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Understanding the Mechanical Properties of Self-Expandable
Stents: A Key to Successful Product Development
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A medical device of mesh-shaped tubular structure called stent is frequently used to expand the
constric-tion of a blood vessel. The stent normally has the structure of longitudinal repetition of wavy wire
parts and strut parts, and its mechanical properties such as bending flexibility and rigidity in radial direction
mainly depend on the shape of wavy wire and construction of the strut. In the first stage of this paper, the
mechanical properties of self-expandable stents are evaluated using a non-linear finite element method.
The initial stent models are gener-ated in a 3D-CAD system, and their expanded shapes are predicted first.
They form the finite elements for the evaluation of the mechanical properties, then the influences of stent
shape on the mechanical properties are com-puted and discussed. In the second stage, a basic method for
the selection of a stent is proposed from a view point of mechanics. This enables us to select useful stents

that are well adapted to a patient's condition, though medical examination is necessary.
© 2008 Journal of Mechanical Engineering. All rights reserved.
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0 INTRODUCTION

A stent isatubular medical implement used
for the treatment of stenoses developed in arteries.
If theendothelial cellsof ablood vessel are damaged
because of stimulus by hypertension, diabetes
mellitus, etc., fat accumulates thickly onto vessel
walls, eventually causing arteriosclerosis. A stent is
used as a measure for less invasive treatment of
vasoconstriction lesions of such arteriosclerosis
obliterans. Stents are classified roughly into the
following two types. a self-expandable stent, which
is extended independently with the characteristic of
shape memory aloysif released from a sheath; and
a balloon-expandable stent with no inflation
capahility itself, but whichisinstead expanded using
aballoon catheter. The stent used presently in many
procedures is referred to as second-generation; it
consists of multiple wavy wire parts having alinear
structure made of a perforated raw material circle
pipe and folded up along the axial direction, with
several strut parts connecting the wire parts.

For stents used in most cases, their shape
has been devised according to the experience of
doctors and designers; the shape is subsequently
revised based on eval uation of mechanical property
and clinical trials using prototypes. However, such
a procedure requires much time, and presents

difficulties in quantitative evaluation of shape
modification. Among many studies of stents that
have been undertaken from a clinical perspective
(for example, [1]), only afew have evaluated them
based on their mechanical properties.

Schmitz et al. [2] summarized the
measurement of the most relevant mechanical and
dimensiona parameters for a given stent design.
They measured longitudinal flexibility, radial
stiffness, foreshortening due to expansion and so
on. Duda et al.[3] listed weight, radial rigidity,
insertion property into the body, and radiolucency
as mechanical characteristics that must necessarily
be evaluated for a stent. They further proposed an
evaluation method and evaluated characteristics of
commercially available stents. Mori et al.[4]
conducted four-point bending tests of stainless steel
stents, then obtained flexural rigidity data and
investigated buckling mode in various structures.
Whitcher [5] computed the stress state in a stent
and proposed a procedure for its use for fatigue
fracture prediction. Several studies of stent
materials were also reported (for example, [6]).
Some recent studies have replaced prototype
experiments with those using finite element
analysis, although those studies were intended only
for evaluation of mechanical properties of a stent
(for example, [7], [8], [9] and [10Q]).
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Based on the experience in medical use, the
stents are required to satisfy several clinical
demands; they are a) scaffolding property, namely
sufficient radial force to ensure vessel patency, b)
conform smoothly to the anatomy and not injure
the arterial wall, c) track-ability and push-ability
to reach and cross target lesions, and d) small risk
of restricture and occlusions in use. Demand a)
relates to the rigidity in radial direction after
expanding, and demands b) and c) can be realized
in case the stent is flexible, Flexibility of stent
mounted in a catheter also influences the demands
). Therefore, the stent should be just the right
rigidity inradial direction to maintain enough blood
stream without damaging the vessel wall, while it
has to be as flexible as possible to fit various
anatomical bends. The mechanical properties such
as rigidity and flexibility are mainly determined
by the shapes of wavy wire and strut. Demand d)
is rather complicated, and the microscopic
condition of blood stream may affect the restricture
inuse.

Nashihara [11] has developed a new self-
expandable stent. It is called SENDAI stent after
the name of city where he was studying. He drew a
sketch of stent on a paper, and cut out the pattern
to make a tubular paper model. It was bent or
pressed to approximately estimate mechanical
performances, then he modified the shape. Based
on this trial and error experiments, he obtained a
final shape. The biological effects of the SENDAI
stent were examined in experiments with animals
at Tohoku University School of Medicine, and it
showed good effects available for clinical use.

