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Abstract

Purpose—Polymer covered stents have demonstrated promis-
ing clinical outcomes with improved patency rates compared
to traditional bare-metal stents. However, little is known on
the mechanical implication of stent covering. This study aims
to provide insight into the role of a polymeric cover on the
biomechanical performance of self-expanding laser-cut stents
through a combined experimental-computational approach.
Methods—Experimental bench top tests were conducted on
bare and covered versions of a commercial stent to evaluate
the radial, axial and bending response. In parallel, a
computational framework with a novel covering strategy
was developed that accurately predicts stent mechanical
performance. Different stent geometries and polymer mate-
rials were also considered to further improve understanding
on covered stent mechanics.

Results—Results show that stent covering causes increased
initial axial stiffness and up to 60% greater radial resistive
force at small crimp diameters as the cover folds and self-
contacts. The incorporation of a cover allows stent designs
without interconnecting struts, thereby providing improved
flexibility without compromising radial force. It was also
shown that use of a stiffer PET polymeric covering material
caused significant alterations to the radial and axial response,
with the initial axial stiffness increasing six-fold and the
maximum radial resistive force increasing four-fold com-
pared to a PTFE-PU covered stent.

Conclusion—This study demonstrates that stent covering has
a substantial effect on the overall stent mechanical perfor-
mance and highlights the importance of considering the
mechanical properties of the combined cover and stent.

Keywords—Covered stent, Finite element analysis (FEA),
Stent testing, Nitinol.
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INTRODUCTION

Atherosclerosis, characterised by luminal narrowing
and blood flow obstruction, is the leading cause of
death worldwide.”® Endovascular stenting is a com-
monly used intervention for severe atherosclerosis,
with an estimated three million stents implanted
annually.* Despite their widespread use, there are
several recurring clinical problems associated with
stenting, including injury to the arterial wall upon
implantation, in-stent restenosis,”” 47 increased risk of
plaque embolization, and thrombus formation.® In
particular, stent implantation in vessels that experience
high flexion remains problematic with many occur-
rences of stent fracture requiring high re-intervention
rates.’’” ** To address complications associated with
conventional bare-metal stents (BMS), a number of
new endovascular stent designs have emerged, includ-
ing covered stents, whereby the metallic stent is com-
bined with a flexible polymer. These coverings are
typically made from expanded polytetrafluoroethylene
(ePTFE), polyurethane (PU) or polyethylene tereph-
thalate (PET/Dacron) and applied to the stent frame
through suturing, wrapping, dip-coating or electro-
spinning processes.'® Covering a laser-cut stent re-
places the open spaces between the stent struts with a
polymer membrane to create a solid-walled tubular
device and these have been effective in excluding
aneurysms,” preventing tumour in-growth,> and seal-
ing perforated vessels.”® Covered stents also have
benefits in reducing the incidence of tissue in-growth
and re-embolization, as the cover acts as a mechanical
barrier between the bloodstream and the vessel wall,>”-
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3 Importantly, covered stent configurations provide a
continuous, stabilising link across the metallic frame,
reducing the need for interlinking struts and thus
allowing more innovative stent designs.

Current clinical research on covered stents shows
improved patency outcomes, where patency is defined
as an absence of a flow-limiting occlusion, compared to
bare-metal stents in complex femoropopliteal®” 27+ %
and iliac lesions.® ** 3% 3% For example, the Viabahn
Endoprosthesis (W.L. Gore and Associates, Flagstaff,
Arizona) is an ePTFE covered self-expanding Nitinol
stent with established safety and efficacy for peripheral
artery disease treatment in long and complex regions.*
Compared to bare-metal peripheral stents, the Via-
bahn device has demonstrated significantly improved
patency (78.1 vs. 53.5% in a BMS), improved freedom
from revascularisation (85 vs. 77% in a BMS) and
reduced incidences of restenosis (9 cases vs. 22 in a
BMS) after a 12-month follow-up.?’ Similarly, for
treatment of complex iliac lesions, the balloon-ex-
pandable covered Advanta VI2 (Atrium Medical
Corp, Hudson, NH) has shown reduced incidences of
restenosis at 18-months (8 cases vs. 20 in the BMS
group). However, despite these promising clinical re-
sults, few studies have investigated the biomechanical
performance of covered stent systems, which implies
that there is lack of understanding on the mechanical
implication of adding a polymer cover on the overall
functional performance of the device.

