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Summary

The aim of this study was to analyze the possibilities of various types of stent modeling and to
develop some new models. A brief survey of basic properties of stents and a list of basic designs
of stents is presented. Two approaches to stent modeling were identified. Structural mechanics is
the theoretical background of our analytical model of a spiral stent. The finite element method

was also used. The measurement equipment for model evaluation was developed.
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Introduction

Stents are usually defined as small tubular structures that are inserted into the diseased
region via a catheter (Holzapfel et al. 2006). The main function of stents is to provide mechanical
support of damaged artery or some other hollow organ to restore lumen and blood flow conditions
in arteries. Recently developed stents may accumulate functions; for example, they can be used
for drug delivery or for treatment of bleeding esophageal varices (removable Danis stent). Clinical
failures (crushing, removing, restenosis) are some of the most serious reasons for continuing stent

improvements.
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Models are an indispensable part of further stent improvement and development. They
take into account both material and geometrical parameters. As a result of such models both type
parameters (displacements, reaction forces, radial stiffness, bending flexibility, stresses, strains,
extent of permanent deformation, elastic spring-back) or their visualization (static, dynamic,
interaction with artery wall) may be considered. The new design should be tested experimentally.
But it is very often expensive and time-consuming, especially due to the fatigue life. For example,
if the stent has a 10-year fatigue life and the heart rate is 75 beats per min, it corresponds to
approximately 400 million cyclic pulsating loadings. It may be time- and money-saving to start
with modeling and simulation. It should give the designer a more detailed insight and indicate

possible critical details.

Methods

As the first step a general list of stent properties was created and the parameters that will
be investigated were identified. An analysis of stent types was performed. Then the available
techniques for modeling were evaluated. The resulting models were compared with one another

and with experimental data. For this reason several experimental devices were developed.

Properties of stents

Only the parameters describing the stent itself were analyzed. Radial resistive force is
generated by the stent to resist the reduction in its diameter; chronic outward force is the force
generated by the stent when it is self-expanded toward a larger diameter (Duerig et al. 2003).

Delivery size is the minimum diameter of a stent to which it can be compressed for delivering via



a catheter. Crushing pressure is the critical outside pressure, which cannot be exceeded to avoid
stent buckling. Shortening or expansion is very important during the pushing of a stent into or out
of the catheter. Surface area is important for drug delivery. The other properties may be stiffness,

fatigue life, radioopacity.

Stent design overview

At present more than 100 types of stents are available on the market (Stoeckel 2002). In
some surveys they are classified in accordance with their clinical use (vascular or nonvascular,
coronary or peripheral). From the more technical point of view the stents may be differentiated by
material, form of material, and design. The two main groups are balloon-expandable and self-
expanding stents. The balloon-expandable stents are manufactured with a smaller diameter and,
after delivery, they are dilated with a balloon. Thus the material used must be able to be
plastically deformed and to remain in the expanded shape. It means it should have a low yield
stress. On the other hand, self-expanding stents are manufactured so that their rest diameter is
greater than the inner diameter of the target structure. The stent is constrained in a delivery system
and then released and self-expanded. The material used should have in the ideal case a low elastic
modulus and a high yield stress.

As to the material form, three forms are used: sheet, wire, tubing. For final mechanical
properties the geometry is essential. According to Stoeckel e al. (2002) five basic types can be
recognized: coil, helical spring, woven stents (braided, knitted), rings (individual, sequential), cell

(closed, opened).

Modeling techniques

Two basic general approaches were determined. The basis of the first one is the structural
mechanics, especially the Bernoulli-Euler beam theory and the Coulomb torsion theory. These
laws may be, in a relatively easy way, applied to some simple wire structures (Wang and Ravi-
Chandar 2004), e.g. some woven wire stents. The second approach is to use numerical methods.

The most popular one is the finite-elements method (FEM). Its importance is growing, because



more powerful computers are becoming available and a set of sophisticated software is on the
market.

In an ideal cease, the problem model should be complex. It should work with the material
of a stent including nonlinearities, geometrical properties of a stent, properties of surrounding
tissue and interaction between a stent and the tissue, dynamics of blood flow, fatigue life. We
have simplified the problem for our purpose. One region of interest is a small deformation of a
stent in the artery and during artery deformation. The second one is a large deformation when a
stent is pushed from the catheter.

The main output of our models should be prediction of stress-strain curves for radial and

axial loading and of the diameter-length curve.