Unfortunately, therigidity inradial direction
and flexibility of the SENDAI stent were not
quantitatively estimated when Nashiharadevel oped
the stent. This means there is no clue to improve
the mechanical properties. It isour ideal to develop
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Fig. 1. Two-dimensional drawing of self-
expandable SENDAI stent

precisely to each patient’s symptoms and condition.
The authors have studied design support systems
and evaluation of mechanical properties of a stent,
with the shape design of a self-expandable stent
adapted to each patient’s condition as the ultimate
goal. A frame of computer-aided shape design
support system has been presented using a3D-CAD
system and non-linear finite element method by
Inoue et a. [12], then mechanical properties of
the SENDAI stent is tried to evaluate by Inoue et
a. [13].

In this paper, the conception and functions
of the design support system are reviewed first. A
subsystem for the generation of two-dimensional
(2D) shape of the stent is developed to flexibly
modify the stent shape and it isimplemented in the
design support system. The shape of strut part of
origina SENDAI stent has been slightly modified
to improvethe push-ability of stent. The mechanical
properties of both original and new SENDAI stents
are evaluated in this paper to clarify the influence

$10.0
Fig. 2. Photograph of SENDAI stents
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Fig. 3. Design support system for self-expandable stents

of stent shape on their mechanical properties; the
estimation of the influence is very useful for the
design modification of stents. Furthermore, based
on the obtained mechanical properties, a method
for the selection of a stent suitable to patient’s
condition is proposed from a view point of
mechanics. A force generated at the end of stentin
blood vessel, which is caused by the straightening
of blood vessdl, isalso calculated from asimplified
beam model and the influence of flexura rigidity
of stent on the straightening is discussed.

1 MANUFACTURE PROCESS OF SENDAI
STENT

The 2D drawing of SENDAI stent is
illustrated in Figure 1. Every wire part consists of
12 pieces of wavy wire and the strut part connects
them by 3 bridge wires. The stent is made of Nitinal
tube of 1.85mm in diameter, 40-80mm long and
about 0.25mm thick. Slits are processed on the tube
by alaser beam then it is eectricaly polished. The
stent finally has the structure of longitudinal

Understanding the Technical Properties of Self-Expandable Stents: A Key to Successful Product Development

repetition of wavy wire partsand strut partsas shown
inFigure2. Itiscaledinitia stent in this paper. The
initial stent is expanded step by step by repeating
insertion of a thick rod and annealing. The shape-
memory effect is expressed in this process. Stents
with various diameters are aso shown in Figure 2.

2 DESIGN SUPPORT SYSTEM FOR SELF-
EXPANDABLE STENTS

2.1 Shape Design Support System

The design support system for self-
expandable stents is shown in Figure 3. The left-
hand side of Figure 3 shows manufacture and
evaluation processes which are actually adopted
in the production of SENDAI stent. As described
above, the development, namely, 2D drawing of
developed shape of stentisgivenfirst, and NC data
are generated to cut a Nitinol tube by laser beam.
The laser-processed tube is expanded step by step
and heat treated. This is the shape memory
processing. Expanded stents are bent and pressed
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Bridge

Fig. 4. Main design variables for SENDAI stent

to evaluate their performance in the next step, then
the self-expandable stents are completed. Of
course, the evaluation of performance is usually
omitted after the trial manufacture is finished and
the production of stents is made a good start.

The right-hand side of Figure 3 presents a
flow chart of the shape design and optimization to
be proposed. A three-dimensional (3D) stent shape
corresponding to a laser-machined initial stent is
formed first from 2D development of the stent of
initial shape using 3D-CAD. Next, the 3D-CAD
model is divided into finite elements, expansion
analysis by the large deformation finite element
method is conducted, and the expanded shape of
the stent is predicted. Stiffnessanalysisisconducted
using finite element method based on the predicted
expansion model. Then mechanical properties of
the stent are evaluated from the obtained result.
These are respectively equivalent to the
manufacturing process, expansion process, and
evaluation process in actual fabrication.

NC data for processing are output to
complete the processes after optimization by shape
modification. Although processes subsequent to
evaluation have not been completed at present, a
2D shape generation support subsystem that
enables flexible ateration of a2D development by
changing the numerical value of design variables
has been added to the original design support
system [12]. Thisis useful aso when creating 2D
development at the first stage.

