
effective communication between each processor and a high computing power definitely

exist and the possibility of using a similar system should definitely be pursued.

107



CHAPTER SIX

CONCLUSIONS

The use of finite element modelling has been shown to have many advantages with
regards to the modelling of complex systems such as the stent delivery mechanism. It has
also been shown that this kind of model is computationally extremely expensive and that

certain compromises or assumptions have to be made to ensure reasonable run times.

A tri-folded balloon geometry was successfully modelled within ABAQUS/CAE and the
3-D model created with membrane elements. A mapping algorithm was used to map the
2-D coordinates of a flat stent drawing into a 3-D cylindrical coordinate system in order
to obtain a round and closed stent. The stent was modelled with shell elements and it was
shown that the size of the stent could be changed without any difficulty. Two stents were
modelled. The first was in the form of an already crimped stent, meaning that it had the
dimensions of a typical stent after crimping. The other was an uncrimped stent model that
had the dimensions of a stent in its uncrimped form. The inner lumen was also
successfully modelled with shell elements. The guide wire that fits inside the inner lumen
was modelled as a discrete rigid body. The crimping machine used to crimp the stents
onto the balloons was then successfully modelled as 12 discrete rigid body plates, which
were arranged in circumferential fashion. They could be displaced radially to crimp the

stent.

Simulations of the balloon inflation were performed and by applying the pressure
uniformly on the inner surface of the balloon the stent was successfully deployed. It was
shown that the stent first went through an elastic stage and was then past its yield strength
to plastically deform into its new shape and diameter. It was also found that the inflating
balloon and stent took on a triangular shape during deployment and that out-of-plane
bending was experienced at the hairpin bends connecting the stent strﬁts. The uncrimped
stent was then successfully crimped onto the folded balloon with the crimping tool. Only

one quarter of the complete model was used because of computational limitations due to
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shortage of time and processing power. The stent’s inner surface created square facets
during the crimp, which made it extremely difficult to obtain the correct crimping
distance, in order to prevent over-closure of the balloon surfaces. The final shape of the
crimped stent correlated well with the predicted form as calculated by DISA Vascular.
The velocities of the stent and balloon, generated by the inertial effects due to mass
scaling, were successfully equalled to zero after the crimp step. It was found that when
the crimping tool plates were removed the stent followed for a short distance. This
implied that the stent had stored energy and, with the release of the crimping tool, it
sprung back. After this step, the stent started to experience small oscillating movements.

The balloon was again successfully inflated and the stent deployed as required.

Although the project was unable to obtain the reasons for the stent shooting off the
balloon, it demonstrated that this analysis could be used for stent design and to explore
the reasons for the dislodging stent. It has been shown that finite element modelling can
be used to understand possible failures in the stent deployment system. The simulation of
this system also gave very good insights into possible reasons for the failure of the stent,
in that it was shown where the highest stress localisations occur. The shape of the
deploying stent and balloon, as well as the out-of-plane deformation of the stent during
expansion, were shown to have potentially dangerous implications for a patient receiving
a stent to restore blood flow in a blocked vessel. Good insight was also gained about
possible reasons for the stent shooting off the balloon although it was found that there

could be a number of factors contributing to this phenomenon.
The finite element model can also be used to investigate the effects of certain alterations

in the stent design, for instance, changes in stent strut dimensions and material properties,

and this could be useful to achieve the optimal stent design.
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CHAPTER SEVEN

RECOMMENDATIONS

As mentioned in Section 5.5, the simulation process was computationally very expensive
and due to a shortage in computing power and time, the full analysis could not be
completed. However, from what was learned by modelling and simulation, a few

important recommendations can be made to assist with future work in this field:

e It is very important to have a good understanding of the finite element method and
the ABAQUS software package. A combination of these two would ensure that

the problem is simulated as realistically as possible.

e Obtain a computer that is computationally powerful enough to handle a job of this
size and which could run the job in a more reasonable time. A computer dedicated

to this simulation would be ideal.

o Further investigate the possibility of using a parallel computer cluster, which has

more memory, and faster network connections between the individual nodes.

e Model a blocked artery around the stent/balloon assembly to simulate the
response of the artery to the deploying stent.

