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Our group is developing novel preferential covered carotid stents aimed at preventing friable parts from
atherosclerotic plaques from dislodging into the cerebral blood flow, and also preserving external carotid
artery (ECA) perfusion through slits on the membrane. Enhanced ECA flow rates can be achieved by
designing bare metal stents with larger cells that can accommodate more slits for enhanced blood flow
to the ECA where the stents have fewer crowns in the circumferential direction. The general perception
is that the stent stiffness and thereby the crush resistance will decrease with fewer crowns in the cir-
cumferential direction. However, we observed the opposite effect. To study the effect of crown number
on crush resistance of stents, finite element analysis (FEA) was used to evaluate the crush resistance of
open-cell stent designs by varying the number of crowns. From FEA simulation results, it was found
that the crush resistance of the open-cell stent design actually increases with fewer crowns. To verify this
effect, three stent designs with different crown numbers were fabricated and subjected to crush resistance
experimental testing. The experimental testing further confirmed the effect observed by FEA. Finally, a
simplified analytical model was proposed to explain why the crush resistance of stent increases with a
reduction in the number of stent crowns. From this study, we can infer that the stent’s crush resistance
increases with reduction in the number of stent crowns in the circumferential direction.

1. Introduction

Our group [Kabinejadian et al. 2013; 2015a; 2015b; Kumar et al. 2016] has been actively developing
novel covered stents for preventing small friable parts of atherosclerotic plaques from dislodging into the
cerebral blood circulation, and at the same time, preserving external carotid artery (ECA) blood flow. The
device comprises of a bare metal stent coated with a biocompatible polymer membrane which has several
arrays of cut slits. The main purpose of the slits on the covered membrane was to let blood through the
membrane into ECA while confining the plaques along vessel wall and prevent them from dislodging.
In one of our earlier in-vitro investigations [Kabinejadian et al. 2015a] we showed that our covered stent
design is more efficient in emboli prevention than its corresponding bare metal stent, and at the same
time, preserves more than 83% of the original flow of the ECA in carotid artery bifurcation models.
Our group evaluated this covered stent design [Kabinejadian et al. 2013; 2015b] (with slit openings on
ePTFE membrane) in various models of arteries with different arterial diameters, curvatures, and side-
branch angles. We aimed to design new bare metal stents with bigger cell size which can provide higher
ECA flow rates through enhanced perfusion to the side-branch as they can accommodate higher number
of slits. Larger stent cell size thereby contributes to enhanced slit distribution on the membrane (and
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thereby better side-branch flow preservation) and desirable crimpability [Kumar and Cui 2016; Kumar
et al. 2014]. As part of our stent design-iteration process, we reduced the number of crowns of our
open-cell stents in the circumferential direction to get bigger cells and put them through finite element
analysis (FEA) to evaluate their crush resistance. Crush resistance can be defined as the ability of a stent
to withstand crush loading and therefore prevention of stent collapse is crucial for stent development
especially for superficial locations like carotid arteries [Garcia et al. 2012; Timaran et al. 2011; Duerig
and Wholey 2002] and peripheral indications as per Food and Drug Administration (FDA) standards
[Dhruva et al. 2009; US Food and Drug Administration 2010]. The aim of this study is to evaluate
the effect of the number of stent crowns in the circumferential direction on the stent crush resistance
through the following steps: (a) analysis of this effect by FEA based modeling and simulation for three
different stent designs; (b) fabrication of the stent designs followed by experimental compression tests;
(c) providing some explanations with simplified analytical study.

2. Materials & methods

2.1. Stent design. In this study we took reference from the commercial stent E-Luminexx® stent (Bard
Peripheral Vascular Inc., Tempe, AZ) to model the stent which has 12 crowns in the circumferential
direction. Additionally, we designed two more stents by reducing their crown numbers to 9 and 6,
respectively in the circumferential direction. Figure 1 shows the models of all the three stents. SOLID-
WORKS (Dassault Systemes, MA) was used to model the stent geometries and ABAQUS (Dassault
Systemes, MA) to conduct FEA. The stents had an outer diameter of 6 mm, a length of 40 mm and struts
with uniform thickness of 0.15 mm. These are hybrid stents with combined [Timaran et al. 2011] open-
and closed-cell sections (Figure 3). The open-cell sections improve flexibility and enhance stent-vessel
conformability without injuring the vessel [Pierce et al. 2009; Carnelli et al. 2011; Tadros et al. 2012].
The closed-cell sections provide sufficient radial strength and in the case of lesions, to secure plaques and
hold the plaque in position [Tadros et al. 2012; Hart et al. 2006; Bosiers et al. 2007]. The specifications
of stent models considered in this study are given in Table 1. All the three stents were laser-cut from
a nitinol tubes of 2.0 mm outer diameter (OD) and 0.18 mm thickness. They were then expanded and
shape set using a cylindrical mandrel to 6 mm x 40 mm (OD x length) following which electropolishing
was done to get a final strut thickness of 0.15 mm. The fabricated nitinol stents for testing are shown in
Figure 4.