Laser-cut stents have advanced considerably in re-
cent times and there is now a wide variety of designs
available, whose functional properties can be tailored
for specific clinical applications. In particular, radial,
compressive and bending behaviour can be optimised
by tailoring the unit cell design (e.g. open-/closed-
cell),> ' strut width/thickness'” ** and/or the stent
material properties. Separately, polymer covering
materials are evolving with improved haemocompati-
bility, biocompatibility and mechanical properties, and
have prospects as effective drug delivery systems due to
the large contact area with the luminal wall.'> * De-
spite the relatively low stiffness of these polymer
materials compared to the stent frame itself, there is
evidence that they may lead to unwanted changes in
mechanical performance, which could be detrimental
for the intended application. For example, a recent
study on a tracheobronchial laser-cut stent system
showed that the addition of a polycarbonate-urethane
cover more than doubled the maximum radial force at
crimp, compared to the bare-metal stent alone.*> Our
recent studies on covered braided stents showed that
the addition of a cover led to substantial increases in
both radial and axial stiffness, by altering the funda-
mental deformation mechanisms involved in these
wire-based stent configurations.*® 7 Other studies on

the mechanics of covered stents are limited, with
research in this area mainly focussing on large stent-
grafts with separated wire rings intended for abdomi-
nal artery aneurysms.'> '* 2% %> Given that covered
stent systems are providing promising clinical results
across a range of applications, there is a clear need to
develop a thorough understanding of their mechanics
as we aim for a biometric design capable of accom-
modating arterial deformation.*®

This study presents a combined experimental-com-
putational investigation into the role of a polymer
cover on the biomechanical performance of self-ex-
panding laser-cut stents. Firstly, a detailed experi-
mental evaluation of the biomechanical properties of
the open-cell Precise Pro (Cordis Endovascular, a
Johnson & Johnson company, Miami, FL) stent is
presented, whereby the radial, axial and bending
response of both bare-metal and polymer-covered
versions of the stent are determined. In parallel, a
validated computational framework is developed that
enables accurate predictions of the mechanical per-
formance of this polymer-covered stent system. This
computational framework is then used to provide
further insight into covered stent mechanics by con-
sidering a range of unit-cell designs (i.e. closed-cell and
separated z-rings) and polymer cover properties.

MATERIALS AND METHODS

Experimental Testing

The mechanical response of bare and covered laser-
cut self-expanding stents was evaluated experimentally
by conducting radial compression, axial compression
and bending tests. This test sequence was performed on
two bare-metal stents, then the stents were covered and
the test sequence was repeated.

Stent Geometry

Experimental testing was carried out on Precise Pro
open-cell laser-cut stents (Cordis Endovascular, a
Johnson & Johnson company, Miami, FL), shown in
Fig. la. Each stent had an outer diameter of 7.2 mm, a
length of 30 mm and a strut thickness of 200 pm,
typical dimensions for biliary or femoropopliteal
stents.’” 3% The stents were covered through a wrap-
ping/forming process, whereby a polyurethane-poly-
tetrafluoroethylene (PU-PTFE) composite polymer
membrane was applied on both the interior lumen and
the adluminal stent surfaces in a sandwich-like con-
figuration. Each layer had a thickness of 12.5 um, so
the cover thickness between the stent struts was 25 um.
A fully covered stent is shown in Fig. 1b.
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FIGURE 1. (a) Bare-metal Precise Pro stent (Cordis Endovascular, a Johnson & Johnson company, Miami, FL), and (b) its covered
counterpart. Inset shows the cover on lumen and adluminal stent surfaces.

(a) (b)

()

FIGURE 2. Experimental and computational test setup for (a) radial compression, (b) axial compression, and (c) bending.

Radial Compression

Radial force testing was carried out at 37 °C using
an 8-plate crimping head (RCM-H60, MPT Europe)
connected to a Zwick uniaxial test machine with a
100N load cell (Zwick Roell, GmbH & Co., Germany).
Each test was performed with a plate displacement rate
of 0.1 mmy/s. The bare-metal stents were crimped from
their expanded diameter of 7.2 mm to a crimped
diameter of 2 mm. The covered stents were radially
crimped first to a diameter of 4 mm and released, be-
fore repeating this crimp/release cycle sequentially to
diameters of 3 mm, 2.33 mm and 2 mm. The covered
stents were left in their original configuration for at
least five minutes between each test. From the resulting
force-displacement data, frictional effects were
removed and then the data was converted to a radial
system with radial force-diameter data. The radial
response was normalised to the original stent length.
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The force required to crimp the stent indicates the
radial resistive force (RRF), while the force generated
during stent expansion indicates the chronic outward
force (COF). The initial radial stiffness was measured
as the secant modulus to a crimped diameter of 6 mm.

