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Abstract

Several medical papers have reported delamination of the coating from the stent-substrate
following intravascular deployment leading to adverse outcomes for patients. However, the
mechanisms of delamination of such polymer coatings from the surface of a stent due to large
deformations during device deployment has not been studied. In this paper, a novel and in-
depth investigation of the mechanisms and parameters that govern stent-coating delamination
is performed, using a cohesive zone formulation to simulation the evolution of traction at the
stent-coating interface. The study firstly analyses the behaviour of elastic coatings on idealised
elastic stent substrates. Simulations reveal that the mode mixity of delamination is strongly
dependent on the level of stent deployment at initiation. In general, peak normal tractions
exceed peak shear tractions at low levels of stent deployment whereas the reverse trend is
computed at high levels of stent deployment. Interface tractions increase with both increasing
stent thickness and coating thickness suggesting that thinner stents and thinner coatings should
be utilised for the delivery of antiproliferative drugs in order to reduce the risk of coating
delamination. Next, the influence of stent plasticity on interface tractions and coating
delamination is investigated. Even at low levels of deployment, plastic yielding occurs in the
stent hinge region and the patterns of normal and shear tractions are found to be significantly
more complex than those computed for elastic stents, with both tensile and compressive regions
of normal traction occurring in the stent arch. At a high level of stent deployment shear tractions
at the stent-coating interface are computed to increase with decreasing strain hardening
modulus. The findings of this paper provide a new insight into the stress-state at the stent-
coating interface as a function of the stent design parameters and large deformation elasticity
and plasticity during deployment, allowing for a more reliable assessment of the limits relating
to safe implantation of coated stents.
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properties

1 Introduction

Over 20,000 published articles can be found on finite element simulations of stents. However,
to the authors knowledge, fewer than ten previous papers have included stent coating
delamination in finite element analysis of stent performance (two further papers include a
coating in a finite element model, but simplistically assume a rigid perfect bond between the
coating and stent (Lee et al., 2014; Schiavone et al., 2014)). FDA regulatory guidelines for non-
clinical analysis of stent performance set a requirement for finite element analysis of stents, no
guidelines or recommendations have been issued in relation to the finite element analysis of
the mechanical behaviour and damage of stent coatings (FDA, 2010). The lack of mechanistic
analysis of coated stents is remarkable, given that implantation of polymer coated drug eluting
stents is the dominant treatment strategy for patients with symptomatic coronary artery disease
(Torii et al., 2020). Moreover, the current global market value of drug eluting stents is $5.63
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billion and growing. The absence of a robust body of literature on the finite element design and
analysis of polymer coated stents is more surprising and alarming given that several
experimental benchtop tests of drug eluting stents using scanning electron microscopy have
reported delamination of polymer coatings from the stent surface during deployment (Chen et
al., 2018; Fujimoto et al., 2018; Kollum et al., 2005; Levy et al., 2009). Such delamination is
of critical importance from a clinical viewpoint, potentially leading to thrombosis,
inflammation, micro-embolism formation and impaired drug delivery (Hoffmann et al., 2002;
Kollum et al., 2005; Levy et al., 2009). Indeed, it is reasonable to suggest that delamination
and fracture of coatings may result in migration of debonded fragments of drug eluting to non-
diseased sections of the artery, with subsequent drug elution potentially causing significant
damage to healthy arterial tissue.

The potential delamination risk of a polymer coating from a metallic stent surface
should not be surprising, given that plastic strains of 30-50% develop in the hinge region of a
stent during balloon expansion/deployment. Indeed the entire design principle upon which
stents are based is the generation of high plastic strains so that the stent retains its expanded
configuration, and thus acts as a permanent structural support to maintain a large lumen and
sufficient blood flow through the previously blocked section of artery. However, only seven
papers to date have presented structural analysis of coating integrity during such large plastic
deformation of the metallic stent substrate (four studies by the current authors (Hopkins et al.,
2016, 2013; Mairtin et al., 2014; Parry and McGarry, 2012), and three subsequent studies by
Migliavacca and co-workers (Chen et al., 2018; Wu et al., 2015, 2014). These studies largely
provide demonstrations of coating delamination for select number of limited commercially
available coated stent designs. However, no study to date has provided a systematic analysis
of the role of plastic deformation on traction distributions and delamination patterns along the
stent-coating interface. The study of Parry and McGarry, (2012) presents an analytical solution
for the traction distribution of an elastic coating on an elastic stent substrate. This analysis
provides fundamental insight into the transition from normal tractions at the top of the stent
arch region to shear tractions at the arch-strut boundary. However, the applicability of this
study to the design or real stents is limited by the infinitesimal strain and linear elastic materials
required for a close form analytical solution. The extension of this work to include large
deformation plastic deformation of the stent substrate is an essential step to advance the current
state-of-the-art of stent design. The development of a robust mechanistic approach to stent
coating design is of particular importance, given the current industry goals of reducing strut
thickness so that stents can be deployed in highly stenosed and calcified vessels (Lee and
Hernandez, 2018), and the emerging technology of coated biodegradable polymer stents
(Cassese et al., 2018; Kalra et al., 2017; Misra et al., 2017; Rebagay and Bangalore, 2019).