e It is believed that by re-crimping the stent another two times, it may be possible
minimize or even eliminate the spring back and resultant oscillation of the stent

when the crimping tool is removed.
e Model the uneven pressure distribution on the inner-surface of the balloon during

its inflation. This could be one of the main reasons for the stent shooting off the

balloon during deployment.
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e Perform an in-depth investigation of the frictional interaction between the stent

and balloon during crimping and deployment.

e Model an air gap between the folded balloon surfaces.
Although the exact reason for the stent shooting off the balloon could not be obtained
from this study, valuable insight was gained about possible reasons for this phenomenon.
These factors could be incorporated into the stent model to try and induce the dislodging
of the stent. The following factors could contribute to a stent shooting off:

e Stent is crimped non-centrally onto the folded balloon

e Internal pressure is not uniform

e Balloon folding is not uniform

e Contact between the stent and the balloon is uneven

e Balloon folds are asymmetrical due to the compressive force exerted by the

crimped stent

e Imperfections in the balloon material

¢ Folding imperfections at the ends where the balloon tapers and is fixed onto the

inner lumen
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APPENDIX B: MATERIAL PROPERTIES

plastic material properties PA11 - Polyamide (Nylon) 11 Page 1 of 2

plasticsusa.com

home.. polymer sclence.. medical polymers.. discussion page.. resin suppliers..
processors.. moidmakers.. equipment.. classifieds

[x] Bannertet

PA11 - Polyamide (Nylon) 11

LEGEND
A = amorphous - Cr = crystalline - C = clear - E = excellent - G = good - P = poor - O = opaque - T
= translucent- R = Rockwell - S = Shore

STRUCTURE: Cr
SPECIFIC DENSITY: 1.04
WATER ABSORBTION RATE (%): 0.4
ELONGATION (%): 300
TENSILE STRENGTH (psi): 8000
COMPRESSION STRENGTH (psi): 7300
FLEXURAL STRENGTH {psi): 6000
FLEXURAL MODULUS (psi): 145000
IMPACT (IZ0D ft. 1lbs/in): 1.8
HARDNESS: R108
FABRICATION
~ BONDING: G
~ ULTRASONIC WELDING: P
- MACHINING: P
DEFLECTION TEMPERATURE (deg. F)
- @ 66 psi: 266
- @ 264 psi: 302
UTILZATION TEMPERATURE (deg. F)
- min: -94
- max: 176
MELTING POINT (deg. F): 365
COEFFICIENT OF EXPANSION: 0.000072
ARC RESISTANCE: 120
DIELECTRIC STRENGTH (kV/mm): 17

TRANSPARENCY: O

UV RESISTANCE: G

http://www.plasticsusa.com/pal 1 htm! : 2004/03/11
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APPENDIX C: INPUT DECKS FOR ABAQUS

The nodes and elements are not displayed in these input decks, but are included in the

complete input deck files written to CD.

C1 Test model

Heading
Job name: Test model Model name: Model-1
Preprint, echo=NO, model=NO, history=NO, contact=NO

PARTS

Part, name=balloon
End Part

Part, name=stent
End Part

MATERIALS

Material, name=Rubber
Density

990.,
Elastic

le+10, 0.3
Material, name=Steel
Density

7850.,
Elastic

1.69¢+11, 0.3
Plastic

3e+08, 0.

4.8¢+08, 0.3

INTERACTION PROPERTIES

Surface Interaction, name=Balloon-contact
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Friction

0.,

Surface Behavior, pressure-overclosure=HARD
Surface Interaction, name=Balloon-shell
Surface Behavior, pressure-overclosure=HARD

BOUNDARY CONDITIONS

Name: x-symmetry Type: Symmetry/Antisymmetry/Encastre
Boundary
x-symm, XSYMM
Name: y-fix Type: Displacement/Rotation
Boundary
y-symm, 2, 2

INTERACTIONS

Interaction: Balloon-balloon
Contact, op=NEW
Contact Inclusions, ALL ELEMENT BASED
Contact property assignment
, , Balloon-contact

STEP: Contact

‘Step, name=Contact
Balloon surface on shell
Dynamic, Explicit
,02
Bulk Viscosity
0.06, 1.2
Mass Scaling: Semi-Automatic
Whole Model
Fixed Mass Scaling, factor=1000.