Axial Compression

Axial compression was performed on each stent
using a Zwick uniaxial test machine with a 10N load
cell (Zwick Roell, GmbH & Co., Germany) at a dis-
placement rate of 0.5 mmy/s. Each end of the stent was
secured with cylindrical supports and spring clamps,
described previously in*®, with a grip-to-grip separa-
tion of 25 mm. The bottom support was fixed, while
the top support was displaced downwards by 5 mm to
compress the stent to 20% strain (see Fig. 2b). The
initial axial stiffness was calculated as a slope of linear
fit up to 1% compressive strain.
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Bending Behaviour

To evaluate the bending behaviour of bare and
covered open-cell Precise Pro stents (Cordis Endovas-
cular, a Johnson & Johnson company, Miami, FL),
each stent was held at a 90° bend. The stent was again
secured with cylindrical supports at each end and the
ends were fixed into tight fit holes, while the central
portion of the stent was free to deform by bending. The
resulting deformation was observed.

Stent Computational Modelling
Stent Geometry

Three bare-metal stents were created in Abaqus with
geometries that differed only in interconnecting struts.
The open-cell stent was based on the experimentally
tested Precise Pro stent (Cordis Endovascular, a
Johnson & Johnson company, Miami, FL), where
dimensions were obtained from analysing microscope
images with Image] image processing software. The
stent consisted of 17 interconnected rings with an outer
diameter of 7.2 mm, comprising a total length of 30

Repeating unit

Bare-metal stent

mm. Each strut had a rectangular cross-sectional
profile with dimensions 93 ym x 200 um (width x
thickness), while the interconnecting segments had a
cross-sectional profile with dimensions 60 um x 200
um. A repeating segment of the stent was drawn in
Abaqus, meshed, bilinearly patterned and then wrap-
ped into a cylindrical coordinate system to create a
fully expanded stent geometry. This design was modi-
fied to create a closed-cell stent with interconnecting
struts on each crown and a separated z-ring stent with
no interconnecting struts, shown in Fig. 3. Each stent
had four elements through the strut width and five
elements through the strut thickness,* to give a mesh
with at least 470,000 eight-noded linear brick (C3D8R)
elements with enhanced hourglass control to avoid
unphysical modes of mesh deformation of the reduced
integration elements.

Stent Covering

Two covering methodologies were implemented in
this study. The first method is commonly used in the
literature, where a cylindrical polymer cover is com-

Covered stent

FIGURE 3. Stent geometries of the three stent designs analysed in this study, where (a) has an open-cell design representative of
the commercially available Precise Pro stent (Cordis Endovascular, Miami, FL), (b) has a closed-cell design and (c) has separated z-
rings. Note that the red areas in the covered stents represent tie locations.
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pletely bonded to the stent with a Tie constraint
between the stent and cover.'* ** *® The polymer cover
was modelled as an idealised shell cylinder with a
length of 30 mm, an inner diameter of 7.2 mm, and a
shell thickness of 25 um. The cover geometry was
meshed with 270,748 shell (S4R) elements with en-
hanced hourglass control. A Tie constraint was defined
between the polymer cover and the outer surface of the
stent.

In the second method, the experimental covering
process was simulated, whereby the stent was wrapped
with inner and outer polymer covers in a sandwich-like
configuration. Each cover wrap had a shell thickness of
12.5 ym and was slightly longer than the stent (31 mm)
with tapered ends. The cover geometry was meshed
with 1,502,846 shell (S4R) elements with enhanced
hourglass control. In the covering step, a small pres-
sure load was applied to the inner (2.5 kPa) and outer
(5 kPa) covers so that the covers contacted between
struts, shown in Fig. 4. The resulting covered stent
geometry was exported in a stress-free state, and
stent/cover adhesion assumed by implementing a Tie
constraint between the inner and outer covers, where
tied areas are shown in red in Fig. 3c.