While mechanistic analysis of stent-coating interface tractions and delamination is
largely absent from the stent literature, the study of bi-layer systems is a long-established
branch of mechanics (Freund and Suresh, 2004). Such studies largely focus on coatings on flat
semi-infinite substrates. For example, it is well known that compressed layers are susceptible
to buckling induced delamination especially when the residual compression is large and the
interface has low delamination toughness (Faou et al., 2012; Hutchinson and Suo, 1991). Finite
element analyses of thermal barrier coatings have been presented by (Sait et al., 2020; Zhu et
al., 2015). Chen et al., (2015) calculated the fracture energy release rate for brittle elastic
coatings on ductile elasto-plastic substrates. The case of thin elastic films delaminating from
cylindrical substrates has been investigated (Hutchinson, 2001), and the effect of subsequent
ridge cracking has been studied (Faulhaber et al., 2006). This kind of damage occurs for thin
films on very thick substrates and when very large compressive stresses are present in the film
due to deposition methods, differences in thermal expansion coefficients or when the coating
is an oxide scale developing on a metallic substrate. In contrast, stents are structural elements
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with a film to substrate thickness ratio ranging from 0.01 to 0.5 and a small residual stress. The
interface damage is rather linked to the large displacement imposed to the structure during
deployment, resulting in plasticity in the substrate and heterogeneous strain distributions in
both coating and substrates.

The overall aim of the study is to uncover the complex distributions of traction at the
stent-coating interface due to large elastic and plastic deformation during stent deployment.
The insights provided by the systematic analysis may be used to motivate further mechanistic
analysis and design and regulatory guidelines for next-generation polymer coated drug-eluting
stents. Firstly, in order to gain an in-depth understanding of the mechanics of coating
delamination due to finite deformation stent deformation, hyperelastic coatings on hyperelastic
stent substrates are simulated. Specifically, the influence of stent geometry (strut length, strut
thickness and coating thickness) on interface tractions and coating delamination is analysed.
Such analysis of elastic stent substrates may be relevant to next-generation biodegradable
polymer stent substrates (Lee and Hernandez, 2018). The influence of stent plasticity on
interface tractions and coating delamination is then investigated. We demonstrate that large
plastic deformation of the stent-substrate (the very basis of balloon expandable metallic stent
designs) profoundly affect the distribution of traction at the stent-coating interface. Analyses
suggest that reliable design of coated stent systems cannot be performed without finite
deformation computational plasticity simulation.

2 Model Construction

Parameterisation of stent geometry for finite element investigation

Stent geometries consists of a series of interconnected repeating units, as shown in Figure 1(a),
with each repeating unit consisting of an arch connected to straight struts (Parry & McGarry,
2012). The reference configuration of the stent and coating geometry utilised in the present
study is depicted in Figure 1(b). A 2D unit cell idealisation is utilised and stent and coating
dimensions are chosen based on commercially available stent designs (Regar et al., 2001). A
di (é) ment boundary condition is applied on the bottom edge of the strut to simulate stent
de 1ient. A polar coordinate system (r,0) is utilised with the stent-coating interface located
at r=R. The coating material and the stent materials are identified as layers 1 and 2, of thickness
h, and h, respectively. The arch and strut sections are also clearly indicated in Figure 1(b)
along with the strut length, L. The distance along the stent-coating interface, x, originating at
the top of the arch (x(R=0)) is also indicated. A custom python code was developed to
automatically generate stent meshes for parametric analysis. Both stent and coating are meshed
using generalised plane strain elements. A mesh sensitivity study reveals that ten elements
through the thickness of the coating provides a converged solution in terms of peak interface
tangential traction at x/R = m/2. Coatings are modelled as Neo-Hookean hyperelastic
materials. In section 3.1 the stent material is modelled as neo-Hookean elastic materials,
representative of next-generation polymer stents. In Section 3.2 the stent material is modelled
using J2 plasticity materials with isotropic hardening, representative of metallic balloon
expandable stents.
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Figure 1: (a) An example of a cardiovascular stent architecture consisting of a series of repeating
interconnected unit cells (highlighted), where each unit cell consists of an arch connected to straight struts
(Parry and McGarry, 2012). (b) Geometry of the stent and stent coating in the initial configuration.
Boundary conditions at the base of the stent struts and applied displacements, U, are highlighted at the
strut ends. The radial distance to the stent-coating interface, R, and the distance along the stent-coating
interface from the top of the arch, x, is also indicated. The arch and strut sections are also highlighted. The
coating thickness, h,, stent thickness, h, and strut length, L, are also shown. (¢) Geometry of a deployed
stent configuration with the stent and coating materials highlighted. The arch deployment (£,) and
circumferential strain (sc,-rcumf) are also defined, with g,and D, defined in (b).

As the arch deformation is the critical determinant of the interface tractions (Parry & McGarry,
2012), non-dimensional arch deformation is defined as;

Zq = (D —Dy)/Dy (1.01)

where DyandD are the initial and final arch deployments respectively, as depicted in Figure
1(b,c). X, is referred to as the deployment level for the remainder of this paper.The
circumferential strain(ecircumf) is also defined in Figure 1(c) as;

Ecircumf = (e — 80)/80 (1-02)

Cohesive Zone Formulation
The interface between the stent (substrate) and the coating is modelled using mixed mode
cohesive zone formulations previously developed by(McGarry et al., 2014). Mixed mode
interface separation (A,,> 0) is modelled using the following expression for normal traction
T,,and tangential traction T;

A
T (B, A) = Oaxexp(D) (52) exp | - (L.03)
n
A,
T8 80) = Taxexp(D) (5 (104
t

where A,and A.are the normal and tangential components of the interface separation vector,
A;the normal and tangential interface characteristic lengths are §,, and &;; g,nq, 1S the mode |
interface strength and t,,,,, IS the mode Il interface strength. This model provides identical
behaviour in mode | and mode Il separation when 6,,,4x = Tmax and 8,, = 8;. Additionally, for
this specific case the traction magnitude /T2 + T2 is independent of the mode mixity,
depending only on the separation magnitude. Furthermore, it can easily be demonstrated that



dT,,/0A, = 0T, /dA,, i.e. the traction separation equations can be derived from a potential
function

Az A AZ A7
oA, A) = ¢y + Oparexp()| 1+ 6_,% + 5_t2 exp| — 6_,% + 6_,:2 (1.05)

when 6,,4x = Tmax and 8, = 6;.