LOADS

Name: Pressure Type: Pressure
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Dsload, amplitude=Amp-1
balloon-inner, P, 2.045¢+06

OUTPUT REQUESTS
Restart, write, number interval=1, time marks=NO
FIELD OUTPUT: F-Output-1
Output, field, variable=PRESELECT
| HISTORY OUTPUT: H-Output-1

Output, history, variable=PRESELECT
End Step

C2 First small assembly

Heading
Job name: First small assembly Model name: model-1
Preprint, echo=NO, model=NO, history=NO, contact=NO

PARTS

Part, name=Circular-stent-correct
End Part

Part, name=balloon

End Part

Part, name=lumen_1

End Part

MATERIALS

Material, name=Nylon
Density

1040.,
Elastic

4.65¢+08, 0.4
Material, name="Stainless Steel"
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Density

7850.,
Elastic

1.93e+11, 0.3
Plastic

3.3e+08, 0.

6.7¢+08, 0.48

INTERACTION PROPERTIES
Surface Interaction, name=Contact
Friction

0.1,

| Surface Behavior, pressure-overclosure=HARD

BOUNDARY CONDITIONS

Name: fix lumen Type: Symmetry/Antisymmetry/Encastre

Boundary
"lumen rp", ENCASTRE

Name: fixed Type: Displacement/Rotation
Boundary

Edges-1, 3,3

Name: fixed 2 Type: Displacement/Rotation
Boundary

edges-2, 3,3

INTERACTIONS

Interaction: Balloon-balloon
Contact, op=NEW
Contact Inclusions, ALL ELEMENT BASED
Contact property assignment
, , Contact

STEP: Blow up balloon

Step, name="Blow up balloon"
Blow up baloon
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Dynamic, Explicit
,0.032
Bulk Viscosity
0.06, 1.2
Mass Scaling: Semi-Automatic
Whole Model
Fixed Mass Scaling, factor=100000.

LOADS

Name: Load-1 Type: Pressure
Dsload, amplitude=Amp-1
Balloon-inner, P, 910600.

OUTPUT REQUESTS

Restart, write, number interval=1, time marks=NO
FIELD OUTPUT: F-Output-1

Output, field, variable=PRESELECT, number intervals=200
HISTORY OUTPUT: H-Output-1

Output, history, variable=PRESELECT
End Step

C3 Full Assembly

Heading
Job name: full assembly Model name: full assembly
Preprint, echo=NO, model=NO, history=NO, contact=NO

PARTS

Part, name=Dballoon

End Part

Part, name=corr-course-stent
End Part
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Part, name=crimping-tool-1
End Part

Part, name=crimping-tool-10
End Part

Part, name=crimping-tool-11
End Part

Part, name=crimping-tool-12
End Part

Part, name=crimping-tool-2
End Part

Part, name=crimping-tool-3
End Part

Part, name=crimping-tool-4
End Part

Part, name=crimping-tool-5
End Part

Part, name=crimping-tool-6
End Part

Part, name=crimping-tool-7
End Part

Part, name=crimping-tool-8
End Part

Part, name=crimping-tool-9
End Part

Part, name="guide wire"
End Part

Part, name=lumen

End Part

MATERIALS

Material, name=PEBAX
Density

1010.,
Elastic

3.38¢+08, 0.35
Material, name=rubber
Density

990.,
Elastic

le+10, 0.3
Material, name="stainless steel"
Density

7850.,
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Elastic
1.69¢+11, 0.3
Plastic

3.3e+08, 0.
6.7¢+08, 0.48

INTERACTION PROPERTIES

Surface Interaction, name=contact

Friction

0.1,

Surface Behavior, pressure-overclosure=HARD

BOUNDARY CONDITIONS

Name: lumen_edge Type: Displacement/Rotation

Boundary

lumen_edge, 3, 3

Name: wire-edge fix-2 Type: Symmetry/Antisymmetry/Encastre
Boundary

guide-wire-refpnt, ENCASTRE

INTERACTIONS

Interaction: contact

Contact, op=NEW

Contact Inclusions, ALL ELEMENT BASED
Contact property assignment

, ,contact

Surface property assignment, property=THICKNESS
stent-inner , ORIGINAL , 1.

stent-outer , ORIGINAL , 1.

balloon-outer , ORIGINAL, 1.

balloon-inner , ORIGINAL, 1.