Material Properties

Nitinol material properties were assigned to each
stent using the in-built constitutive model for super-
elasticity.* Nitinol parameters, given in Table 1, were
calibrated based on the experimental radial force and
axial compression response. The effects of plastic
deformation were not considered. Material properties
for the polymer cover were obtained from tensile

(b)
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testing a thin strip sample of the PU-PTFE composite
polymer at room temperature. A sample with dimen-
sions of 100 mm x 17.5 mm x 0.05 mm (length x
width x thickness) was tested under uniaxial loading at
10 mm/min using a Zwick uniaxial test machine in
conjunction with a 10 N load cell (Zwick Roell, GmbH
& Co., Germany). The PU-PTFE polymer behaviour
was approximated as an elastic-plastic material with an
elastic modulus of 91 MPa and a yield stress of 3 MPa,
as shown in Fig. 4b. The effect of a stiffer covering
material with properties in the range of polyethylene
terephthalate (PET, Dacron) was also analysed, de-
scribed as an elastic-plastic material with an elastic
modulus of 910 MPa and a yield stress of 40 MPa.?

Model Formulation and Boundary Conditions

Radial compression, axial compression and bending
were simulated using Abaqus/Explicit v6.14 (SIMU-
LIA, Dassault Systémes). To ensure that dynamic ef-
fects were negligible, the ratio of kinetic energy to
internal energy was kept below 5% after initial contact
between the stent and rigid surfaces. In each simula-
tion, general contact using a penalty contact method
and a friction coefficient of 0.2 was defined between all
contacting surfaces (e.g. stent, cover, plates).

Radial Compression

Radial compression was simulated by placing the
stent in the centre of eight rigid body plates, shown in
Fig. 2a. The plates were displaced radially inwards
with a smooth step amplitude to crimp the stent and
then allow it to expand back to its original diameter.

w

~

w

-

N

Eng Stress, MPa

——Computational fit
A Experimental data

Eng Strain

FIGURE 4. Detail of the stent covering simulation where (a) shows the cover deformation throughout the simulation and (b)
compares experimental and computational covered stent profiles and the uniaxial tensile material response for the polymer cover.
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TABLE 1. Nitinol material parameters used in the Abaqus constitutive model.

Symbol Parameter Value
Ea Austenite elasticity (MPa) 45,000
Va Austenite Poisson’s ratio 0.3

Ewm Martensite elasticity (MPa) 30,000
VM Martensite Poisson’s ratio 0.3

&L Transformation strain 0.05
o> Start of transformation loading (MPa) 330

o F End of transformation loading (MPa) 400
oo Start of transformation unloading (MPa) 120
ouf End of transformation unloading (MPa) 100
oc® Start of transformation stress during loading in compression (MPa) 330
et Volumetric transformation strain 0.05

The radial force response of the stent was determined
from the sum of the axial forces on the eight plates.
The hypothetical situation of a stent composed of
separate z-rings was also evaluated by simulating ra-
dial compression of a single ring and scaling the
resulting force to account for the entire stent length.

Axial Compression

To replicate the experimental axial compression
setup, a 2.5 mm longitudinal section at each end of the
stent was coupled to a corresponding reference point at
each end of the stent. Equal and opposite 2.5 mm
displacements were applied longitudinally through
each reference point, with all other directional and
rotational boundary conditions fixed, to result in 20%
compression of the unconstrained portion of the stent.
The resulting axial force is evaluated from the refer-
ence point.

Bending Behaviour

The bending behaviour of bare and covered stents
was simulated by applying a rotation of 90° to one end
of the stent, while the other end is held fixed. Similar to
the axial compression model above, boundary condi-
tions were applied through a reference point coupled to
a 2.5 mm longitudinal section at the end of the stent.

RESULTS

Experimental Results and Model Validation

Experimental and computational radial force results
for bare and covered open-cell Precise Pro stents
(Cordis Endovascular, a Johnson & Johnson company,
Miami, FL) show excellent agreement (Fig. 5). From
the experimental average radial force curves in Fig. Sa,
the addition of a polymer cover resulted in approxi-
mately 1.1 times greater RRF between crimp diameters
of 6 and 3 mm for the first three radial compression

cycles. The differences in radial response between bare
and covered stent systems became particularly promi-
nent at small crimp diameters, where RRF increases of
39% and 60% were observed in covered stents at crimp
diameters of 2.33 mm and 2 mm respectively (see Ta-
ble 2). Otherwise, the RRF and COF were largely
similar between bare-metal and covered stent systems.

