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Mechanical Behavior
of Fully Expanded
Commercially
Available Endovascular
Coronary Stents

The mechanical behavior of endovascular coronary stents influences their therapeutic ef-
ficacy. Through computational studies, researchers can analyze device performance and
improve designs. We developed a 1-dimensional finite element method, net-based algo-
rithm and used it to analyze the effects of radial loading and bending in commercially avail-
able stents. Our computational study included designs modeled on the Express, Cypher,
Xience, and Palmaz stents.

We found that stents that did not fully expand were less rigid than the fully expanded
stents and, therefore, exhibited larger displacement. Stents with an open-cell design, such
as Express-like or Xience-like stents, had a higher bending flexibility. Stents with in-phase
circumferential rings, such as the Xience-like stent, had the smallest longitudinal extension
when exposed to radial compression forces. Thus, the open-cell model that had in-phase
circumferential rings connected by straight horizontal struts exhibited radial stiffness, bend-
ing flexibility, and the smallest change in stent length during radial forcing. The Palmaz-like
stent was the most rigid of all. These findings are supported by clinical experience.

Computer simulations of the mechanical properties of endovascular stents offer sophis-
ticated insights into the mechanical behavior of different stent designs and should be used
whenever possible to help physicians decide which stent is best for treating a given lesion.
Our 1-dimensional finite element method model is incomparably simpler, faster, and more
accurate than the classical 3-dimensional approaches. It can facilitate stent design and may
aid in stent selection in the clinical setting. (Tex Heart Inst J 2011,38(5):491-501)

ndovascular stents are expandable meshes that are used in the cardiovascular

system to treat obstructive disease. They play a crucial role in the treatment of

coronary artery disease. In the United States, approximately 1.5 million stents
are placed in coronary arteries every year. One of the most common complications
that can follow stent placement is restenosis. In clinical studies, restenosis has been
correlated with geometric properties of stents, such as the number of struts, the strut
width and thickness, and the geometry of the cross section of each strut."” These
geometric properties play a key role in determining a stent’s overall mechanical prop-
erties, as well as the pressure loads that a stent can sustain when inserted into a na-
tive coronary artery.

A large number of stents with different geometric and mechanical features are avail-
able on the market. The therapeutic efficacy of stents depends largely on their me-
chanical properties.”* Therefore, the mechanical properties of stents influence the
choice of stents for treating specific lesions.” By performing computational studies
of the mechanical properties of vascular stents, researchers can evaluate and improve
stent design and performance. Although the cardiovascular literature of the past 2 de-
cades has devoted much attention to the use of endovascular devices,**° the engineer-
ing and mathematical literature regarding computational studies of the mechanical
properties of stents is not nearly as extensive.

This study was supported by the Croatian Ministry of Science, Education, & Sports (MZOS) (grant
037-0693014-2765); National Science Foundation (grant DMS-0806941); National Science
Foundation/National Institutes of Health (grant DMS-0443826); Texas Higher Education Board
(Advanced Research Program grant 003652-0051-2006); and University of Houston (Grants

to Enhance & Advance Research [GEAR], 2007).
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Various issues in stent design and performance are
important. These issues range from the study of the
large deformations that a stent undergoes during bal-
loon expansion, for which nonlinear elasticity and plas-
ticity need to be considered, to the small deformations
exhibited by an already expanded stent in an artery, for
which linear elasticity might be an adequate consider-
ation.”?? Most computer approaches use commercial
software packages based on 3-dimensional (3D) finite
element method (FEM) structural approximations.”
This approach is computationally expensive, making
simulations and comparisons between several different
stent configurations prohibitive to perform in a short
time frame.

To facilitate such computations, we devised a novel
mathematical and computational 1-dimensional (1D)-
based FEM algorithm®?* that calculates mechanical
stent properties 1,000 times faster than the standard ap-
proaches do. This simple and efficient FEM algorithm
can be run on a standard laptop computer and, within
a few minutes, can simulate the mechanical response of
a stent with any given geometry.”

For the study described here, we used our 1D-based
FEM algorithm to evaluate and compare the overall
mechanical properties of several stents in their recom-
mended expanded state. We considered the following
parameters: number of stent struts; geometric distribu-
tion of the struts; thickness, width, and length of each
strut; expanded stent radius and length; Young’s elastic
modulus; and Poisson’s ratio of the strut material.