Details of the 2D shape generation support
subsystem and the 3D modeling of initial stents
are described later. Repeating the procedures
described above, the evaluation of mechanical
properties and the shape modification with the 2D
shape generation support subsystem are considered

to allow design of a stent that is adapted to precise
conditions of each patient.

2.2 Design Variables of SENDAI Stent

Design variables considered to influence the
mechanical propertiesare set up for 2D devel opment,
as shown in Figure 4, where | and | respectively
represent the axial lengths of wavy wire and bridge,
6, and 6, are angles to the axid direction, t, and t,
respectively denotethewidths of thelinear elements
of the wire and bridge, and r, and r  respectively
signify the inside and outside diameters of the wire
end. Thewirepart of the SENDAI stentisof acyclic
form in which 12 loose S-shapes were put in order;
it conssts of arcs. Indrawing, |, 6, etc. are given,
then the arc shape so that thelinear el ements continue
is determined. The number of wires and bridges,
represented respectively as n, and n,, and wall
thicknesst of the raw material tube are also used as
design variables.

2.3 Subsystem for the Generation of Developed
Shape of Initial Stents

At great effort, the conventional DXFfileused
for 2D development of a stent was put into 3D-CAD
(SolidWorks) for shape modification. Therefore, a2D
shape generation support subsystem is developed as
a prototype to modify the 2D development of a stent
flexibly. First, an arc and a group of straight lines
representing the stent shape are determined with the
end point of thewireastheorigin, based on numerical
values of the given design varisbles. A DXF file, a
CAD format file, is output after drawing them. Next,
the 2D development of a stent of initial shape is
generated by importing this DXF file into 3D-CAD.

The 2D shape generation support
subsystem, which is constructed as a prototype, is
implemented into a shape design support system,
as shown in Figure 3, which has allowed enhanced
efficiency of the stent shape design. In contrast to
the conventional procedure using 3D-CAD, which
required severa hours for the shape change of a
2D devel opment, this 2D shape generation support
subsystem enables rapid shape change.

2.4 3D Modeling of Initial Stents

3D model of initial stent isformed from the
2D development of stent. This modeling is very
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Fig. 5. Flow of modeling of initial stent in three-
dimensional CAD system

important and complicated process. It depends on
the functions of 3D-CAD system as well. The
adopted flow of modeling is shown in Figure 5.
The shape of stent isdrawn on the surface of atube
using function of wrapping, then the initial stent
model isgenerated on thetube by using the function
of radial extrusion in a 3D-CAD system. Solid
Works is used for this modeling. The solid models
displayed at each process are also shown in the
figure.

The CAD data of theinitia stent are output
using the data transformation format Parasolid and
sent to the pre-processor of solver to generate the
finiteelement mesh. Thisformat isbetter than IGES
format in our trial and we used MSC.Patran for
this purpose. Then, it is expanded to a diameter of
stent by non-linear finite element method in
MSC.Marc.

3 PREDICTION OF EXPANDED SHAPE OF
STENT

3.1 Analysisfor Expanding Stent
Migliavaccaet al. [14] conducted expansion

and stress analyses of a balloon-expandable stent.
However, no reports have described presumption

of the shape of self-expandable stents and analysis
using an expansion estimation model, as far as the
authors know.

In case of mounting a self-expandabl e stent
in a thin sheath, or catheter, the stent is iced to
shrink in diameter. It is inserted into a sheath in
this condition; then the stent regainsitsinitial shape
by shape memory effect when it is released into a
blood vessel. Therefore, the shrinkage and
expansion in diameter should be reversible. The
simulation described later estimates its mechanical
properties at the expanded state and suggests shape
modification for improving its mechanical
properties. Subsequently, shrinking the modified
shapeindicatesthefinal shapefor laser processing.
In addition, once the stent shape at the expanded
state is obtained with sufficient precision by finite
element analysis, the finite elements after
deformation are useful also for simulation of
mechanical properties. For those reasons, the
prediction of the stent shape at the expanded state
is of great importance.

This study uses the updated Lagrange
method for formulation of a nonlinear equation,
adopts the Newton-Raphson method for solution-
seeking, and carries out elasto-plasticity analysis
using the finite element method to estimate the
expanded shape of a stent. The actual mechanical
properties of a shape-memory aloy are known to
vary according to heat treatment conditions.
Because the heat treatment condition of the
SENDAII stent has not been disclosed, the authors
can not measure the property. So, the material
properties are assumed to be those shown in Figure
6, with the stress-strain curve of a Ti-49.8Ni aloy
processed at 500! subjected to the tensile test by
Miyazaki et al. [15] being referred to. Its Young's
modulus is 28 GPa, the Poisson’s ratio is 0.3, and
theinitial yield stressis 140 MPa.