There is a notable decrease in the radial force
response for the covered configuration in the final ra-
dial compression cycle to a crimp diameter of 2 mm
(Fig. 5a). Here, the computational model provides
additional insight into the change in radial response
that occurs experimentally with consecutive radial
compression cycles. Computationally, the radial
response of covered stents is accurately predicted for
the initial compression cycles when it is assumed that a
cylindrical cover is completely bonded to the outer
surface of the stent, implemented with a “Tie” con-
straint between the stent and cover, as shown in red in
Fig. 5b. Meanwhile, the final radial compression cycle
is predicted by assuming loosening of the adhesive
bond, where the experimental covering process is rep-
resented more accurately with inner and outer covers
in a sandwich configuration and tied bonds only
between the inner and outer covers (Fig. 5¢). Model-
ling a loosened stent/cover bond assumes that some
damage or detachment of the cover took place during
radial force testing. With this covering strategy, the
computational model accurately captures the radial
stiffening that occurs at small crimp diameters, with
the model identifying that this is caused by self-contact
of the polymer cover as it folds over on itself at full
crimp. Aside from the stiffening behaviour seen in
covered stents at small diameters (< 3 mm), the
computational model predicts similar RRF and COF
for bare-metal and covered stent systems, as shown in
Table 2.

Considering that these covered stents are first radi-
ally compressed (as is also the case in vivo), it is rea-
sonable to assume a loosened cover configuration with
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FIGURE 5. (a) Averaged experimental radial compression response (n = 2) for bare-metal and covered Precise Pro stents, where
the bare stents were crimped to a diameter of 2 mm and the covered stents were crimped to diameters of 4, 3, 2.33 and 2 mm
consecutively. (b) Computational results show that a cylindrical cover with attachment represented with a tie constraint between
the cover and stent results in good agreement to the second radial test conducted, while (c) shows that a “sandwiched” cover with
attachment represented by a tie between inner and outer covers results in good agreement to the final crimp to 2 mm diameter.

TABLE 2. Comparison of bare-metal and covered Precise Pro stents in terms of key radial response parameters (averaged from n
= 2); initial radial stiffness, radial resistive force (RRF) and chronic outward force (COF), with experimental and computational
values given.

Bare-metal Covered
Experimental Computational Experimental Computational
Initial radial stiffness (per unit length) (N/mm/mm) 0.729 + 0.0010 0.657 0.680 + 0.0107 0.684
RRF at 5 mm (N/mm) 1.066 + 0.0262 0.980 1.038 + 0.0334 1.029
Max radial force (N/mm) 1.535 + 0.0247 1.730 2.437 + 0.0252 2.965
COF at 5 mm (N/mm) 0.433 £+ 0.0148 0.393 0.406 + 0.0056 0.344

inner and outer covers tied for all subsequent tests.
Results show that this computational model accurately
predicts the behaviour of bare-metal and covered
open-cell stents under axial compression (Fig. 6a) and
bending (Fig. 6b). It is notable that the axial force
response of the bare-metal Precise Pro stent is in a
similar range to experimental testing carried out on

in cross-sectional area compared to a bare-metal stent
at a 90° bend angle.

Radial Compression

Simulated radial compression results for stents with
open-cell, closed-cell and separated z-rings geometries

similar sized stents.>® Covered stents have a stiffer axial
response compared to their bare-metal counterpart,
with the maximum experimentally observed axial
compressive force 1.6 times greater for a covered stent
compared to a bare-metal stent. In terms of bending
deformation, experimental and computational results
show that a covered stent exhibits a greater reduction
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are summarised in Fig. 7. The results show that geo-
metrical alterations in interconnecting struts do not
have a substantial effect on the radial response. For
each geometry investigated, the addition of a cover
causes an increase in radial force, particularly at small
diameters (< 3 mm) where, again, there are large
amounts of self-contact in the cover and contact
between the stent and cover observed. The angled
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FIGURE 6. Experimental and computational response of bare-metal and covered Precise Pro stents under (a) axial compression
and (b) bending. These tests were experimentally tested after radial compression, so for validation purposes, cover attachment is

simulated with a tie between inner and outer covers.
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FIGURE 7. Simulated radial force behaviour for bare-metal and covered stents with (a) an open-cell Precise Pro geometry, (b) a

closed-cell geometry and (c) a separated z-rings geometry.

interconnecting strut segments in the covered open-cell
stent causes more cover/cover and stent/cover contact
at low crimp diameters, resulting in the highest maxi-
mum radial force (3.03 N/mm) and the highest cover
stress concentrations in the region of the intercon-
necting segments (see Fig. 7a).