Materials and Methods

Mathematical Model

A stent is a 3D body that can be defined as a union
of 3D struts made of a metallic alloy (Fig 1). The me-
chanical properties of stents are usually described in
terms of the theory of elastoplasticity, which charac-
terizes deformation of materials as a function of the

Fig. 1 Three-dimensional computer reconstruction of a stent
with 6 vertices in the circumferential direction and 9 vertices in
the longitudinal direction.

applied load.”* For large loads, a plastic deformation
takes place, causing irreversible breakage of bonds and
the formation of dislocations and slip planes.” Such a
deformation occurs, for example, when a stent is fully
expanded from its undeformed, initial state by means
of balloon inflation. For relatively small loads, however,
a stent behaves as a linearly elastic body: after the load is
removed, the stent assumes its original configuration.
The response of a stent to small loads within the realms
of linear elasticity is the type of behavior that interests
us. In this case, the mechanical properties of an isotro-
pic material are characterized by Young’s modulus £,
which represents the stiffness of an elastic solid (stent
struts), and by Poisson’s ratio v, which represents the
compressibility of an elastic solid (stent struts) (Appen-
dix 1). The geometric properties of stents included in
our study are listed in Table I.

Computational Model

We developed a new mathematical model in which the
stent frame is represented by a mesh of 1D curved rods
(struts).” Furthermore, we developed a FEM for a com-
putational simulation of the mathematical model. This
new approach can be applied to stents with arbitrary
geometries. The 1D approximation of stent struts as
curved rods makes the FEM simulation incomparably
simpler and faster than the standard approaches using
black-box testing software, such as ANSYS® (ANSYS;
Canonsburg, Pa), which approximate stent struts as 3D
bodies. We developed a program in C++ computation-
al language to implement our approach. We worked
with frames consisting of 50 to 300 vertices. The time
required for solving a problem numerically varied from
0.3 to 5 sec on a server with a 3.0-GHz processor and
2 GB of random access memory (RAM). In contrast,
standard approaches using 3D approximations of stent
struts take from several hours to a day to simulate 1
stent configuration. In addition, the number of nodes

TABLE I. Stent Parameters

E Young's modulus of stent struts (stiffness of an elastic solid)

v Poisson’s ratio of stent struts (compressibility of an elastic
solid)

7, Number of vertices in the longitudinal (axial) direction
n. Number of vertices in the circumferential direction

t Thickness of each stent strut

w Width of each stent strut

[ Length of each stent strut

L Total reference length of an expanded stent

R Reference radius of an expanded stent

R, Radius of curvature
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that it takes to approximate each 3D stent strut with
sufficient accuracy often exceeds the computational ca-
pabilities (memory) of standard machines. We com-
pared the 1D and 3D approaches® and concluded that,
for patient-specific calculations performed in real time,
our algorithm is the one that should be used.

Testing Conditions

We computationally calculated the response of several
different stent configurations and types of materials to
the pressure load exerted on a stent in its expanded state.
The stent models included a nonuniform Express-like
stent (stent E), a Cypher-like stent (stent C), a Xience-
like stent (stent X), and 3 additional computer-generated
models (Fig. 2). All of the nonuniform stent models were
compared against a uniform Palmaz-like stent (stent P).
We considered 2 types of loading: 1) radial loading
causing compression and 2) loading causing bending,

Uniform Compression. We subjected the stents to a
uniformly distributed force in the radial direction, caus-
ing compression. The compression force corresponded
to a pressure load of 0.5 atm. We calculated the cor-
responding force by considering the 0.5-atm pressure
load of a cylinder (for example, a blood vessel) of length
L acting on a stent of the same length L. This pressure
load is physiologically reasonable (Appendix 2).

Bending. We subjected the stents to forces that cause
bending. These forces were applied pointwise to the
center of a given stent and to the end points. The force
at the end points was applied in the opposite direction
from the force at the center of the stent. For each stent,
the magnitude of the total applied force was calculated
to be equal to the force that a curved vessel, with a ra-
dius of curvature R, = 2.5 cm, exerts on a straight stent
inserted into a curved vessel.