STEP: pressure

Step, name=pressure
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Dynamic, Explicit
, 0.005
Bulk Viscosity
0.06, 1.2
Mass Scaling: Semi-Automatic
Whole Model
Fixed Mass Scaling, factor=100.

BOUNDARY CONDITIONS

Name: disp-1 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool_refpt-1, 1, 1, -0.00065
crimpingtool refpt-1, 2, 2
crimpingtool_refpt-1, 3,3
crimpingtool_refpt-1, 4, 4
crimpingtool_refpt-1, 5, 5
crimpingtool_refpt-1, 6, 6

Name: disp-10 Type: Displacement/Rotation

| Boundary, amplitude=Amp-1

crimpingtool_refpt-10, 1, 1, -0.00065
crimpingtool_refpt-10, 2, 2
crimpingtool_refpt-10, 3, 3
crimpingtool_refpt-10, 4, 4
crimpingtool_refpt-10, 5, 5
crimpingtool refpt-10, 6, 6

Name: disp-11 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool_refpt-11, 1, 1, -0.00065
crimpingtool refpt-11, 2,2
crimpingtool_refpt-11, 3, 3
crimpingtool_refpt-11, 4, 4
crimpingtool_refpt-11, 5,5
crimpingtool_refpt-11, 6, 6

Name: disp-12 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool_refpt-12, 1, 1, -0.00065
crimpingtool_refpt-12, 2, 2
crimpingtool_refpt-12, 3, 3
crimpingtool_refpt-12, 4, 4
crimpingtool_refpt-12, 5, 5
crimpingtool_refpt-12, 6, 6

Name: disp-2 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool refpt-2, 1, 1, -0.00065
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crimpingtool_refpt-2, 2, 2
crimpingtool_refpt-2, 3, 3
crimpingtool_refpt-2, 4, 4
crimpingtool_refpt-2, 5, 5
crimpingtool_refpt-2, 6, 6

Name: disp-3 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool_refpt-3, 1, 1, -0.00065
crimpingtool_refpt-3, 2, 2
crimpingtool_refpt-3, 3, 3
crimpingtool_refpt-3, 4, 4
crimpingtool_refpt-3, 5, 5
crimpingtool_refpt-3, 6, 6

Name: disp-4 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool_refpt-4, 1, 1, -0.00065
crimpingtool_refpt-4, 2, 2
crimpingtool_refpt-4, 3, 3
crimpingtool_refpt-4, 4, 4
crimpingtool_refpt-4, 5, 5
crimpingtool_refpt-4, 6, 6

Name: disp-5 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool_refpt-5, 1, 1, -0.00065
crimpingtool_refpt-5, 2, 2
crimpingtool_refpt-5, 3, 3
crimpingtool_refpt-5, 4, 4
crimpingtool_refpt-5, 5, 5
crimpingtool_refpt-5, 6, 6

Name: disp-6 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool_refpt-6, 1, 1, -0.00065
crimpingtool_refpt-6, 2, 2
crimpingtool_refpt-6, 3, 3
crimpingtool_refpt-6, 4, 4
crimpingtool_refpt-6, 5, 5
crimpingtool_refpt-6, 6, 6

Name: disp-7 Type: Displacement/Rotation
Boundary, amplitude=Amp-1
crimpingtool_refpt-7, 1, 1, -0.00065
crimpingtool_refpt-7, 2, 2
crimpingtool_refpt-7, 3, 3
crimpingtool_refpt-7, 4, 4
crimpingtool_refpt-7, 5, 5
crimpingtool_refpt-7, 6, 6

Name: disp-8 Type: Displacement/Rotation
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Boundary, amplitude=Amp-1
crimpingtool_refpt-8, 1, 1, -0.00065
crimpingtool_refpt-8, 2, 2
crimpingtool_refpt-8, 3, 3
crimpingtool_refpt-8, 4, 4
crimpingtool_refpt-8, 5, 5
crimpingtool_refpt-8, 6, 6
Name: disp-9 Type: Displacement/Rotation

Boundary, amplitude=Amp-1
crimpingtool_refpt-9, 1, 1, -0.00065
crimpingtool_refpt-9, 2, 2
crimpingtool_refpt-9, 3, 3
crimpingtool refpt-9, 4, 4
crimpingtool_refpt-9, 5, 5
crimpingtool_refpt-9, 6, 6

OUTPUT REQUESTS

Restart, write, number interval=1, time marks=NO
FIELD OUTPUT: F-Output-1

Output, field, variable=PRESELECT
HISTORY OUTPUT: H-Output-1

Output, history, variable=PRESELECT
End Step

STEP: zero velocity

| Step, name="zero velocity"

Dynamic, Explicit

, 1le-05

Bulk Viscosity

0.06, 1.2

Mass Scaling: Semi-Automatic
Whole Model

Fixed Mass Scaling, factor=100.