Axial Compression

The deformation and maximum principal stress dis-
tribution in covered stents after axial compression is
shown in Fig. 8. The open-cell stent accommodates axial
deformation by shifting the stent segments into the free
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cell areas, which necessitates some bending of the
interconnecting struts and therefore causes stress con-
centrations at the interconnecting struts and their
adjacent struts. The large number of interconnecting
segments in the closed-cell stent increase the axial
rigidity, so deformation is achieved by an outward bul-
ging of a large portion of the stent while generating high
maximum principal stresses in both the stent and the
cover. Meanwhile, axial compression of the covered
stent with separated z-rings is predominantly accom-
modated by folding of the polymer cover, with only low
levels of stress in the stent. The axial stiffness of each
stent varied considerably, with initial axial stiffness
values (up to 1% compression) of 0.80 N/mm, 92.06 N/
mm and 0.56 N/mm for covered versions of the open-cell
stent, closed-cell stent and separated z-rings stent
respectively. The bare-metal stents had initial axial
stiffness values of 0.36 N/mm and 41.19 N/mm for the
open-cell stent and closed-cell stent respectively.

Bending Behaviour

Bending deformations of all stent geometries eval-
uated in this study are presented in Fig. 9. Bare and

Max. Principal Stress

McKENNA AND VAUGHAN

covered versions of the closed-cell stent kink upon
bending and show the largest stress concentrations,
while the stent composed of separated z-rings accom-
modates bending without kinking and with little
reduction in the lumen cross-sectional area.

Effect of Cover Properties

The effect of a stiffer polyethylene terephthalate
(PET, Dacron) cover was evaluated on the open-cell
Precise Pro stent (Cordis Endovascular, a Johnson &
Johnson company, Miami, FL). The radial, axial and
bending responses of stents covered with a PET poly-
mer (elastic modulus 910 MPa) was compared to
stents covered with a PTFE-PU polymer (elastic
modulus = 91 MPa), shown in Fig. 10. The results
show that the radial response of the PET-covered stent
was considerably stiffer compared to the PTFE-PU-
covered stent, with increased initial radial stiffness and
RRF throughout the crimp cycle (Fig. 10a). This
increased stiffness became more pronounced at small
diameters, where the PET-covered stent resulted in 1.7
times greater RRF at a crimped diameter of 2 mm
compared to the PTFE-PU-covered stent. Radial
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150 “© - =3 e
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FIGURE 8. Maximum principle stress contour plots and axial force during axial compression of bare-metal and covered stents
with (a) open-cell Precise Pro, (b) closed-cell and (c) separated z-ring geometries. Note that the contour plot images represent
deformation at the buckling point for the closed-cell stent, indicated by markers on the force curves.
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FIGURE 9. Bending deformations and maximum principal stress in bare-metal and covered laser-cut stents with (a) an open-cell
Precise Pro geometry, (b) a closed-cell geometry and (c) a separated z-ring geometry.
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crimping of the covered stents caused permanent
deformation, particularly in the PET-covered stent.
Under axial compression, the PET-covered stent also
had a stiffer response with an initial axial stiffness (up
to 1% compression) of 4.7 N/mm, representing a six-
fold increase in stiffness compared to the PTFE-PU
covered stent. The bending deformation between the
two covered stents was relatively unchanged, however
greater stress was observed in the cover of the PET-
covered stent.