A measure of curvature of a bent stent was calculated
as a reciprocal of the radius of curvature for a middle
curve of each stent (a small radius of curvature means
a large curvature).

Interpreting the Models

In the relevant figures, blue/cyan denotes maximal dis-
placement, and red denotes minimal displacement.
The numbers in the scale bars indicate the magnitude
of the displacement, and the values are in meters. The
usual exponential notation is used where necessary (for
example, e—6 denotes 10-°).

Results

Express-Like Stent

Stent E, the Express-like stent model, had alternat-
ing zigzag rings. The number of vertices was 7/=06
and 72=8 in the circumferential direction and 7,=30
in the longitudinal direction (Fig. 2A). The expanded
stent radius was R=1.5 mm (3.0-mm diameter), and the
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Fig. 2 Stents used as the bases for computational models.

A) Express® stent (Boston Scientific Corporation; Natick, Mass);
B) Cypher® stent (Cordis Corporation, a Johnson & Johnson
company; Miami Lakes, Fla); C) Xience® stent (Abbott Vascular,
part of Abbott Laboratories; Abbott Park, Ill); D) Palmaz stent
(Cordiis Corporation).

expanded length was £=17 mm. The computation-
ally calculated mechanical responses were compared to
those of stent P, a uniform Palmaz-like stent with equiv-
alent geometric characteristics (Fig. 2D).

Figure 3 shows the effects of uniform compression
and bending on these models. The following conclu-
sions were reached:

* Under compression, stent E was less rigid than stent

P.

* Under compression, stent E was stiffest at the zigzag

rings consisting of short stent struts.

* Under compression, the longitudinal extension of

stent E was smaller than that of stent P (Fig. 4A).

* When exposed to bending forces, stent E was more

flexible than stent P (Fig. 4B).
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Stent Compression
=1, 28332e=8
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Fig. 3 Comparison of radial displacement under uniform compression and bending forces in stent E and stent P (the uniform control

model).

Blue/cyan = maximal displacement; red = minimal displacement

Click here to view motion images.

Click here to view motion images.

>

0.045

0.04

0.035
0.03
0.025 A
0.02
0.015 A
0.01

Longitudinal Extension (%)

0.005 A

Stent E Stent P

W

Curvature (1/m)
>

Stent E

Stent P

Fig. 4 Comparison of A) longitudinal extension under uniform
compression and B) curvature under bending forces in stent E
and stent P (the uniform control model).

Cypher-Like Stents
We performed computational studies of the mechanical
properties in 3 types of nonuniform Cypher-like stents.
Stent C. This model had a closed-cell design, like that
of a Cypher stent. Figure 5A shows the geometry of the
stent generated by our computer algorithm. The stent
struts were made of 316L stainless steel (#=140 pm) and
were organized in alternating, reflected rings. The rings

494 Mechanical Behavior of Coronary Stents

strut thickness 140 pm

co

strut thickness 140/3 um

Fig. 5 Nonuniform geometric design and strut thickness of the
Cypher-like stent models: A) stent C with thin struts, B) stent CT
with thick sinusoidal struts, and C) stent CO with open-cell design.

were connected by sinusoidally shaped struts (#=140/3
pm). The number of vertices was 7,.=6 in the circum-
ferential direction and 7,=16 in the longitudinal direc-
tion. The expanded radius was R=1.5 mm (3.0-mm
diameter).

Stent with Thick Sinusoidal Struts. We studied a
computer-modified stent that had the same geometry
as stent C, except that the sinusoidally shaped stent
struts were thicker (#=140 pm) (Fig. 5B). We called this
model stent CT.

Stent with Open-Cell Design. We studied another
computer-modified stent that had the same geometry as
stent C, except that the sinusoidally shaped stent struts
connected only every other vertex in the circumferen-
tial direction (Fig. 5C). We called this model stent CO.

Uniform Stent. The computationally calculated me-
chanical responses of the 3 Cypher-like stents were com-
pared with those of stent P, a uniform Palmaz-like stent
that had equivalent geometric characteristics: 7,.=6,
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Fig. 6 Comparison of radial displacement under uniform compression and bending forces in the Cypher-like stent models: stent C with
thin struts, stent CT with thick sinusoidal struts, and stent CO with open-cell design. Stent P was the uniform control model.