Expansion of stent issimulated as the forced
displacement problem. The axial constraint is given
a the wire ends as a boundary condition to avoid
shortening of the stent length with forced radial
displacement. Expansion analysis was conducted in
this study starting from the initial shape with an
external diameter of 1.85 mm, with the mesh
regenerated when outside diameters of 4, 6, 8, and
10 mm were reached, for precision improvement,
and for reduction of the time necessary for analysis.
In addition, radia forced displacement was given
as100incrementsin one expansion-analysissession.
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3.2 Prediction of Expanded Shape of SENDAI
Stent

The two objects of analyses are the
SENDAI-L80, the new model of SENDAI stent,
and ST2621, the conventional model. Figure 7
illustrates their 2D development. Table 1 shows
their typical design variables, which clearly reveal
that the cyclic S-shapes of both wires are almost
identical, but that agreat difference pertainsto their
bridge part connecting wires. The ends of two
adjacent wiresare connected with agap of two wire
diameters in ST2621, although there is no gap in
the SENDAI-L80.

The initial stent model of SENDAI-L80
with 6 wirepartsand 5 strut partsisshownin Figure
8. 65,340 10-nodes tetrahedron elements are used
for this modeling.

Figure 9 presents estimated results of
expanded shapes of ST2621 with an external
diameter of 4 mm and SENDAI-L80 of 8 mm, with
comparison to real stents. Table 2 shows the
estimated errors of expanded shapes. Because wire
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Fig. 8. Initial stent of SENDAI-L80 divided into
65,340 finite elements
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Fig. 7. Difference of bridge part between
SENDAI-L80 and ST262

Table 1. Design variables of ST2621 and SENDAI -
L80

Design variables ST2621 | SENDAI-L80
Number of wires, »,, 12 12
Number of bridges, #, 3 3

Wire length, /, [mm] 3.37 2.96
Bridge length, /, [mm] 0.88 0.85
Wire angle, 0,, [deg.] 22.8 24.4
Bridge angle, 0, [deg.] 53.5 25.0
Wire width, ¢, [mm] 0.14 0.14
Bridge width, #, [mm] 0.11 0.17

length | and bridge length |, are constraints, no
shape error is considered for these. However, a
difference occursinthe circumferential gap of wire
ends in ST2621; the wire part is expanded linearly
compared to that of areal stent in SENDAI-L80.
Nevertheless, the shape error to the real stent does

Type : ST2621 (¢4)

0.70 3.37 0.70 0.70 _3.37 0.70

Type : SENDAI-L80 (¢8)

0.85 2.96 0.85 0.85 2.96 0.85

Fig. 9. Estimated results of expanded shapes,
with comparison to real SENDAI stents
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Table 2. Error of simulated shapes

Stent 0,1%] | 0,[%]

ST2621 04 8 7

SENDAI-L80 _ ¢6 0 0
08 7 0
$10 7 0

Type : SENDAI-L8O (4)

Fig. 10. Deformation of stents due to uniform
radial pressure

not exceed 8 %, as shown in Table 2. Therefore, as
described above, it is confirmed that this procedure
can estimate the stent shape in the expanded state.
The resultant expanded shape will be used for the
model of evaluation of mechanical property.

4 EVALUATION OF MECHANICAL
PROPERTIES OF STENTS

It is natural that a stent, as a product, has
strain and stress states of its own depending on its
manufacturing process. Nevertheless, it is not easy
to measure them accurately. Assuming neither
initial strain nor stress, the mechanical properties
of astent are evaluated.
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4.1 Radial Stiffness

The center section of the stent is fixed in
theaxial and 0 directions; radial pressureisapplied
to the outside of the stent elements. Then the
compressive deformation of stent is analyzed. The
state of deformation is shown in Figure 10. The
SENDAI-L80 maintains a round shape and
deformed almost uniformly, whereas the ST2621
showsgreater deformation at the center than at both
ends; it has no fair circular section.

Eight nodes at about equal intervalsfor one
wire element are chosen; radius reductions at 96
points of 12 center wires are averaged to express
the representative radius reduction. The
relationship of the obtained stent radius reduction
to pressure is presented in Figure 11.