BOUNDARY CONDITIONS

Name: zero velocity-balloon Type: Velocity/ Angular velocity
Boundary, type=VELOCITY
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balloon, 1, 1

balloon, 2, 2

balloon, 3, 3 :

Name: zero velocity-stent Type: Velocity/Angular velocity
Boundary, type=VELOCITY

stent, 1, 1

stent, 2, 2

stent, 3, 3

OUTPUT REQUESTS

Restart, write, number interval=1, time marks=NO
FIELD OUTPUT: F-Output-1

Output, field, variable=PRESELECT, number intervals=1
HISTORY OUTPUT: H-Output-1.

Output, history, variable=PRESELECT
End Step

STEP: release

Step, name=release

Dynamic, Explicit

, 0.007

Bulk Viscosity

0.06, 1.2

Mass Scaling: Semi-Automatic
Whole Model

Fixed Mass Scaling, factor=100.

BOUNDARY CONDITIONS

Name: disp-1 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool refpt-1, 1, 1, 1.
crimpingtool_refpt-1, 2, 2
crimpingtool_refpt-1, 3, 3
crimpingtool_refpt-1, 4, 4
crimpingtool refpt-1, 5, 5
crimpingtool_refpt-1, 6, 6

Name: disp-10 Type: Displacement/Rotation
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Boundary, op=NEW, amplitude=Amp-2
crimpingtool _refpt-10, 1, 1, 1.
crimpingtool_refpt-10, 2, 2
crimpingtool_refpt-10, 3, 3
crimpingtool_refpt-10, 4, 4
crimpingtool_refpt-10, 5, 5
crimpingtool_refpt-10, 6, 6

Name: disp-11 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-11, 1, 1, 1.
crimpingtool_refpt-11, 2, 2
crimpingtool_refpt-11, 3, 3
crimpingtool_refpt-11, 4, 4
crimpingtool_refpt-11, 5, 5
crimpingtool_refpt-11, 6, 6

Name: disp-12 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-12, 1, 1, 1.
crimpingtool_refpt-12, 2, 2
crimpingtool_refpt-12, 3, 3
crimpingtool_refpt-12, 4, 4
crimpingtool_refpt-12, 5, 5
crimpingtool_refpt-12, 6, 6

Name: disp-2 Type: Displacement/Rotation

Boundary, op=NEW, amplitude=Amp-2

" | crimpingtool_refpt-2, 1, 1, 1.
crimpingtool refpt-2, 2, 2
crimpingtool_refpt-2, 3, 3
crimpingtool_refpt-2, 4, 4
crimpingtool_refpt-2, 5, 5
crimpingtool_refpt-2, 6, 6

Name: disp-3 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-3, 1, 1, 1.
crimpingtool_refpt-3, 2, 2
crimpingtool_refpt-3, 3, 3
crimpingtool_refpt-3, 4, 4
crimpingtool_refpt-3, 5, 5
crimpingtool_refpt-3, 6, 6

Name: disp-4 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-4, 1, 1, 1.
crimpingtool_refpt-4, 2, 2
crimpingtool_refpt-4, 3, 3
crimpingtool_refpt-4, 4, 4
| crimpingtool_refpt-4, 5, 5
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crimpingtool_refpt-4,6,6

Name: disp-5 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool refpt-5, 1, 1, 1.
crimpingtool_refpt-5, 2, 2
crimpingtool_refpt-5, 3, 3
crimpingtool refpt-5, 4, 4

. crimpingtool_refpt-5, 5, 5

crimpingtool_refpt-5, 6, 6

Name: disp-6 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-6, 1, 1, 1.
crimpingtool_refpt-6, 2, 2
crimpingtool_refpt-6, 3, 3
crimpingtool_refpt-6, 4, 4
crimpingtool_refpt-6, 5, 5
crimpingtool_refpt-6, 6, 6