Blue/cyan = maximal displacement; red = minimal displacement

Click here to view motion images.

Click here to view motion images.

n,=16, and expanded radius R=1.5 mm (3.0-mm di-
ameter).

Figure 6 shows the effects of uniform compression
and bending on these models. Several conclusions can
be drawn:

* With respect to rigidity, the stents ranked in the

following order: stent P (most rigid), stent CT, stent
C, and stent CO (least rigid).

* Stent C and stent CO had similar responses to com-
pression: the lowest deformation occurred at the
main (zigzag) struts, and the largest deformation
occurred at the soft sinusoidal connecting struts.

* Under compression, stent CT deformed more in the
middle and less at the ends. The opposite was true
for stent P.

* Stents C and stent CO, the stents with thinner con-
necting struts, had the largest longitudinal exten-
sion (Fig. 7A).

* Stent CT, with its thick connecting struts, was
minimally flexible under bending forces (Fig. 7B).
The results were similar to those of stent P.

* Stent CO, with its open-cell design and thin con-
necting struts, was by far the most flexible of the 4
stents considered, followed by stent C (Fig. 7B).

Xience-Like Stents

We performed computational studies of the mechani-
cal properties of the following 2 types of nonuniform
Xience-like stents.

Texas Heart Institute Journal

Stent X. The geometry of this stent was like that of
the Multi-Link Mini Vision® device (Abbott Vascular,
part of Abbott Laboratories; Abbott Park, Il1), which re-
sembles the Xience® stent (Abbott Vascular) (Fig. 2C).

nh

Stent C Stent CT Stent CO Stent P

45
40
35
30
20
15
10

5

0

Stent C Stent CT Stent CO Stent P

°
®

o
3

°
=

°
5

°

°
S
5

o
5
3

o
s
2

°
g
8

Longitudinal Extension (%)

o

Curvature (1/m)
N
3

Fig. 7 Comparison of A) longitudinal extension under uniform
compression and B) curvature under bending forces in the
Cypher-like stent models: stent C with thin struts, stent CT with
thick sinusoidal struts, and stent CO with open-cell design. Stent
P was the uniform control model.
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Figure 8A shows the geometry of the Xience-like stent
generated by our computer algorithm. The stent struts,
made of L-605 cobale—chromium alloy (Young’s mod-
ulus £=2.43x10" Pa), were 0.08 mm thick. The stent
struts were organized in zigzag (in-phase) rings connect-
ed with horizontal struts, which contained a wiggle near
the protruding vertex of a zigzag ring. Stent X had 7,.=6
vertices in the circumferential direction and 7,=24 ver-
tices in the longitudinal direction, with expanded radi-
us R=1.5 mm (3.0-mm diameter).

Xience-Like Stent with Straight Connecting Struts.
We studied a computer-modified stent that had the
same geometry as stent X, except that the connecting
horizontal struts were straight (Fig. 8B). We called this
model stent XS.

A

XS

Fig. 8 Nonuniform geometric design of the Xience-like stent
models: A) stent X with zigzag (in-phase) rings connected with
horizontal struts and B) stent XS with straight connecting struts.

Stent

Compression

XS

o -B.73618-8

Uniform Stent. The performance characteristics of the
2 Xience-like stents were compared with those of stent
P, a uniform Palmaz-like stent that we assumed to be
made of the L-605 cobalt—chromium alloy and to have
n.=0 vertices in the circumferential direction, 7_=24
vertices in the longitudinal direction, and expanded ra-
dius R=1.5 mm (3.0-mm diameter).

Figure 9 shows the effects of uniform compression
and bending on these models. On the basis of our com-
puter simulations, we drew the following conclusions:

* Under compression, both stent X and stent XS were
slightly less rigid in the middle and more rigid at the
ends. In contrast, uniform stent P was more rigid in
the middle and less rigid at the ends.

* Stent X underwent the largest radial deformation
at the connecting struts, and the smallest radial dis-
placement at the end struts.

* Stent XS underwent the largest radial displacement
at the points where the connecting struts met the
main zigzag struts at the interior angle, and the
smallest radial displacement at the end struts.

* The radial deformation in stent X and stent XS was
of the same order of magnitude for both devices.