Results
Equipment for measurement

We developed several devices with two basic arrangements (Bezrouk et al. 2005, Hanus
and Zahora 2005, Zahora and Hanus 2006) for experimental verification of our models. In one
arrangement it is possible to measure the pressure inside and outside the covered stent which is
placed in water and its diameter is measured with a camera. The second arrangement allows us to
load a stent in the axial direction and to measure its elongation, force and diameter. In both
arrangements measurement runs automatically. Measurement, data acquisition, and processing are
controlled by our original software developed by LabVIEW, v. 7.0. For axial loading the high-
precision universal material-testing device Instron 3340 was used. And also in both arrangements

temperature is set and recorded.

Analytical model

We will describe how to derive all the important equations of the physical model of the
spiral stent. First we need to find out the relationships among the basic geometrical parameters of
the stent as they are, L the total length, D diameter, » radius, ¢ pitch, a lead angle of a helix, / the

length of the wire of single turn of a helix, » number of helixes, k£ number of turns of a helix in the



total length of the spiral stent. Finally we need to find out the relationships among all the acting
forces and the deformation of the geometrical structure of the spiral stent. To simplify the final
equations, we will define the following parameters:

Let the lead angle of a helix a be defined as a basic quantity describing the deformation of
the spiral stent.

Let the single turn of a helix be defined as a basic element of the geometrical structure of
the spiral stent hereinafter “single turn”.

Let the initial lead angle of a helix @, be defined as the initial deformation of the spiral
stent in the state without applied load.

The applied load on the spiral stent could be caused by the following physical quantities
Fz axial force, Fz; axial force acting on the single turn, Fg radial force, Fg; radial force acting on
the single turn, F'r tangential force, pg radial pressure.

The first step is to analyze the geometry of the spiral stent. The geometry of the stent is a
structure of counter-rotating helix springs connected at their ends with a subsequent block
uncoiling of the springs. Mutual dependence in this structure is between the length and diameter
of the stent. The principle of the deformation of the stent is shown in Fig. 1. It is clear now how to
derive the corresponding equations describing the curvatures of the geometry of the wire of the

spiral stent in dependence on the actual deformation of the spiral stent a.
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Fig. 1. Spiral stent with atraumatic edges (a) in the original shape; under a load (b)
shortened; (c) elongated.

Obviously
E=2msin o (1)
p =271 cos a (2).

The variables are ¢ as the angle of the bending of the wire of a single turn and ¢ as the angle of the
twisting of the wire of a single turn. Now we need to find out the principle of acting of the axial
force Fz on the spiral stent. It is an important fact that 7 acts at the edge of the stent — at the end-
point of each coil of the stent, but not at the axis of the stent as shown in Fig. 2. This fact has a
critical influence on the determination of the momentum M of Fz and, in turn, on the final
equation expressing the dependence of F; on the stent deformation and the equation for

transformation between Fz and p. We will use the analysis of the momentum M of axial force Fz;.



Fz

Fig. 2. Schematics of the rlnomenta in the load point Q.

We can see the relationships among the momenta of the axial force Fy;. It is clear now that

M = My cos o — M,sin a 3)

M| =2r F 4)

After substitution

Fz1 = (My/2r) cos a — (My/2r) sin a (%)

Here My is the twisting momentum and M, is the bending momentum of the axial force F;. Now
after substitution into Eq. (5) of the very well known equations describing each momentum

My = EGJp/l (6)

M, = pEJII (7)

we will obtain Eq. (8)

Fz1= (/I cos a)[(GIp/I)(E— &) cos a+ (EJ/(p — po) sin a] ()

The variables used are: Jp polar square momentum, J square momentum of the cross-sectional
area of the wire of the single turn; &, the initial angle of the bending of the wire of the single turn

and ¢, the initial angle of the twisting of the wire of the single turn; £ Young’s modulus, G shear



modulus of the material of the wire of the single turn. Next we know that the whole stent has n
times k of the single turn. After substitution of Eq. (1) and Eq. (2) into Eq. (8) we can derive and
multiply the result by » and &

Fyz = 2nkn*/Pcos a)[GJp(sin a — sin ao)cos a — EJ(cos a — cos a)sina] 9)

Eq. (9) is the first result in our physical model describing the mutual dependence between the
axial force Fz and the deformation of the spiral stent a.

The structure of the spiral stent allows us to derive easily the transformation equation
between the axial force Fz and the acting radial pressure pg on the spiral stent. It is an important
fact again that the radial pressure pg and the forces causing this pressure act uniformly on the
whole surface of the spiral stent. It means that the radial force F and the tangential force Fr are
planar forces. We can simplify them for the model, as we neglect the diameter of the wire of the
stent, to be curve forces. The derivation should be done as follows. It is valid that
(dz/2)dFr = dx F; (10)

It is clear from Fig. 3 that

dz/dx = tan a = sin a/cos a (11).
After mutual substitution and integration we obtain

Fr=2F7 cos a/sin a (12)
Next we know that

Fr=Fr/2n (13)

Fig. 3 shows the situation.