While equations (1.03) and (1.04) provide physically realistic coupling between normal and
tangential behaviour during mixed mode separation (A,,> 0), correctly penalization of mixed
mode over-closure in the event of compressive (negative) normal interface tractions is not
obtained. Therefore, when A< 0 the following tractions-separation equations are implemented
(McGarry et al., 2014):

A A A2
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T, (A, Ap) = Oparexp (1) (—) exp (— —> exp | —a |— (1.06)
6 8 8¢
A A? Ay,

Tu(8n,B) = Taxexp (D (55) exp | = |25 Jexp (-63) (1.07)
8¢ 5, 5,

All symbols have the same meaning as equations (1.03) and (1.04) above, while « and  specify
the weighting of the mixed mode coupling terms. Here, « = 8 = V2 — 1. In the current study
it is assumed that 6n = &t = 1 um and 0,4 = Timax, 9iving identical behaviour in mode | and
mode Il separation unless otherwise stated. VValues of interface strength a,,,, are selected based
on the range identified in the experimental study of (Hopkins et al., 2013). The cohesive zone
model is implemented in the Abaqus Standard (implicit) solver via a user-defined interface
subroutine (UINTER).

3 Parametric Analysis

3.1 Elastic Stent

In this section, elastic material properties are utilised to describe both the coating and stent
materials. The stent stiffness, E, and the coating stiffness, E., are chosen so that Eg/E, = 2.5,
unless otherwise stated. This coating to stent stiffness ratio is based on a polymer coating on a
polymer stent. The choice of a relatively stiff coating is supported by the fact that diamond like
carbon coatings (Kim et al.,, 2007) and aluminium coatings (Kollum et al., 2005) have
frequently been coated on stents. In this section the influence of interface strength (0,4, /Ec =
Tmax/ Ec), strut length (L), coating thickness (h,) and stent thickness (h,) on computed
interface tractions is considered. Unless otherwise stated, cohesive zone parameters are chosen
so that peak mode | traction and peak mode Il tractions are equal (0,,40x/Ec = Tmax/Ec = 2)
with the peak occurring at the same effective separation in mode | and mode Il separation
(ITI828 = ITIS2/; |A182% = 1A182Y%). A characteristic distance of 6, = &, = 0.04um
was chosen based on the parameter sensitivity and mesh sensitivity analyses. A Poisson’s ratio
of 0.3 is assumed for both the stent and coating materials.



Influence of Prescribed Interface Strength on the Initial Debonding Mechanism

The interface strength dramatically influences the initial delamination mechanism at the stent-
coating interface. Figure 2 shows the initial coating delamination patterns for a strut length of
L/R = 2 when differing interaction strengths are chosen. When a low interface strength of
Omax/Ec = Tmax/E: = 0.0019 is prescribed (Figure 2a(i)), mode | coating delamination
initiates at the top of the arch (x/R = 0) at a moderate stent deployment (£, = 0.025).
Following delamination, a significant reduction in coating stress is computed, whereas an
increase in tensile stress is computed on the stent surface in the delamination region (Figure
2a(ii)). A markedly different pattern of coating delamination is observed if a stronger interface
strength (0yax/Ec = Tmax/E: = 0.026) is prescribed. As the interface strength is high,
delamination does not occur until a high level of stent deployment is reached
(2, = 0.47)(Figure 2b(i)). As demonstrated in Figure 2b(i), prior to the initiation of
debonding (X, = 0.43) tangential tractions at the bottom of the arch become greater in
magnitude than normal tractions at the top of the arch when high stent deployment levels are
imposed. Again, it should be noted that this effect is particularly dominant for stents with
shorter struts. Hence, predominantly mode Il coating delamination initiates in the region of the
bottom of the arch (x/R = 7/2). Following initiation of predominantly mode Il debonding, a
reduction of both tangential and normal tractions is observed at the bottom of the arch in Figure
2b(ii), demonstrating the importance of correct coupling in the cohesive zone formulations.
The predominantly tangential separation of the interface at the bottom of the arch (x/R = 7/2)
is shown in Figure 2c(ii). Following mode I initiation, mixed-mode delamination propagates
from the bottom of the arch towards the top of the arch, as shown in Figure 2c(iii). The coating
remains attached to the stent at the top of the arch as mode I delamination is not achieved until
further deployment.
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Figure 2: (a) Stent and coating von Mises stress (@) distribution plotted on the deformed geometry for an
arch deployment, X,, of (i) 0.023 and (ii) 0.025. Mode | coating delamination initiates at the top of the
arch (x/R=0) as shown in (ii). E, =200GPa, E; =500GPa, 0,,,./E; = Tma/E: =0.0019,
h,/R=0.2,h,/R =1,L/R = 2. Deformation factor =3 in (ii). (b) Computed interface traction (T/E,) as
a function of the distance along the stent-coating interface (x/R) for an arch deployment, X, of (i) 0.43
and (ii) 0.47. Predominantly mode 11 coating delamination initiates at the bottom of the arch (x/R = w/2)
as indicated by the reduction in traction in (ii). E, = 200GPa, E; = 500GPa, 0,,,,/E; = Tymax/Ec =
0.026,h,/R=10.2,h,/R =1,L/R = 2. (¢) Stent and coating von Mises stress (&) distribution plotted on
the deformed geometry for an arch deployment, X, of (i)-(ii) 0.47 and (iii) 0.475. Predominantly mode
Il coating delamination initiates at the bottom of the arch (x/R = m/2) as shown in (ii). Mixed-mode