* The radial stiffness of uniform stent P was larger
than that of stent X and stent XS.

* Figure 10A shows that longitudinal elongation
under uniform compression was smaller for stent
X and stent XS than it was for stent P. The smaller
longitudinal extension can be attributed to the in-
phase zigzag rings without opposing vertices (in

Bending

C.o0354273

-0.00355515

0 BOEBEE

Fig. 9 Comparison of radial displacement under uniform compression and bending forces in the Xience-like stent models: stent X with
zigzag (in-phase) rings connected with horizontal struts and stent XS with straight connecting struts. Stent P was the uniform control

model.

Blue/cyan = maximal displacement; red = minimal displacement

Click here to view motion images.

Click here to view motion images.
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Fig. 10 Comparison of A) longitudinal extension under uniform compression and B) curvature under bending forces in the Xience-like
stent models: stent X with zigzag (in-phase) rings connected with horizontal struts and stent XS with straight connecting struts. Stent P

was the uniform control model.

contrast to the Cypher-like stents, which have op-
posing vertices).

* When exposed to bending forces, stent X and stent
XS were considerably less rigid than stent P (Fig,
10B).

Discussion

Mathematical and computer modeling of endovascular
stents is an efficient way to improve the design and per-
formance of these devices. Using a novel, simple, and
efficient FEM algorithm, we studied and compared
the mechanical properties of several stents in their fully
expanded state. These included a Palmaz-like stent,
Express-like stent, Cypher-like stent, and Xience-like
stent. In addition to studying the brand-name stents,
we investigated several new computer-generated stents,
such as a computer-modified Cypher-like stent with
thick sinusoidal struts, a computer-modified Cypher-
like stent with an open-cell design, and a computer-
modified Xience-like stent with straight connecting
struts. Other geometric and mechanical parameters
included the length, thickness, width, and shape of the
stent struts; geometric distribution of the stent struts;
the Young modulus and Poisson ratio of the strut mate-
rial; and expanded reference diameter. Expanded stents
were exposed to physiologically reasonable pressure
loads that resulted in compression and bending.

Our findings have several implications:

* Stents that do not fully expand are less rigid and,
therefore, exhibit larger deformation. Mathemati-
cal confirmation of the importance of fully deploy-
ing and apposing stents to arterial walls implies that
postdilation is a highly advisable practice.

* Nonuniform pressure loads cause higher stent de-
formation (as, for example, when a stent is inserted
into a vessel lumen with either high-diameter gra-
dients or a non-axially-symmetric geometry, which
may be due to plaque deposits that have not been
uniformly pushed against the wall of a diseased
artery during balloon angioplasty). (See Tambaca
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and colleagues® for a detailed mathematical/com-
putational study.) In such geometries, stents deform
more under radial loading, This is a mathematical
indication of the importance of predilation of the
lesion to facilitate full stent expansion.

* Uniform geometry (such as that in our stent P
model) gives rise to the most rigid stents, making
them less likely to yield under radial force and bend-
ing.

* The open-cell design (such as that in stent E, stent
CO, stent X, and stent XS) is generally associated
with higher flexibility during bending. This obser-
vation is exceptionally valuable, because the longi-
tudinal straightening effect of a rigid stent has been
clinically associated with an increased incidence of
major adverse cardiovascular events.”

* Stents with sinusoidal connecting struts (such as Cy-
pher-like stents) deform to the greatest extent under
a uniform radial force (see the high magnitude of ra-
dial deformation shown in Fig. 6).

* Stents with in-phase circumferential rings (such as
the Xience-like stents) exhibit smaller longitudinal
extension during radial forcing than do stents with
alternating, reflected rings (such as Palmaz-like and
Cypher-like stents). This information could be clin-
ically important when landing a stent in an angle
formed by a native artery.

* Radial stiffness, bending flexibility, and the small-
est change in stent length during radial forcing are
exhibited by stents that have in-phase circumferen-
tial rings that are connected with straight horizon-
tal struts in an open-cell design, such as that in stent
XS (Figs. 8B and 9).