2.2. Material model. Nitinol has been used as a stent material as it possesses excellent properties like
superelasticity, shape memory, corrosion resistance, biocompatibility, radiopacity, and fatigue resistance
[Hansen 2008; Duerig et al. 1999]. When cooled to a very low temperature, nitinol transforms fully to
martensite and becomes easily deformable and hence can be effortlessly crimped into a small catheter.
When the stent is released into the artery, it recovers to its predetermined, original diameter when exposed
to the body temperature which is higher than the Austenite finish (Af) temperature. The built-in Nitinol
UMAT was used for our stent simulations. In this model [Auricchio and Taylor 1997; Auricchio et al.
1997] the total strain is the sum of the elastic, transformation and the plastic strain. The mechanical
properties of nitinol used in this work are partly from our previous work [Kumar et al. 2013; 2014] and
partly based on the information given by our stent fabrication partner and are shown in Table 2.



Figure 1. Stent designs investigated in the study: 12 crown design (left), 9 crown design
(middle) and 6 crown design (right).

Figure 2. Stent designs with different crown numbers shown in their planar form:
12 crown design (left), 9 crown design (middle) and 6 crown design (right).
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closed-cell section

Figure 3. Representation of the stent cell specifications of the stents used in this work
(V stands for the distance in axial direction, H the distance in circumferential direction

and 6 the inter-strut angle).
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Figure 4. The three fabricated stents with varying crown numbers in the circumferential
direction: 12 crown design (left), 9 crown design (middle) and 6 crown design (right).
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stent 12 crown design 9 crown design 6 crown design
outer diameter, OD (mm) 6 6 6
length (mm) 40 40 40
number of crowns 12 9 6
vertical inter-strut distance, V (mm) 5 5 5
inter-crown distance, H (mm) 1.5 2.25 3
inter-strut angle, 6 (degree) 21 33 45
strut thickness (mm) 0.15 0.15 0.15
strut width (mm) 0.15 0.15 0.15

Table 1. Specifications of stent models considered in this study.

variables nitinol
Austenite elasticity, Eo (MPa) 40000
Austenite Poisson’s ratio, v 0.33
Martensite elasticity, Ey (MPa) 32000
Martensite Poisson’s ratio, vy 0.33
transformation strain, &' 0.041
loading (8/8T); (MPaT~!) 6.7
start of transformation loading, o' (MPa) 465
end of transformation loading, o (MPa) 480
reference temperature, Ty (°C) 22
unloading, (§0/6T), 6.7
start of transformation unloading, o} (MPa) 260
end of transformation unloading, o (MPa) 248
start of transformation stress in compression, o3 (MPa) —449
volumetric transformation strain, ! 0.041
Af temperature (°C) 37
strain limit, &pax 10%

Table 2. Nitinol material properties.

2.3. Computational simulation. The ABAQUS/Standard (v. 2017) FEA package was used to carry out
the nonlinear FE analysis. The stents were modeled with eight-node linear brick elements with reduced
integration and hourglass control. To make sure all the results were independent of further mesh re-
finements, mesh sensitivity studies were conducted. Mesh convergence was achieved by sequentially
increasing the number of elements until there was no appreciable difference in the stress at the end of
the analysis. The final mesh of the 6 crown, 9 crown and 12 crown stents comprised of 43,373, 72,481
and 103,845 elements, respectively. For the flat plate compression test, similar to an earlier work [Garcia
et al. 2012], each stent was placed between two rigid plates separated by a distance of 6.5 mm. The
stents were then compressed by imposing a displacement of 3 mm to the upper plate, similar to the
experimental test (described in Section 2.4), while constraining the lower plate in all degrees of freedom
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3mm

fixed :

Figure 5. Boundary conditions used in the simulation for radial compression. The lower
plate if fixed in to prevent rigid body translation in all three directions.

(see Figure 5). Contact between the plates and the stents was modeled with frictionless tangential and
hard normal contact. A penalty interaction property was used to enforce impermeable boundaries. The
reaction force after full loading was recorded.