coating delamination computed at higher stent deployment is shown in (iii). E. = 200GPa, E; = 500GPa,
Omax/Ec = Tmax/E: = 0.026, h4/R = 0.2, h,/R = 1, L/R = 2. Deformation factor =3 for (iii).

Effect of Strut Length
In this section the effect of strut length on stent-coating interface tractions is investigated,
assuming a constant stent thickness, coating thickness and stent-coating stiffness ratio for all
simulations. Assuming parameters of h;/R = 0.2, h,/R = land E,/E. = 2.5, three strut
length are considered:L/R = 0.5, L/R = 2, and L/R = 10, representing stent designs with
very short, typical and very long struts respectively. Figure 3 shows the computed normal(T},)
and tangential (T;) tractions at the stent-coating interface for a range of strut lengths. A high
interface strength is assumed for all simulations presented in Figure 3 so that the distribution
of tangential and normal tractions can be examined in the absence of interface debonding.
Additionally, a high interface stiffness is assumed so that the infinitesimal strain analytical
elastic solution of Parry & McGarry (2012) is reproduced when the strut is removed from the
geometry. Results are presented at three stent deployment levels: Low deployment
(£, = 0.024) results are shown in Figure 3(a), where the solution is in the infinitesimal strain
regime; Medium deployment (2, = 0.134) is shown in Figure 3(b), where the solution is in
the finite strain regime; High deployment (£, = 0.608) is shown in Figure 3(c), again with
the solution in the finite strain regime.

An examination of the computed tractions for the shortest strut length (L/R = 0.5) at
a low deployment (£, = 0.024) in Figure 3(a) reveals that the peak normal traction at the top
of the arch (x/R = 0) is greater than the peak tangential traction at the bottom of the arch
(x/R = x/2).A sinusoidal distribution of normal and shear traction can be observed at the
interface along the arch (0 < x/R < 7/2), whereby the tangential traction reduces to O at the
top of the arch (as required by symmetry) and the normal traction reduces to a non-zero value
at the bottom of the arch (x/R = z/2). Itis worth noting that the range of tangential and normal
tractions is approximately equal over the arch interface (T,,(x/R = 0)-T,(x/R = n/2)~T;(x/
R = 7/2)). These observations are closely aligned with the traction distribution determined by
the analytical approach of Parry & McGarry (2012), where the incorporation of a strut simply
effects an increased rotation of the base of the arch, reducing the tangential traction and
increasing the normal traction.
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Figure 3: Computed normal (T,)and tangential(T,) tractions along the stent-coating interface for a range
of strut lengths for (a) low deployment (£, = 0.024) (b) medium deployment(X, = 0.134) and (c) high
deployment(X, = 0.608). At low deployment, normal tractions increase from the bottom of the
arch(x/R = m/2) to the top of the arch (x/R = 0)while tangential tractions increase from the top of the
arch (x/R =0) to the bottom of the arch(x/R =m/2). E. = 200GPa, E; = 500GPa, 0,,,./E; =
Tmax/Ec =2, hy/R=0.2, h,/R = 1.

The key observations for low deployment (infinitesimal strain) are as follows: (i) Peak normal
traction occurs at the top of the arch; (ii) Peak tangential traction occurs at the bottom of the
arch and is lower than the peak normal traction at the top of the arch for the range of strut
lengths considered (L/R < 10); (iii) Sinusoidal distributions are computed in the arch only for
a very short strut length (L/R < 0.5); (iv) Tractions in the strut are lower than those in the
arch, with normal tractions reducing to zero and tangential tractions reducing to a constant non-
zero value that depends on strut length. The patterns of computed traction for a medium
deployment level ((£, = 0.134), Figure 3(b)) are reasonably similar to those presented for a
low deployment level. However, for the highest deployment level (£, = 0.608), Figure 3(c))
significantly different trends can be observed. The peak tangential traction at the bottom of the
arch is greater in magnitude than the peak normal traction for all strut lengths. Shorter struts
lead to the greatest increase in tangential traction. Additionally, a further increase in tangential
traction (and reduction in normal traction) is computed when the strut is omitted (L/R = 0).
The normal traction is constant for all points on the interface where x/R < 0.5 for all strut
lengths. Additionally, it can be observed that compressive normal tractions are computed along
the strut, highlighting the importance of the cohesive zone behaviour under conditions of
mixed-mode over-closure.