Name: disp-7 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-7, 1, 1, 1.
crimpingtool_refpt-7, 2, 2
crimpingtool_refpt-7, 3, 3
crimpingtool_refpt-7, 4, 4
crimpingtool_refpt-7, 5, 5
crimpingtool_refpt-7, 6, 6

Name: disp-8 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-8, 1, 1, 1.
crimpingtool _refpt-8, 2, 2
crimpingtool_refpt-8, 3, 3
crimpingtool_refpt-8, 4, 4
crimpingtool_refpt-8, 5, 5
crimpingtool_refpt-8, 6, 6

Name: disp-9 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-9, 1, 1, 1. ‘
crimpingtool_refpt-9, 2, 2
crimpingtool_refpt-9, 3, 3

1 crimpingtool_refpt-9, 4, 4

crimpingtool_refpt-9, 5, 5
crimpingtool_refpt-9, 6, 6

Name: lumen_edge Type: Displacement/Rotation
Boundary, op=NEW
lumen_edge, 3,3

Name: wire-edge fix-2 Type: Symmetry/Antisymmetry/Encastre
Boundary, op=NEW
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guide-wire-refpnt, ENCASTRE
Name: zero velocity-balloon Type: Velocity/Angular velocity
Boundary, op=NEW, type=VELOCITY
balloon, 1, 1
balloon, 2, 2
balloon, 3, 3
Name: zero velocity-stent Type: Velocity/Angular velocity

Boundary, op=NEW
OUTPUT REQUESTS

Restart, write, number interval=1, time marks=NO
FIELD OUTPUT: F-Output-1

Output, field, variable=PRESELECT
HISTORY OUTPUT: H-Output-1

Output, history, variable=PRESELECT
End Step

STEP: expand

Step, name=expand
Dynamic, Explicit
,0.08

Bulk Viscosity
0.06, 1.2

BOUNDARY CONDITIONS

Name: disp-1 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-1, 1, 1, 1.
crimpingtool_refpt-1, 2, 2
crimpingtool_refpt-1, 3, 3
crimpingtool_refpt-1, 4, 4
crimpingtool_refpt-1, 5, 5
crimpingtool_refpt-1, 6, 6

Name: disp-10 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-10, 1, 1, 1.
crimpingtool refpt-10, 2, 2
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crimpingtool_refpt-10, 3, 3
crimpingtool_refpt-10, 4, 4
crimpingtool_refpt-10, 5, 5
crimpingtool_refpt-10, 6, 6

Name: disp-11 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-11, 1, 1, 1.
crimpingtool_refpt-11,2,2
crimpingtool_refpt-11, 3,3
crimpingtool_refpt-11, 4, 4
crimpingtool_refpt-11, 5, 5
crimpingtool_refpt-11, 6, 6

Name: disp-12 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-12, 1, 1, 1.
crimpingtool_refpt-12, 2, 2
crimpingtool_refpt-12, 3, 3
crimpingtool_refpt-12, 4, 4
crimpingtool_refpt-12, 5, 5
crimpingtool_refpt-12, 6, 6

Name: disp-2 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-2, 1, 1, 1.
crimpingtool_refpt-2, 2, 2
crimpingtool_refpt-2, 3, 3
crimpingtool_refpt-2, 4, 4
crimpingtool_refpt-2, 5, 5
crimpingtool_refpt-2, 6, 6

Name: disp-3 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-3, 1, 1, 1.
crimpingtool_refpt-3, 2, 2
crimpingtool_refpt-3, 3, 3
crimpingtool_refpt-3, 4, 4
crimpingtool_refpt-3, 5, 5
crimpingtool_refpt-3, 6, 6

Name: disp-4 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-4,1, 1, 1.
crimpingtool_refpt-4, 2, 2
crimpingtool_refpt-4, 3, 3
crimpingtool_refpt-4, 4, 4
crimpingtool_refpt-4, 5, 5
crimpingtool_refpt-4, 6, 6