The ratio of radia pressure applied to the
outside surface of a stent p to radius reduction of
the stent Ar defines the stiffness in the radial
direction of astent K_ as:

_b

Ko = ar @)
the relationship between radial stiffness obtained
using Eqg. (1) and the stent diameter is shown in
Figure 12, which indicatesthat radial stiffnessfalls
as the pressure increases in both stents. This
decreaseisattributable to the nonlinearity of radius
reduction shown in Figure 11, which appears
clearly in the stiffness drop of ST2621.

The radia tiffness of the SENDAI-L80 is
greater than that of ST2621. Radial pressure
engenders hoop stress in the stent. The decreased
stent diameter is considered to occur because this
hoop stress folds up the wire part and decreases
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Fig. 12. Relation between radial stiffness and

stent diameter
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the angle of the aperture at the wire end. In the
SENDAI-L80 with short wire length |, the force
applied to a wire part decreases, so that the
effectiveness to reduce the angle of aperture at the
wire ends decreases. This decrease is inferred to
suppress an increase in the radius reduction and
has contributed to the rigidity improvement of
SENDAI-L80. The above consideration has
revealed that the wire length | affects the radial
stiffness of a stent.

4.2 Flexural Rigidity

Theleft end of astent isfixed, and the axia
nodal force equivalent to the bending moment is
applied to 12 nodes at the wire ends in the right
end of the stent. This distributed load is given as
divided into 100 increments, and bending
deformation is analyzed. The shape after analysis
isshownin Figure 13. Both ST2621 and SENDAII-
L80 demonstrate great bending at the bridge part.
The relationship between the obtained bending
moment and curvature is presented in Figure 14.

Unnatural increase of bending moment is
observed at 1/p = 0.025 of SENDAI-L80 d_ = 10
mm. It is caused by the contact of wire ends of
adjacent wire parts at the compression side of stent.
This is unfavourable property for clinical use, and

Type : ST2621 (04)

Fig. 13. Deflection of stents due to bending
moment

an improvement should be considered. Numerical
analyses and experiences suggest that the
placement of adjacent wire parts, namely, the angle
of bridge element 6, considerably influences on
avoiding the contact of wire ends.

The following equation defines the flexural
rigidity of astent K :

M
K, =—

b ]/P 2,
where the bending moment applied to the stent is
M, and the radius of curvature of the central axis
of the stent is p. The relationship between the
flexura rigidity of a stent obtained by Eqg. (2) and
the stent diameter is shown in Figure 15, which
suggests that the flexural rigidity changes as the
curvature changes in both stents. This relation
originates in the nonlinearity of the relation
between the bending moment and curvature, as
shown in Figure 14. Obviously, the increase of
flexural rigidity at d_= 10 mm and larger curvature
is caused by the contact of wire ends, as discussed
above.

The flexural rigidity of SENDAI-L80 is
greater than that of ST2621. Deformation of the
bridge part is observed as a factor influencing
flexural rigidity. The angle between end surfaces
of adjacent wire parts of stents subjected bending
moment is defined as the bending angle @,; its
relationship to the stent diameter isshownin Figure
16, which indicates that the bending angle of
ST2621 is always greater than that of SENDAI-
L 80 for every stent diameter when the bending
moment is constant. The reduction of the angle of
a bridge element 6, decreases the element length;
consequently, it improves the flexural rigidity of a
stent. Furthermore, the width of the bridge part t,
of the SENDAI-L80 is greater than that of the
ST2621, which also enhancesflexural rigidity. The
above consideration has revealed that the width of
abridge part t, and the angle of abridge element 6,
strongly affect the flexural rigidity of a stent.

4.3 Influence of Shear Deformation on Flexural
Rigidity

The load normal to the stent axis causes
bending deflection as well as shear deformation in
a stent. One end of a stent is fixed, and deflection
including the shear deflection is evaluated on the
conditions that apply nodal forces in the vertical
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direction to 12 nodes at wire ends of the other end.
This deflection is represented by &. Figure 17
presents the obtained deflection & at the center on
the load surfaces. Deflection & consists of bending
deflection and shear deflection. Deflection with the
additional constraint of revolution of aload surface
to the same boundary condition as that above is
estimated. The obtained deflection is regarded as
shear deflection, and is expressed as o .
Deflection incorporating only the deformation by
bending &, . is obtainable from the following
equation using deflection & and shear deflection
O,

3.