It should be noted that for each specified value of Z,, the radial expansion of the stent
will depend also on the strut length. This is clearly evident from Figure 4 where stress
distributions and deformed geometries for the three deployment levels (£, = 0.024, 0.134,
0.608) are shown for a strut length of L/R = 2 in Figure 4(a-c) and for a strut length of L/R =
10 in Figure 4(d-f). For example, for the high deployment level (£, = 0.608) a strut length
of L/R = 2 provides an 87% increase in stent radius, representing a moderate radial expansion
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(as shown in Figure 4(c)) whereas a strut length of L/R = 10 provides a 466% increase in
stent radius, representing a significant radial overexpansion (as shown in Figure 4(f)). Finally,
it should be noted that rotational constraints are not imposed on the strut ends for all simulations
presented in this paper, as this is representative of the majority of commercially available stent
designs (McGarry et al., 2004; Hopkins et al., 2010). However, certain stent designs may result
in a rotational constraint at the bottom of the struts, e.g. a repeating diamond arrangement of
struts. This constraint essentially results in a significant increase in tangential traction for all
deployment levels and also results in a normal compression at the stent—coating interface at the
bottom of the arch.

(d) (e) (f)

Figure 4: von Mises stress(a)distribution for deformed stent geometries at low (X, = 0.024),
medium(Z, = 0.134)and high(Z, = 0.608) deployment for (a)-(c) L/R = 2 and (d)-(f)L/R = 10. The
black line at base of the arch is included to highlight the increase in arch rotation with increasing stent
deployment.

Effect of Coating Thickness

In this section the effect of coating thickness on stent-coating interface tractions is investigated,
assuming a constant stent thickness, strut length and stent-coating stiffness ratio for all
simulations. Figure 5 shows the computed normal (T;,) and tangential(T;) tractions at the
stent-coating interface for a range of coating thicknesses. Again, normal and tangential
tractions are assessed in the absence of interface debonding. Interface tractions increase with
coating thickness with higher normal and tangential interface tractions being computed for
thicker coating at all stent deployment levels. This suggests that the use of a thinner coating
could prevent coating debonding. At a low level of stent deployment (£, = 0.0063) (Figure
5 (a)), the peak normal traction at the top of the arch (x/R = 0) is greater than the peak
tangential traction at the bottom of the arch (x/R = 7z/2) for the thicker coatings
(hy/R = 0.2;h, /R = 0.5). However, the peak tangential traction at the bottom of the arch is
similar in magnitude to the peak normal traction at the top of the arch for the thinner coating
(hy/R =0.05) with |T/E.| ~ 1.25x10"*At medium stent deployment (T, =
0.236)(Figure 5(b)), the peak normal traction computed at the top of the arch (x/R = 0) again
exceeds the peak tangential traction at the bottom of the arch (x/R = 7/2) except for the case
of the thinner coating(h,/R = 0.05), where the computed peak tangential tractions are
marginally greater. At high stent deployment(Z, = 0.737)(Figure 5(c)), the peak tangential
traction computed at the bottom of the arch exceeds the peak normal traction at the top of the



arch for all coating thicknesses. At this level of stent deployment, instead of normal traction
reducing monotonically from the top of the arch towards the bottom of the arch along the arch
interface (0 < x/R < 7/2), as seen in Figure 5, an increase in normal traction is computed
along the interface from the top of the arch (x/R = 0) to x/R = 1.05 and x/R = 0.82 for
coating thicknesses of h,/R = 0.05,and 0.2 respectively. A marginal increase in normal
traction is also computed for the thickest coating (h, /R = 0.5) from the top of the arch (x/R =
0) to x/R = 0.28 before reducing towards the bottom of the arch. Therefore, at a high level of
stent deployment, the location of maximum normal traction is computed further from the top
of the arch as coating thickness reduces. Additionally, tangential traction along the strut also
increases with coating thickness.

A small degree of coating compression is computed for coating thicknesses of
h,/R = 0.05and h, /R = 0.2 at a low level of stent deployment (Figure 5(a)) along the stent
strut (x/R > z/2) with no compression computed for the thickest coating. Minor coating
compression is computed along the stent strut for all coating thicknesses at medium stent
deployment (Figure 5(b)). At a high level of deployment, in the case of the thinnest
coating (h,/R = 0.05), maximum normal compression (T /E. ~ —4.8 E — 4) is computed in
the region of the bottom of the arch at x/R = 1.9. Maximum normal compression is computed
further along the stent strut, at x/R = 2.2 and 2.5 for the thicker coatings of h;/R =
0.2 and 0.5 respectively. Again, it is worth noting that the cohesive zone formulation correctly
penalises mixed-mode coating over-closure along the stent struts.
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Figure 5: Computed normal (T,)and tangential (T,) tractions along the stent-coating interface for a range
of coating thicknesses for (a) low deployment (£, = 0.0063) (b) medium deployment(Z, = 0.236) and
(c) high deployment(X, = 0.737). The insert in (c) shows increasing normal tractions away from the top
of the arch (x/R = 0) for h;/R = 0.05 and 0.2. E, = 200GPa, E; = 500GPa, 6,,,,,/E; = Tar/Ec = 2,
h,/R=1,L/R = 2.
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Effect of Stent Thickness