Fig. 3. Schematics showing the equilibrium state of the element of the single turn d/
between the element of the tangential force dFr and the element of the axial force dFz. Q
is the load point of the momenta of these forces. O is the center of inertia of the curve
force dFr.

It is easy to derive the following equation from the geometrical structure of the stent

pr = Fr/kP(cos a)(sin o) (14)
After substitution of Eq. 14 into Eq. 13 and then into Eq. 12 we obtain
pr = 4nF/kPsin® o (15)
Eq. (15) is the second result in our physical model describing the mutual transformation between
the axial force Fz and the radial pressure pg.

Eq. (15) is a very important equation. It allows us to perform the measurements of Fy,
because the measurements of the dependence of Fz on the stent deformation a are easy and not
influenced by errors due to the measuring method (e.g. friction forces), in contrast with the

measurements of pg or Fp.
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Fig. 4. Dependence of Fa (Fz) on the stent deformation; F-LFHK — our model, FEM — FEM
model. This model was measured at 45 °C under very small load causing no

transformation from austenite.

Evidential analysis

The Young modulus of treated Nitinol wire obtained from stress-strain tests had the
approximate value for austenite is 60 GPa. The Young modulus of the stent material obtained by
the least-squares method using our model is 62.69 GPa (data measured at 45 °C, austenite). The
Young modulus of untreated Nitinol wire in austenite according to the approximate value given
by the producer is 75 GPa. The measured parameters were: temperature 7 = [°C] with accuracy of
+ 0.01 °C; x = [mm] position of the free end of the stent with an accuracy of = 0.200 mm; axial
force of the stent Fz = [N] with an accuracy of + 0.030 N. We measured all the input parameters
of the stent needed for our mathematical model. Maximum limit value for our Newton meter
“measuring head” was 5 N. It can be seen that the data stated above and Fig. 4 clearly show the

validity of our model.



Application of FEM

We used software COMSOL Multiphysics for FEM calculations. COMSOL is a complex
environment including all the steps of modeling procedure: creating or importing the geometry,
meshing the geometry, defining the physics on the domains and at the boundaries, solving the
model, postprocessing the solution, and performing parametric studies.

FEM is very often used for modeling stents manufactured from metal tubing or stents
formed from relatively simple repeating cells (Migliavica et al. 2005, Etave et al. 2001, Walke et
al. 2005, Prendergast et al. 2003, Dumoulin ef al. 2000).

The stent for which we developed an analytical model can be considered as a set of non-
interacting spirals made from a very thin wire. So it is sufficient to work with a single spiral.
Typically one coil is substituted with a series of straight beams connected together (Forrester
2001). Twisting and bending momentum is defined in the nodes (see Eq. 4 and Eq. 5) and the
resulting set of equations (number corresponds with density of nodes) is solved by COMSOL. For
small deformations it is sufficient to do only static stress analysis, the result is a linear relation
between the axial force and deformation (Fig. 4). Results data may be extracted from the model:
displacements, forces, stiffness, stress distribution and strains.

The virtual experiment was done by means of FEM. The problem was to investigate
changes of mechanical properties of the spiral stent, if wires are welded where they are in contact.
The simplified model consisting of two-one coil spirals was prepared. There was one “welded”
joint. Using FEM the distribution of von Misses stress and strain energy was calculated. The
strain energy of the “welded” sample was 1.3 times increased. For comparison of stress maps see

Fig 5.



Fig. 5. Junction of two wires. Comparison of the von Misses stress distribution in
“unwelded” (left) and “welded” (right) sample. The darker grey corresponds to smaller

stress. The highest stress in the left sample is 0.6 GPa, in the rigtt sample it is 0.73 GPa.

Discussion

Both approaches have the application region where they are effective in spite of a lot of
restrictions. The analytical model is a flexible tool for optimizing the delivery diameter in relation
to desired stiffness for a wire-woven spiral stent. But unfortunately it is practically impossible to
apply it to more complicated shapes than the spiral. Our model also does not consider the fact that
spirals are interwoven. The result of a contact between spirals is an additional bending of wires. It
is important for large deformations. FEM is useful in “what if analyses” or it may be used for real-
time simulations of manipulation with catheter or guide-wire (Lenoir ef al. 2006) or it can help in
preoperative choice of stent parameters by means of modifying its properties according to the real

3D image from MRA.
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