DISCUSSION

This study investigated the biomechanical perfor-
mance of bare-metal and polymer covered laser-cut
stents through experimental and computational meth-
ods. Both experimental and simulated radial force
testing demonstrated that the addition of a PTFE-PU
polymer resulted in only modest increases in radial
response at large crimp diameters, but substantial ra-
dial stiffening at small crimp diameters as the cover
folded and self-contacted. It was also found that cov-
ered stents required greater force to axially compress
and had a reduced cross-sectional profile under bend-
ing compared to an equivalent bare-metal stent. To
accurately model the covered stent and correctly cap-
ture its mechanical behaviour, a novel covering strat-
egy was developed which accounted for the covering
manufacturing process. The computational model
showed good agreement to radial, axial and bending
experimental data, and was used to provide further
insight into covered stent mechanical performance by
considering a PET cover, as well as closed-cell and
separated z-ring stent configurations. Results demon-
strated that the use of a stiffer PET cover significantly
altered the radial and axial response, with a six-fold
increase in initial axial stiffness compared to the PTFE-
PU covered stent. Additionally, it was shown that
changes in interconnecting struts had significant
implications in terms of deformation and stress during
axial and bending loading, but a less notable effect on
the radial response. Importantly, it was shown that
incorporation of a thin polymer cover enables the use
of disconnected metallic stent segments, to give a de-
vice with improved capability under axial compression
and bending deformations. This study represents an in-
depth investigation into role of a cover on the
mechanical behaviour of laser-cut stents and provides
a robust computational model for covered stents with
experimental validation conducted under three differ-
ent loading regimes.

The applicability of covered laser-cut stents has
extended beyond their traditional use as stent-graft
devices for aneurysm-exclusion, with attempts to uti-
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lise covered stents in small diameter vessels in the
peripheral,®’ coronary*' and biliary® systems. In the-
ory, covered stents promise reduced restenosis,* with
the cover acting as a mechanical barrier to tissue in-
growth, yet this doesn’t consistently translate into
reliable clinical outcomes in small-diameter applica-
tions.”! While numerous clinical studies have investi-
gated the superiority of bare-metal or covered stents,?*
24 27. 38 relatively few experimental or computational
studies have attempted to explain the mechanical
implication of stent covering to give more context to
this problem.* 7 Previously, it was shown that the
addition of thin polymer covers to wire braided stents
resulted in substantially stiffer radial and axial
responses (up to ten-fold for a 25 um cover).’” The
experimental results presented in this study show that
covering an open-cell Precise Pro stent (Cordis
Endovascular, a Johnson & Johnson company, Miami,
FL) with a 25 yum PTFE-PU cover has minimal effects
on the radial response with relatively unchanged RRF
and COF values up to crimp diameters of 3 mm. While
this PTFE-PU cover is relatively compliant (£ = 91
MPa), we still observed substantial increases in the
maximum radial force when the device was crimped to
2 mm diameter, which could have implications in
deliverability and crimping onto a catheter. The com-
putational model showed that this is a result of the
cover folding in the space between the metallic struts,
which caused large amounts of self-contact and con-
tact with the stent. For the stiffer PET-based cover (£
= 910 MPa), the initial radial and axial stiffness
increased by 5 and 487% respectively compared to the
PTFE-PU covered stent. Here it was found that cover
stiffness has a more notable effect on the initial axial
response since stiffening of gaps between the metallic
stent frame increases the resistance to axial compres-
sion. To advance the development of covered stents
and explain the variations in clinical outcomes, further
insight is required on the mechanical implication of
stent covering and its associated design considerations.

Bare and covered versions of different stent
geometries were analysed to determine the combined
effect of the stent frame and the cover. Under radial
compression, the open-cell stent resulted in the highest
forces as the interconnecting struts were circumferen-
tially aligned and therefore provided greater resistance
to crimping. There was little difference in the radial
response of the closed-cell and separated z-ring stents
because here, the axially-aligned interconnecting struts
in the closed-cell stent did not impede the radial
deformation. Stent geometry had more significant ef-
fects on the axial and bending behaviour, as the
interconnecting struts dictated the deformation mech-
anism. Under compression, the high volume of inter-
connecting struts in the closed-cell stent generated a
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stiff axial response where the stent bulged radially
outwards to accommodate deformation, generating
high stress concentrations (Fig. 8). The covered closed-
cell stent bulged outwards in two locations in a sym-
metrical manner, similar to harmonic buckling modes
seen in axially-loaded elastic cylinders.”> Meanwhile,
compression deformation in the separated z-rings stent
was accommodated almost entirely by folding of the
cover, so the device was axially compliant and stresses
were small. The separated z-rings stent has a similar
design concept to the Viabahn Endoprosthesis, where
metallic rings are connected with a polymer cover.
Mechanical testing of the Viabahn Endoprostesis re-
vealed low axial and bending stiffness, correlating with
the results in the present study.’® Stent covering had
less influence on the open-cell stent than the closed-cell
stent, because the cover could fold and buckle as op-
posed to the large amounts of stretch required to de-
form the closed-cell stent. The capability of a stent to
retain its lumen cross-sectional area upon bending is
particularly important for applications in the dynamic
femoropopliteal arteries, where there are large
amounts of bending” ?° and stent kinking is considered
pre-emptive to vessel occlusion.” In Fig. 9, the only
stent configuration that did not exhibit some degree of
kinking was the covered separated z-rings stent.
Additionally, it was shown that stress in the covered
separated z-ring stent was significantly lower compared
to that in the open-cell and closed-cell stents, sug-
gesting a lower likelihood of stent fracture. Interest-
ingly, this is in line with clinical data, where three-year
stent fracture rates are only 2.3% with the Viabahn
Endoprosthesis (W.L. Gore and Associates, Flagstaff,
Arizona), an ePTFE-covered device composed of sep-
arate z-rings, compared to 50% in a traditional bare-
metal stent.'®