In this section the effect of stent thickness on stent-coating interface tractions is investigated,
assuming a constant coating thickness, strut length and stent-coating stiffness ratio for all
simulations. Analyses presented in previous sections assume a stent thickness of h,/R =1,
based on typical dimensions of commercially available stents. In Figure 6, three additional
stent thicknesses are considered: h,/R = 5 (significantly thicker than typical commercially
available stent designs); h, /R = 0.5 (significantly thinner than typical commercially available
stent designs; h,/R = 0.1 (unconventionally thin stent: In this case, the coating is twice as
thick as the stent). The investigation of stent thickness on stent-coating interface traction is
particularly relevant given recent clinical studies that suggest that thinner stent struts lead to
reduced rates of restenosis (Kastrati et al., 2001; Turco et al., 2008). Figure 6 shows the
computed normal (T;,) and tangential (T;) tractions at the stent-coating interface for the three
aforementioned stent thicknesses. At a low level of stent deployment (£, = 0.017) (Figure
6(a)) interface tractions generally increase with stent thickness. However, a 10-fold increase in
stent thickness from h, /R = 0.5 t0 h, /R = 5 results in only a ~2 fold increase in peak normal
traction at the top of the arch. Peak normal tractions at the top of the arch (x/R = 0) are greater
than the peak tangential tractions at the bottom of the arch (x/R = z/2) for all stent
thicknesses. Most notably, tangential tractions are negligible for the thinnest stent geometry
(h,/R = 0.1) at a low level of deployment. Similar trends can also be observed at a medium
level of stent deployment (£, = 0.327), as shown in Figure 6(b).

In contrast to lower stent deployment (Figure 6(a) and (b)), at a high level of stent
deployment (£, = 0.831) (Figure 6(c)) peak tangential tractions are greater than peak normal
tractions for all strut thicknesses, in particular for thinner struts (h,/R = 0.1,0.5).
Normal (T,,/E.) and tangential (T;/E,) tractions are depicted in two separate figures in part
(c) to enhance the visualisation of the tractions. Interestingly, for the two thinnest stents, the
normal tractions decrease from the values computed for the lower deployment level considered
in Figure 6(b). In fact, negligible normal tractions are computed for the thinnest stent
design (h,/R = 0.1). Additionally, coating compression is computed in the region of
maximum tangential traction (the bottom of the arch) for the thinnest stent. Tangential tractions
are significantly higher than normal tractions at the high deployment level for all stent
thicknesses. From a design perspective, very thin stent struts will result in dominant normal
tractions at low deployment levels, and dominant tangential tractions at high deployment
levels.
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Figure 6: Computed normal (T,)and tangential(T,) tractions along the stent-coating interface for a range
of strut thicknesses for (a) low deployment (£, = 0.017) (b) medium deployment (£, = 0.327) and (c)
high deployment (£, = 0.831). Computed normal (T,,/E.) and tangential (T,/E.) tractions are shown
separately in (c) to enhance the visualisation. E. = 200GPa, E; = 500GPa, 6,,,./E; = Timax/Ec = 2,
h,/R=0.2,L/R = 2.

Further results on the influence of (i) stent-coating stiffness ratio, (ii) Mode | to Mode 1l
interface strength ratio on coating delamination, and (iii) geometrical parameters on peak
tangential to peak normal interface traction ratio can be found in the Supplementary Material
Sections (A-C) respectively.

3.2 Elastic-Plastic Stent

In this section, the influence of stent plasticity on computed interface tractions is investigated.
Plastic deformation is required for the correct functionality of a metallic balloon expandable
stent. Plastic strains of 30-50% are developed in the region of the arch while the diameter of
the stent increases by a factor of 3-5 during balloon deployment (McGarry et al., 2004).
Typically, elastic recoil results in a 2-5% reduction in deployed diameter following balloon
removal.

Analysis of Interface Tractions Without Coating Debonding

A high interface strength is assumed for all simulations presented in this section so that the
distribution of tangential and normal tractions can be examined in the absence of interface
debonding.In this section, computed interface tractions are presented for a range of both yield
stresses (o, = 80MPa, 200 MPaand 600 MPa) and stent strain hardening moduli (E, =

2MPa, 20 MPa and 200 MPa). Coatings are modelled as elastic materials with a Young’s
modulus (E, = 20MPa), based on the stiffness range of commercially available polymer
coatings(Yung & Cooper, 1998; Antony et al.,, 2003). In all cases, coating thickness
(h,/R = 0.2) and strut length (L/R = 2) are based on the reference stent geometry. A
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Young’s modulus (E;) of 200GPa, yield stress (ay) of 200MPa and Poisson’s ratio (v) of 0.3
is chosen for the elastic-plastic stent material (representative of 316L stainless steel) unless
otherwise stated.

Influence of Yield Stress

Figure 7 reveals the influence of yield stress on the computed normal(T,,) and tangential (T})
tractions at the stent-coating interface. It is shown that yield stress (ay) dramatically influences
the computed interface tractions, particularly at high levels of stent deployment. Three yield
stresses are considered, o, = 80MPa, 200MPa, and 600MPa, representative of the yield stress
of biodegradable magnesium, 316L stainless steel, and cobalt chromium, respectively. Ata low
level of stent deployment (£, = 0.056), peak tangential traction exceeds peak normal traction
for each yield stress considered (Figure 7(a)). Even at this low deployment level, yielding
occurs in all three cases and the patterns of normal and tangential tractions differ significantly
to those reported for elastic stents in previous sections of this paper. Peak tangential tractions
are computed close to the top of the arch at x/R = 0.4 with greatest tangential traction
computed for o, = 200MPa. A minimum in normal traction is computed in all cases at x /R =
0.36 with coating compression (characterised by negative normal traction) computed for g, =
200MPa. In all cases two local maxima are computed for normal traction, one at the top of the
arch (x/R = 0) and one at x/R~0.6.