Name: disp-5 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
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crimpingtool_refpt-5, 1, 1, 1.
crimpingtool_refpt-5, 2,2
crimpingtool_refpt-5, 3, 3
crimpingtool_refpt-5, 4, 4
crimpingtool_refpt-5, 5, 5
crimpingtool_refpt-5, 6, 6
Name: disp-6 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-6, 1, 1, 1.
crimpingtool_refpt-6, 2, 2
crimpingtool_refpt-6, 3, 3
crimpingtool_refpt-6, 4, 4
crimpingtool_refpt-6, 5, 5
crimpingtool_refpt-6, 6, 6
Name: disp-7 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool refpt-7, 1, 1, 1.
crimpingtool_refpt-7, 2, 2
crimpingtool_refpt-7, 3, 3
crimpingtool_refpt-7, 4, 4
crimpingtool_refpt-7, 5, 5
crimpingtool_refpt-7, 6, 6
Name: disp-8 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool _refpt-8,1, 1, 1.
crimpingtool_refpt-8, 2, 2
crimpingtool refpt-8, 3, 3
crimpingtool_refpt-8, 4, 4
crimpingtool_refpt-8, 5, 5
crimpingtool_refpt-8, 6, 6 _
Name: disp-9 Type: Displacement/Rotation
Boundary, op=NEW, amplitude=Amp-2
crimpingtool_refpt-9, 1, 1, 1.
crimpingtool_refpt-9, 2, 2
crimpingtool refpt-9, 3, 3
crimpingtool_refpt-9, 4, 4
crimpingtool_refpt-9, 5, 5
crimpingtool_refpt-9, 6, 6
Name: lumen_edge Type: Displacement/Rotation
Boundary, op=NEW
lumen_edge, 3, 3
Name: wire-edge fix-2 Type: Symmetry/Antisymmetry/Encastre
Boundary, op=NEW
guide-wire-refpnt, ENCASTRE
Name: zero velocity-balloon Type: Velocity/Angular velocity
Boundary, op=NEW
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Name: zero-velocity-balloon-2 Type: Velocity/Angular velocity
Boundary, op=NEW, type=VELOCITY
balloon-edge, 3, 3
LOADS
Name: pressure Type: Pressure
Dsload, amplitude=Amp-3
balloon-inner, P, 600000.
OUTPUT REQUESTS
Restart, write, number interval=1, time marks=NO
FIELD OUTPUT: F-Output-1
Output, field, variable=PRESELECT, number interyals=40 '
HISTORY OUTPUT: H-Output-1

Output, history, variable=PRESELECT
End Step

C4 Offset stent simulation

Heading
Job name: offset stent assembly Model name: offest stent assembly
Preprint, echo=NO, model=NO, history=NO, contact=NO

PARTS

Part, name=balloon

End Part

Part, name=full-stent-correct
End Part

Part, name=lumen 1
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End Part

MATERIALS
Material, name=Nylon
Density

1040.,

Elastic

4.65¢+08, 0.4
Material, name=Rubber
Density

990.,

Elastic

le+10, 0.3
Material, name="Stainless Steel"
Density

7850.,

Elastic

1.93e+11,0.3
Plastic

3.3e+08, O.

6.7¢+08, 0.48
Rate Dependent
40.,5.

INTERACTION PROPERTIES
Surface Interaction, name=Contact
Friction

0.1,

Surface Behavior, pressure-overclosure=HARD

BOUNDARY CONDITIONS

Name: Balloon-fix-1 Type: Displacement/Rotation
Boundary
"Balloon edges-2", 3, 3

Name: Balloon-fix-2 Type: Displacement/Rotation
Boundary
"Balloon edges-1", 3, 3
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Name: fix lumen Type: Symmetry/Antisymmetry/Encastre

Boundary
"lumen rp", ENCASTRE

INTERACTIONS

Interaction: Balloon-balloon
Contact, op=NEW
Contact Inclusions, ALL ELEMENT BASED
Contact property assignment
, , Contact

STEP: Blow up balloon

Step, name="Blow up balloon"
Blow up baloon
Dynamic, Explicit
,0.032
Bulk Viscosity
0.06, 1.2
Mass Scaling: Semi-Automatic
Whole Model
Fixed Mass Scaling, factor=100000.

LOADS
Name: Load-1 Type: Pressure
Dsload, amplitude=Amp-1
Balloon-inner, P, 910600.
OUTPUT REQUESTS
Restart, write, number interval=1, time marks=NO
FIELD OUTPUT: F-Output-l
Output, field, variable=PRESELECT, number intervals=200
HISTORY OUTPUT: H-Output-1

Output, history, variable=PRESELECT
End Step
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