This study presents a novel computational method
to simulate the covering process for self-expanding
laser-cut stents. The main limitations of this paper
relate to the large number of different covered stent
configurations that exist and the range of manufac-
turing techniques that are used in industry. This paper
focuses on the impact of covering stents with a thin
polymer, but it should be acknowledged that there are
many other variables concerning structural aspects of
the polymer cover like cover thickness, the manufac-
turing process (electrospun, weaved, knitted) and the
adhesion method (dip-coated, sutured), which would
affect the overall functional behaviour. It is important
to acknowledge that the stents experimentally tested in
this study were covered by a wrapping process, and
therefore the novel computational covering technique
may not be relevant for covered stents which are ad-
hered through other processes (e.g. suturing). Existing
computational models of covered stents generally use

an idealised cylindrical shell membrane with perfect
bonding assumed between the stent and cover through
a tie constraint'® '* 4> % or no-slip contact.'
However, this study found that an idealised cylindrical
cover with stent-cover bonding resulted in over-pre-
diction of the radial and axial stiffness. The mechanical
behaviour of the covered stent was better captured by
accounting for the experimental cover geometry where
inner and outer polymer layers were vacuumed onto
the stent frame in a sandwich configuration. A similar
study on covered laser-cut stent configurations for
tracheobronchial applications has also highlighted the
importance of precisely capturing the stent-cover
interaction around the hinges in the stent frame to
accurately predict radial responses.*> However, while
the more complex novel covering strategy presented in
this paper yields more accurate results, this comes at a
greater computational cost since an additional step is
required to create the cover geometry and the contact
definition is more complex. Also, stent/cover or cov-
er/cover delamination is not implemented in the model.
The differences observed with different covering
strategies in Fig. 5 further demonstrate how the cov-
ering technique itself could influence the subsequent
functional performance of the device. Given the range
of possible manufacturing techniques available, careful
consideration should be given to modelling approach
chosen to predict cover response. It should also be
acknowledged that this paper focuses on the radial,
axial and bending performance, while neglecting multi-
dynamic physiological loading and fatigue responses.
Future work could involve further development of this
model to investigate more complex/combined loading
and evaluate the long-term fatigue response of covered
stents. In particular, the model presented here investi-
gated the functional performance of the polymer cov-
ered stents through in-silico bench testing. The model
could be extended to predict the implanted perfor-
mance, by simulating the deployment of devices in
idealised or realistic arteries.

CONCLUSIONS

This study presented the role of a polymer cover on
the biomechanical performance of self-expanding la-
ser-cut stents through experimental and computational
methods.

Experimental benchtop testing was carried out on
bare and covered versions of the open-cell Precise Pro
stent (Cordis Endovascular, a Johnson & Johnson
company, Miami, FL) and a computational model
with a novel covering strategy was developed to
accurately capture the mechanical performance of bare
and polymer-covered stent systems. The computa-
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tional model was further used to consider several stent
designs and the effect of a stiffer polymer cover.

In general, it was found that the addition of a
polymer cover increased the radial and axial stiffness in
all stent geometries considered, with further increases
in stiffness when a stiffer covering material was con-
sidered. The effect of covering on the overall stent
performance was not always obvious, highlighting that
the mechanical behaviour of the combined stent and
cover should always be considered. It was demon-
strated that interconnecting stent segments can have a
negative effect on stent flexibility and cause large
increases in the initial axial stiffness. However, an
alternative solution is a covered stent with separated z-
rings to provide improved flexibility without compro-
mising radial force.
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