At a medium level of stent deployment (£, = 0.303), the largest normal and tangential
tractions are computed at the top of the arch (x/R = 0) and at x/R = 0.375 respectively for
g, = 600MPa (Figure 7(b)). Furthermore, significant coating compression is computed for
g, = 600MPa, from 0.26 < x/R < 0.43. In the case of the lower yield stresses (o, =
80MPa and 200M Pa) the peak normal traction is not computed at the top of the arch and does
not fluctuate very significantly along the arch interface. Yield stress has a significant influence
on the location and magnitude of maximum tangential traction at this deployment level with
peak tangential traction computed at x/R=0.85 and x/R=0.57 for g, =
80MPa and 200MPa respectively. At a high stent deployment (£, = 0.627) similar trends in
tangential traction are computed (Figure 7(c)). Significant coating compression is again
computed for g, = 600 MPa from 0.16 < x/R < 0.47. Interestingly, relative to Figure 7(b),
a significant decrease in normal traction is computed at the top of the arch (x/R = 0), for g, =
200 MPa, with negligible normal traction computed(T /E; ~1.7x107°). Similar to Figure
7(b), largest normal and tangential tractions traction are still computed for o, = 600 MPa at
the top of the arch (x/R = 0)and at x/R = 0.37 respectively.
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Figure 7: Computed normal (T,,) and tangential (T,) tractions along the stent-coating interface for a range
of yield stresses (ay = 80MPa,200MPa, 600MPa), for (a) low deployment(Z, = 0.056) (b) medium

deployment (£, = 0.303) and (c) high deployment (£, = 0.627). In all cases, an elastic coating(E, =
200MPa) is considered. For the elastic-plastic stent, E; = 200G Pa, the strain hardening modulus, E;, =
20MPa, and yield stress. L/R =2, h{/R=0.2, h,/R = 1. 6,4 /Es = Tyax/Es = 2.

Influence of Stent Strain Hardening on Interface Tractions

The computed normal(T;,) and tangential (T;) tractions for a range of stent strain hardening
moduli (E, = 2MPa, 20 MPa and 200M Pa)are shown in Figure 8 for a coating stiffness (E,)
of 200MPa. At a low stent deployment, the influence of stent strain hardening modulus on
interface traction distributions is not significant (Figure 8(a)). At medium stent
deployment (£, = 0.255), it is evident that the strain hardening modulus significantly affects
the computed traction distributions (Figure 8(b)).The greatest normal and tangential tractions
are computed for E;, = 2MPa at this level of stent deployment. For E;, = 2MPa and 20MPa,
peak tangential tractions are computed in the same location along the stent-coating interface as
minimum normal tractions at x/R =~ 0.4. At a high level of stent deployment (£, = 0.5), the
greatest normal and tangential tractions are again computed for E;, = 2MPa (Figure 8(c)).
However, it should be noted that the location of peak normal traction is computed at
x/R =~ 0.9 while a significant reduction in normal traction is computed at the top of the arch
for E,, = 2MPa and 20MPa. This reduction in normal traction can be attributed to the high
concentration of plastic deformation in the region of the top of the arch at high stent
deployment. Lowest tangential tractions are computed for the stiffer strain hardening modulus
(Ep, = 200MPa) for x/R < 0.7.

14



x10°
D

; ; ; 4 ; ; ;
2 _ -
o mom e = 0 § ...---
e == ‘\ o
. - . ?‘\ gt
S /ﬂ' —T_. E, 2MPa = a2 g7 [T e
N v/
¢ ---T.E, 2MPa ‘.\‘ o P -=-T,E, ZMPa
y/ -
sk woeen T, E 20MPa aF \ “--r,""’ weesr T, E. 20MPa
n h Y ,II. w h
E X o -1, 0 7
3 I’ --= T, E, 20MPa \\\ Y T, E, 20MPa
A P . A 1 .
\~s —T_, E_200MPa 6k \ ~af —T,, E, 200MPa
“,/ -—-T, E, 200MPa v/ ~=-T, E, 200MPa
X .
10 1 1 1 . ~ 1 1 1
0 0.5 1 1.5 2 0 0.5 1 1.5 2
xR 'R
(a)
S : ,
\ ‘\0 .
6F N e ’,". -=-T,E 2MPa ||
R £ 2 P T, 20MPa
-8 Send —-=T.E, 20MPa [
t h
——T , E._ 200MPa
10f v H
——-T., E, 200MPa
t h
12 . . !
(c) 0 0.5 1 1.5 2
xR

Figure 8: Computed normal (T,,) and tangential (T,) tractions along the stent-coating interface for (a) low
deployment(X, = 0.03) (b) medium deployment(Z, = 0.255) and (c) high deployment(Z, = 0.5) for an
elastic-plastic stent with the substrate thickness, h, /R = 1. Three strain hardening moduli are considered
for the strut (E, =2,20and 200MPa). In all cases, an elastic coating(E, = 200MPa) is
considered.hy /R = 0.2,E; = 200GPa, L/R = 2, 6yqx/Es = Tinax/Es = 2. The strut yield stress (o) =
200MPa.