The relationship of the obtained bending
deflection, shear deflection and stent diameter is
shown in Figure 18. The obtained deflection is
normalized with flexural rigidity El, where E is
the elastic modulus of stent material, and | is the
moment of inertia of cross sectional area of stent.
The flexural rigidity is computed from Figure 14

8bending =5 _Sshear
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using the obtained o ding’ Figure 18 demonstrates
that shear deflection increases with the increase of
stent diameter and applied load. Large ratio of
initial stent is caused by small bending deflection.
Shear deflection occupies 23-45 % of the bending
deflection for every stent diameter, and the effect
by shear becomes significant.

When placing a stent at the bend of a blood
vessel, the blood vessel wall receives an intensive
load from the stent end; in contrast, the stent
receives an intensive load at its end. It isknown as
straightening of blood vessel, and it isdiscussed in
detail later. Therefore, shear deformation of a stent
cannot be disregarded.

5 SELECTION OF SUITABLE STENTS
BASED ON MECHANICAL PROPERTIES

A stent should have sufficient stiffness for
expansion of a narrowed section, and follow
flexibly to avessel wall. However, because neither
patient conditions nor blood vessel shapes are

479



Strojniski vestnik - Journal of Mechanical Engineering 54(2008)6, 471-485

o
2]

R
W\
S

e
w
T

e
o
T

F : Concentrated load ]
PR IO SR U SR S SRR NP SRR I
2 4. 6 8 10 12
Stent diameter d; mm

o
o

Deflection ratio Sshear/Sbending
S 5
T

Fig. 18. Relation among bending deflection,
shear deflection and stent diameter

identical, selection of a stent that is adequately
adapted for each patient’s condition becomes
important.

Selection and/or design of suitable stent
depend a lot on the sense of a doctor and medical
engineer. In this paper, for the purpose of design
and manufacture of suitable stent for patient’s
condition, the concept of selection is proposedOin
view of mechanics. The patient’s conditions,
namely, alesion of the stenosis, etc. as well as the
diameter of blood vessel to secure blood stream
are decided by a doctor. Referring to above-
described information and analyzed mechanical
properties, suitable stent diameter for securing
blood stream is selected in the following section.

5.1 Estimation of Stiffness of Blood Vessel

To select astent that is adapted precisely to
apatient’s condition, it is necessary to estimate the
stiffness of ablood vessel. The stiffnessisclinicaly
presented by the following equation using stiffness
parameter 3:

Table 3. Stiffness parameters of various arteries

No. | Artery Stiffness parameter 3
1 | Femoral 11.2
2 | Internal carotid 11.15
3 | Common carotid 5.25
4 | Vertebral(Intracranical) 15.82
5 | Vertebral(Intracranical) 13.75
6 | Vertebral(Extracranical) 7.58
7 |RCA 36.3
8 [LAD 50.8
9 [LCCA 38.3

RCA, LAD and LCCA: right coronary, left anterior
descending coronary and left circumflex coronary
arteries
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Fig. 19. Variation of diameter of human arteries
due to internal pressure

In(R/R,)=pH2e -15 @,
n(R/R)=pLS> -1

where P, represents internal pressure, P_ is the
arbitrary referenceinternal pressure, D, isthe blood
vessel outside diameter at loading P,, and D, is the
blood vessel diameter at P, = P_. The above equation
holds in the physiological blood pressure range.
The stiffness parameter is easy to treat clinicaly
because it is not influenced by interna pressure.
Thevalue of B depends on the part of blood vessels
asshown in Table 3 (from [17] to [20]). Figure 19
indicates the relation between the pressure ratio
P./P_and distension ratio D /D, obtained from Eq.
(4). Although the stiffness of a vessel wall is
presumed to increase by arteriosclerosis, negative
results are also reported. Therefore this study
assumesthat the stiffness parameter is constant and
uninfluenced by arteriosclerosis.

5.2 Determination of Stent Diameter and
Rigidity in Radial Direction for Securing Blood
Flow

Figure 20 presents the model of a narrowed
section of blood vessel. D, is the outside diameter
of a blood vessel of normal state, t, is the wall
thickness, D_and L _ are the diameter and length of
a narrowed section, and D, is the inside diameter
after stent placement. The relationship between the
internal pressure and the outside diameter of a
femoral artery (B = 11.2) is obtained from Eq.(4)
asshowninFigure21, inwhich curvesA-Cindicate
blood vessel characteristics of the narrowed state.
Here we assume that the thickness of vessel t =1
mm and narrowed diameter D_= 2 mm is expanded
to D, = 3.8 mm near a normal state. The axis of
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- Expanded stent