2.4. Experimental setup. All tests were performed using an Instron 3345 machine (Instron, 825 Univer-
sity Avenue, Norwood, MA 02062, USA) at 20 °C-22 °C. For radial compression test which is similar
to the experimental test [Petrini et al. 2005] developed to estimate the radial force of stents, the loads
were applied over the full length of the stents with a plate 50 mm in diameter. All stents were placed
between two flat plates. No external supports were used for the stents. Three samples were tested for
each design (6, 9 and 12 crowns). For the individual stents, the test was repeated three times rotating the
stent twice by 120° to negate the possible influence of the rotational orientation of stent. A displacement
rate of 20 mm/min was used to start the test until a displacement of 3 mm was achieved. The force and
displacement data were recorded using the Instron Bluehill 3 modular applications software for both
loading and unloading processes. The experimental setup for the radial compression test is shown in
Figure 6.

3. Results

3.1. Simulation. The results obtained from simulation for the three flat plate compression tests are pre-
sented in Figure 7. The results show that the force required to produce a displacement of 3 mm increases
with a reduction in the number of crowns. These forces are 5.13N, 1.03N and 0.77 N for 6 crown,
9 crown and 12 crown stents, respectively. From the results it can be inferred that the 6 crown stent
shows higher crush resistance among the three designs in comparison to the other designs whose crown
number increases.

3.2. Experiment. Response to experimental compression tests is presented in Figure 8. The curves in
the experimental results plots represent the mean of the three individual test data for each design. From
the experiment, it is evident that the crush resistance of the 6 crown stent is the highest followed by the
9 crown and 12 crown stents. This trend is in agreement with the inference from our simulation results.
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Figure 6. Experimental setup for radial compression test.

4. Discussion

From the simulation and experimental results it could be inferred that even though the metal density
reduces as the crown number is reduced in the circumferential direction, surprisingly and contrary to the
common observation, the crush resistance of stents increases. There could be a couple of reasons for this

applied displacement = 3 mm

reaction force (N)

12 crown 9 crown 6 crown

stents

Figure 7. Results of the FEA study: 6 crown stent having maximum reaction force
among the three designs in agreement with our experimental results.
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Figure 8. Results of the Experimental study. Force-displacement curve for the radial
compression loading of the three stents.

trend. Firstly, when the number of crowns keeps getting reduced in the circumferential direction, there
is also a proportional reduction in the open-cell sections which causes the stent to have high stiffness
[Carnelli et al. 2011; Moore 2012; Hijazi et al. 2013] as open-cells offer lower stiffness. Secondly,
the relationship between crown angle and the crush resistance contributing to the above trend has been
explored below in details.

Each stent cell is made up of three basic elements: strut, link, and crown [Alaimo et al. 2017] re-
sponsible for crush resistance and crimpability. To understand the increase in the crush resistance with
a reduction in the number of crowns, we can consider the stent crown as a simple ring as shown in
Figure 9. The zoomed-in part shows one-half of the crown that is considered as a simple beam for the
below analytical model.

Let H be the ring height, L the total length, n the number of rings, & = (crown angle)/2. To obtain
the stiffness, a force F' is applied at two ends and thereby we have

2n

F- 0 F

AD:Z&-coséz—chosze, (D
i=1 ko ko

where A D is the total displacement in the direction of the force F, and k;, is the beam stiffness. We can

write the beam stiffness as
3E1 3EI

k: = s
T T (H/cos6)?

where E is the bending rigidity of stent strut. Thus the total stiffness kiotar s

ko1 = F/AD = C(cos6/n), 2)
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Figure 9. Stent cells being considered as a simple ring to study its stiffness behavior in
relation to the number of crowns.

where C = 3E1/2H?. The stiffness can be further expressed as

ktowat = C - : R — 3)
V1+(L/2nH)? n Vn?+L%/4H?

Equation (3) shows that when the number of crowns increases, the crush resistance decreases due to a re-

duction in the total stiffness. When the number of crowns increases, the deformation per crown decreases

for a given deformation, thus the load to produce the given total deformation reduces as illustrated in (3).

The value of ki as a function of »n is plotted in Figure 10, which directly illustrates the relationship

between the total stiffness (which determines the crush resistance) and the number of crowns.

5. Conclusion

In this paper the effect of number of crowns on the crush resistance of open-cell stents was studied
using FEA and validated through experiment and analytical model. The conclusion made from the
study is that the number of crowns in the circumferential direction was inversely proportional to crush
resistance of open-cell stents. This is of particular importance especially when stents are designed for
superficial locations like the carotid artery where high crush resistance is desirable due to the possibility
of the application of external loads. So designing stents with lesser number of open-cells will render
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Figure 10. Total stiffness vs number of crowns with the value of ki, as a function of n
according to (3).

them suitable for application in superficial blood vessels. This work will provide a guideline for stent
design in different applications, especially at superficial locations such as carotid and femoral arteries and
peripheral indications as per FDA standards where the stents are usually subjected to external loadings
during the human activities of daily living.
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