Further testing and computational studies involving
fluid-structure interaction analysis and material-fatigue
analysis need to be performed to clarify the mechanical
behavior of stents in reference to radial stiffness, bending
resistance, number and formation of hinge points, stent
conformation to arterial morphology, biologic changes
of a bending segment in terms of restenosis, and mate-
rial fatigue that may result in stent fracture. Figure 11
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Fig. 11 Example of stenosis in which placement of a flexible stent that conformed to the curved arterial morphology might have proved
more suitable. Angiograms show A) blockage at a bending point in the right coronary artery, B) a rigid stent placed at the stenosed loca-
tion, and C) in-stent stenosis at 3 months.

shows an example of early in-stent restenosis that might
have been associated with high compression and bend-
ing forces in the stented region due to the curved mor-
phology of the right coronary artery. Placing a flexible
stent that conformed to the artery, instead of a rigid
stent, might have proved more effective.

The computer model that we developed can be ex-
panded to explore the effects of stent design on arterial
wall mechanics,”* to evaluate radial force,”** and to
study material fatigue under different loads. In addition,
this study shows the feasibility of using our algorithm
in a clinical setting. Standard computational approaches
have used 3D approximations of stent struts; however,
the number of nodes required to approximate each 3D
strut with sufficient accuracy often exceeds the com-
putational capabilities (memory) of standard comput-
ers. One stent configuration can take several hours to a
day. Our simple 1D model can provide patient-specific
calculations in real time.
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Appendix 1

Background in Elasticity Theory

The response of a material to an applied load is usu-
ally represented by a stress-strain relationship (Fig. 1).
Stress G is a measure of the average amount of force F

1 Yield stress Fracture
©
a
n
n
o
S
n
Elastic Plastic deformation
deformation

Strain (%)

Fig. 1 Stress-strain relationship.
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exerted per unit area A: 6=F/A. Strain ¢ is the geomet-
ric measure of deformation representing the relative dis-
placement between particles in the material body. For
example, extensional strain € of a material line element
or fiber that is axially loaded is expressed as the change
in length AL per unit of the original, reference length L
of the line element or fibers: e=AL/L.

The stress (load) beyond which a material will under-
go a plastic deformation is called the yield stress (Fig. 1).
Different materials and different stent configurations
have different yield stresses.

The relationship between stress 6 and strain € can be
represented by a nonlinear function F: 6=F(g).

Assuming that strain is small, one can use the Taylor
series formula to express G as a function of € in the fol-
lowing way:

o=F(e)=F(0)+F'(0)e+¥2F"(0)&*+...
Here F'(0) denotes the derivative of #with respect to

€ evaluated at €=0. For small &, higher powers of € are
even smaller, so one may neglect the contribution of the
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terms with € and higher. As a result,  can be approx-
imated with the following relationship:

c=F(0)+F'(0)e

Assuming that zero stress causes zero strain, that s,
F(0)=0, one obtains 6=F"(0)e.

To simplify the notation in this manuscript, we use
A to denote F'(0). As stated below, A4 is a matrix with
coefficients that describe material properties such as the
Young modulus and the Poisson ratio.

The following basic formulas characterize the me-
chanics of isotropic, linearly elastic materials. As before,
u denotes the displacement vector in the 3-dimension-
al space

Deformation is measured by strain €. For small defor-
mations,
e(u)=2(Vu+(Vu)")

which is known as the infinitesimal strain tensor. Here
Vu denotes the gradient of #, which is the matrix of
partial derivatives of # denoting the change (derivative)
of each of the 3 coordinates of # in each of the 3 inde-
pendent spatial directions. Thus, such a matrix has to
have 9 entries. Indeed, the gradient of # is defined to be
Ou, Ou, Ou,
Ox, Ox, Ox,
Ou, Ou, Ou,
Ox, Ox, Ox,
Ou,Ou, Ou,
Ox, Ox, Ox,

Vu=

The transpose of Vi, denoted by (Vi) is the matrix
that is obtained from V by switching its rows and col-
umns to obtain

Ou, Ou, Ou,
Ox, Ox, Ox,
Ou, Ou, Ou,
Ox, Ox, Ox,
Ou, Ou, Ou,

8x3 6x3 5x3

(Vu)'=

500 Mechanical Behavior of Coronary Stents

Thus, infinitesimal strain £(#) can be written in com-
ponents as a matrix of the following form:

Ou, 1[6141 auz] 1{6%1 5u3]