Fig. 20. Model of expansion of stenosisin artery
by stent

internal diameter of blood vessel is easily obtained
as shown in the figure, then the remedial diameter
D, is placed on this axis. The intersecting point of
theline through D, = 3.8 mm and the curve C of D,
= 2 mm gives the internal pressure P, required for
the expansion of the blood vessel. The equation to
calculate the pressure required for expansion is
derived from Eq. (4) as follows:
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oo b i
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Fig. 21. Pressure-diameter relation of femoral
artery

Figure 22 indicates the variation of outside
diameter of SENDAI stent due to external pressure
p.. In consideration of the fact that the whole stent
exterior supportsavessel wall, the external pressure
appliedtothestent p, must be equal to P.. Therefore,
marking the internal pressure obtained above on
thevertical axisof Figure 22, and the stent diameter
after insertion in the vessel on the horizontal axis,
the stent diameter that is necessary for medical
treatment is determined from the intersecting point
of the linesin the figure as d_ = 4 mm.

Although selection of the stent diameter is
basic, if the rigidity to secure the blood stream is
not enough or the blood vessel is subjected to
excessive stress, it is necessary to redesign the stent
shape to make the rigidity adequate. For example,
axial length of wavy wireis modified to increase or
decreaseradia gtiffness. Inaddition angle of abridge
element is modified to increase or decrease flexural
rigidity. Design approach to make axia variation of
radial stiffness of stent adequate is aso considered.

Ideally, a suitable stent shape should be
obtained by precise analysis considering interaction
between stent and blood vessel such as a report
[16]. But this precise analysisis very complicated.
Therefore, this section proposes a simple method
of selecting a suitable stent in view of mechanics.

5.3 Estimation of Force dueto Straightening of
Blood Vessel

When a stent is inserted in a curved blood
vessel, theoriginally straight stentisforced to bend

© Diameter in expanded state
S 006 d=10  de=B ds=6 ds=4

o L
Q L

0.04 -
o
o L
=]
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7]
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Q 0.02 - ,
Required pressure Suitable
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: JANRANRRRRYRRRRENRRA/ RERNRRAEN]
dh) / = Dr=3.8 mm
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8 6
Stent diameter ds; mm

Fig. 22. Pressure-diameter relation of SENDAI
stent
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alittle. Asthereaction, the blood vessel is subjected
to concentrated forces at the ends of stent in
addition to the internal pressure required for
expansion of the narrowed blood vessel, and asthe
result the vessel is somewhat straightened. Thisis
called the straightening of blood vessel. Obviously
the force due to straightening of blood vessel
depends on the flexural rigidity of stent; the higher
theflexural rigidity is, thelarger the force acts. Too
large force will damage the vessel wall, and in this
sense, the straightening is an important measure
for evaluating the performance of stents.
Although the straightening should be
evaluated by precisely solving the deformation of

| Blood vessel

| Stent

Approximation
by beams

Blood vessel

Combination
of two beams

toi- 50
?

~<F

Fig. 23. Model of stent placement in curved
blood vessel as a combined beam

blood vessel combined with stent inside, it is
considerably complicated problem. So, the force
applied on ablood vessel at astent end is estimated
based on a simplified problem to confirm that it is
not exceed the limit of force on the vessel wall.

A blood vessel and an inserted stent are
modeled by ainitially curved beam and a straight
beam, respectively, and approximated by a
statically indeterminated beam as shown in Figure
23. Considering the symmetry, the beams are fixed
at their center. Conditionsrequired for thisdecision
are the radius of blood vessel curvature at the
narrow part p, inserted stent length L, the flexural
rigidity of thestent E|_=k_, inadditionto the blood
vessel stiffnessE | =K.

Initial deflection of the blood vessel in the
state where no stent isinserted, &, and deflections
of the stent and blood vessel in the state where the
stentisinserted, d_and d, are given asthefollowing

equation:
L/2
Si = - — (6)
p% (05 0 E

_F(L/2P _ FL/2)f
YTUO3EIl, 3k U
_F(L/2f _ FL/2f
R (8)-

This is equal to the deflection of the stent
when the stent is placed in ablood vessdl. It gives:

8s =8 =8, (9).