& 20k e 2len ey
Ou, 6”1] Ou, 1 {auz 5u3] 1
{67961+5x2 o, 2w, ox) | (

{auj aul] 1[6% auz] Ou,
& ) 205 O

| —

e(u)=1/12(Vu+(Vu)")=

0,

=

For ,j=1,2,3, we denote by ¢ the entries of the strain

matrix (1). Then,

. _Ou, 1 [%4_%} 1 [8u1+8u3]
Ox,

=1 g == e == |=—t+=2{....
1 8x1’ 122 8x1 >3 ) 8x3 8x1

Keeping this notation in mind, one is in a position
to write the constitutive law for an isotropic, linearly
elastic solid. The constitutive law describes how a solid
deforms after an application of a force. Because strain
measures the deformation and stress corresponds to the
force, the constitutive law is given in terms of the stress-
strain relationship. For an isotropic, linearly elastic solid,
the stress-strain relationship is given by 6=Ag, which
can be written in components as:

G, 1-v) v v 0 0 01]e,
G, v (I-v) v 0 0 01]e,
Gl _ E v v (I-v) 0 0 0]|eg,
G, (I+v)(1=2v)| 0 0 0 B 0 0|2,
c, 0 0 0 0 = 0|2,
G, 0 0 0 0 0 =&=xr|2,

Matrix A contains the parameters that define the be-
havior of the underlying material. For an isotropic, lin-
early elastic solid, only 2 parameters are necessary for a
complete description of the solid behavior: the Young
modulus of elasticity £and the Poisson ratio v.

The Young modulus of elasticity £ is the slope of the
stress-strain curve in uniaxial tension. It has dimen-
sions of stress (N/m?=Pa) and is usually large for steel,
E=210x10° Pa. One can think of £ as the measure of
the stiffness of a solid. The larger the value of £, the
stiffer the solid.

Poisson’s ratio Vv is the ratio of lateral to longitudi-
nal strain in uniaxial tensile stress. It is dimensionless,
typically ranges from 0.2 to 0.49, and is around 0.3 for
most metals. One can think of v as the measure of the
compressibility of the solid. If v=0.5, the solid is incom-
pressible; its volume remains constant no matter how it
is deformed.
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Appendix 2

Calculation of the Force by Which an

Expanded Artery Acts on a Stent

A uniformly distributed force in the radial direc-
tion was applied to stents, causing compression. Ra-
dial displacement from the expanded configuration
was measured. The compression force correspond-
ed to the pressure load of 0.5 atm. This pressure load
is physiologically reasonable. We used the Law of
Laplace to estimate the exterior pressure loads ap-
plied to an inserted stent. This law, which relates the
displacement # of the arterial wall with the transmu-
ral pressure p—p,, reads":

Eh
P‘me” > 1)

where £ is the Young modulus of the vessel wall, / the
vessel wall thickness, R the vessel (reference) radius, and
v the Poisson ratio. For incompressible materials such
as arterial walls, v=Y2. The Young modulus of a coro-
nary artery is between 10° Paand 10° Pa (see Canic and
co-authors' and the references therein). For our cal-
culation, we took the intermediate value of £=5x10° Pa
and the reference coronary artery radius R=1.3 mm
with the vessel wall thickness /=1 mm. To provide
reasonable fixation, stents are typically oversized by
10% of the native vessel radius. Thus, 10% displace-
ment of a coronary artery of radius 1.3 mm gives a dis-
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placement #=0.13 mm. By plugging these values into
formula (1), one gets p—p,~5x10* Pa, which equals 0.5
atm. Thus, a pressure load of 0.5 atm is necessary to
expand a coronary artery by 10% of its reference ra-
dius. Now, the total force by which an artery acts on
a stent of length Z and radius R is equal in magnitude,
but of opposite sign, to the total force that is necessary
to expand a section of a vessel of length Z and radius R
by 10%. Because pressure equals force per unit area, the
corresponding total force F that is needed to expand a
section of an artery of length Z and radius R by 10% is

F=(p—p,)x2RnL=0.5 atmx2RnL

where 2RnL is the luminal area of the arterial section of
length Z and radius R. We have used this expression in
this article to calculate the total force by which an ex-
panded artery acts on a stent with given geometric char-
acteristics.
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