Figure 24 shows the relation between
concentrated load and deflection of SENDAI stent
of d, =4 mm, which is selected in the preceding
section, obtained from Figure 17. An end of stent
is fixed and the force is applied at the free end.
Marking the deflection & = 4.5 mm on the horizontal
axis, the force acting on the vessel wall due to
straightening is obtained from theintersecting point
asF =0.024 N asindicated in Figure 24. In case of
the limit of force on the vessel wall F, . =0.03 N,
the force due to straightening is smaller than the
limit and the condition not to damage the vessel
wall is confirmed. When we assume the limit of
applied force F, . which causes no damage to a
blood vessel wall, the equation that the flexural
rigidity of the stent should satisfy is derived as
follows:

3
K < Fime (Ls/2)° (10).
3 bending
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Fig. 24. Estimation of force acting on a vessel
wall due to straightening

Theflexural rigidity obtained from Eg. (10)
may be used to roughly estimate whether the
selection of stent isacceptable or not by comparing
it with the flexural rigidity of existing stents
evaluated in Chapter 4.

It is necessary to design a new stent that
reduces its flexural rigidity with the application of
mechanical property assessment considered in this
paper when the limit of force applied to a blood
vessel F, . cannot be fulfilled with the existing

mechanical properties.

6 DISCUSSION ON DESIGN AND
SELECTION OF SUITABLE STENTS

Conventional  design  approaches
accumulate improvements with design based on a
designer’s sense and evaluation of clinical trialsto
achieve apractical application. Thissystemistrial-
and-error-based design, which requires much time
and labor to achieve improvement. It is therefore
difficult to satisfy medical requirements.
Correlation between medical requirements and
mechanical properties must be clarified. The effect
of design factors on mechanical properties must
be evaluated quantitatively to reflect the medical
requirements in a novel stent shape.

The design support system described in this
paper can evaluate the effects of design factors on
mechanical properties quantitatively as a routine
flow. Presumption of extended shape and
mechanical property evaluation with sufficient
precision allows medical requirements to be
reflected correctly in the stent shape. Furthermore,
efficient shape design facilitates rapid shape change
and improvement. For that reason, it is considered
to contributeto reduction of working time and cost.

This paper does not step beyond suggesting a
selection guideline with materials mechanics
approximation. Establishment of a proper method
of stent selection is anticipated, along with
understanding the shape of the blood vessel
containing the stent, the loaded condition, and the
blood vessel based on more precise mechanical
analysis. Thisenablesthe design of a stent that fits
the symptoms of each patient. This is considered
to bring about useful effects for the treatment of
arteriosclerosis.

7 CONCLUSION

A shape design support system based on 3D-

CAD and CAE was presented in this study, with

the shape design of self-expanding stent adapted

for a patient’s condition as the final target. Using
the functions of the system, adesign method of the
initial stent shape using this process, estimation of
its expanded shape, assessment of its mechanical
properties, and discussion of the influence of stent
shape on those mechanical properties were

conducted. In addition, a method of selecting a

suitable stent to patient’s conditions was proposed

from a view point of mechanics. The results are
summarized as follows.

1. A two-dimensional shape generation support
subsystem was developed asatrial. The system
sets up design variables of a stent and can
modify its 2D development flexibly. This was
embedded in a shape design support system.
Theefficiency of model production of theinitial
stent was enhanced.

2. Large deformation elasto-plasticity analysis
with the finite element method can estimate the
expanded shape of a stent with error of about 8
%.

3. Finiteelement analysisof astent was conducted
using the estimated expanded shape;
mechanical properties were evaluated for two
models of SENDAI stents: ST2621 and
SENDAI-L80. The result with a new model
SENDAI-L80 demonstrated greater flexural
rigidity and radial stiffness.

4. Factorsinfluencing mechanical propertieswere
discussed from the difference in the shapes of
ST2621 and SENDAI-L80. Results revealed
that the width and angle of a bridge element
affects flexural rigidity considerably, whereas
the wire part length affects the radial stiffness.

Understanding the Technical Properties of Self-Expandable Stents: A Key to Successful Product Development 483



[1]
(2]

(3]

[4]

(5]

(6]

Strojniski vestnik - Journal of Mechanical Engineering 54(2008)6, 471-485

Results showed the necessity of adopting
flexural rigidity considering shear deflection
as well as conventional bending deflection
when a stent is placed at the bend of a blood
vessel.

The characteristic of blood vessel was estimated
from literatures, and the stent diameter to secure
blood stream was selected based on the
analyzed mechanical properties of stent.

The straightening of blood vessel was analyzed
based on the simplified model of combined
beams with the flexural rigidities of blood
vessel and stent.

A method of selecting a suitable stent was
proposed based on mechanical properties. It
enabled selection of a stent that iswell adapted
to apatient’s condition. In addition, the concept
of design and manufacture of suitable stent for
patient’s condition was discussed for the future
work.
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