Analysis of Coating Debonding Mechanisms

The previous section illustrates that complex distributions of normal and tangential traction are
computed along the stent-coating interface when plastic deformation of the stent is considered.
The ratio of normal to tangential traction at any point on the interface is shown to be highly
dependent on the deployment level in addition to the yield stress and strain hardening modulus.
While delamination is not considered in the previously presented analyses of plastically
deforming stents, with a very strong stiff interface being assumed, the complex traction
distributions suggest that if a lower interface strength is considered the location and mode
mixity of debonding will be highly dependent on several factors, including deployment level
at debonding initiation, ratio of normal to tangential interface strength, in addition to stent
geometric and material parameters. In the final section of this paper, two examples of diverse
coating debonding patterns during deployment of a plastically deforming stent are presented.
The first example entails debonding of a coating from a thin stent geometry (h,/R = 0.1) and
the second example entails the debonding of a coating from a thick stent geometry (h, /R = 2).
These debonding simulations do not represent an exhaustive collection of all possible
debonding patterns. They merely serve to illustrate some possible debonding patterns that
emerge as a result of the complex distributions of normal and tangential tractions at the stent—
coating interface in the case of a plastically deforming stent.
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Coating Debonding Behaviour for a Thin Stent Strut Design (h, /R = 0.1)

For the thin stent geometry (h,/R = 0.1) it can be seen that tangential tractions are dominant
at an arch deployment of ¥, = 0.371 for E. = 20MPa and E;, = 200MPa with peak
tangential tractions computed at x/R = 0.75. In the first sample simulation of coating
debonding, presented in Figure 9, interface strengths are chosen so that coating debonding
initiates at this level of deployment. Furthermore, it is assumed that mode | and mode Il
interface strengths are equal(0,,4x/Es = Tmax/Es = 2x107°). The coating node located at
x/R = 0.75 is highlighted in Figure 9(b). Corresponding interface tractions are depicted in
Figure 9(c) and (d). Mixed-mode delamination is initially computed at the interface at x/R =
0.75as shown in Figure 9(b). As stent deployment increases, a predominantly mode Il
delamination is computed at the interface with T; /T4 = 0.914 (Figure 9(c)). Due to the
dominant mode Il type delamination, the resistance to normal separation is significantly
reduced with computed peak normal traction of T, /0,4, = 0.46 (Figure 9(d)). No coating
compression is computed at the stent-coating interface. Following full coating delamination at
x/R = 0.75, mixed-mode delamination progresses along the interface with pure mode |
coating delamination eventually occurring at the top of the arch (x/R = 0). Further
progression of coating delamination at higher stent deployment is shown in Figure 9(e).
However, at the level of stent deployment shown in Figure 9(e), pure mode | delamination has
not yet occurred.

(a)

Coating node

Stent nodle
‘/

t max

Th

0 50 100 150
ALS
Figure 9: (a) Stent and coating von Mises (&) stress distribution plotted on the deformed geometry at an
arch deployment of ¥, = 0.371 (b) Mixed-mode coating delamination computed at x/R = 0.75 (c)
Normalised tangential traction (T./Tnqe.) as a function of normalised tangential separation (A./&;)
computed at coating node (x/R = 0.75). (d) Normalised normal traction (T,,/0mq4x) @s a function of
normalised normal separation (4,,/8,) computed at coating node (x/R = 0.75). (e) von Mises (o) stress
distribution plotted on the deformed stent geometry at an arch deployment of X, = 0.42. An elastic
coating(E, = 20MPa) is considered. Elastic-plastic properties are assigned for the stent strut with E; =
200GPa, strain hardening modulus, E;, = 200MPa and yield stress, o, = 200MPa. h;/R = 0.2,h; /R =

0.1,L/R = 2, 6pax/Es = Tnax/Es = 221076,
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Coating Debonding Behaviour for a Thick Stent Strut Design (h, /R = 2)

In the final sample simulation of coating debonding from a plastically deforming stent a thick
stent geometry (h,/R = 2) is considered, with E, = 200MPa , E; = 2MPa. The interface
strengths are reduced so that debonding initiates at a deployment level of £, = 0.101,
assuming that the normal and tangential interface strengths are equal (00x/Es = Tmax/Es =
4.8x1075). The peak tangential traction is computed at x/R =~ 0.6 at this low level of
deployment as indicated by the non-debonding simulation shown in Supplementary Material
Figure S10. Additionally, in this region the coating is compressed normally into the stent
surface, hence nodes in this region undergo mixed-mode over-closure. The node at x/R = 0.6
is highlighted in Figure 10(a). The insert shown in Figure 10(b) illustrates the mixed-mode
over-closure of the node. It can be noted that while the coating is compressed into the stent
surface, the magnitude of over-closure is very small, as the cohesive zone framework penalises
such mixed-mode over-closure (characterised by the computation of a rapid increase in
negative normal tractions highlighted by red arrow in Figure 10(e)). During the debonding of
the node highlighted in Figure 10, the compression of the node into the stent surface is reversed
and the node separates from the stent in a mixed-mode fashion. Resistance to normal separation
is significantly reduced due to the earlier initiation of tangential debonding, with peak normal
traction of T,,/0,,4x = 0.17 being computed (Figure 10(e)). The insert in Figure 10(d)
illustrates the final mixed-mode separation of the node from the stent surface. Further
progression of coating delamination at higher stent deployment is shown in Figure 10(f) where
coating delamination is computed all along the arch, including pure mode | debonding at the
top of the arch (x/R = 0). The insert in Figure 10(f) shows that the stent surface at the
interface becomes highly non-uniform at finite deformation. Such non-uniform undulations on
the surface of a plastically deforming stent surface underlie the complex patterns of interface
traction and mixed-mode delamination illustrated in this study.
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Figure 10: (a) Stent and coating von Mises (&) stress distribution plotted on the deformed geometry at an
arch deployment of £, = 0.098 (b) Mixed-mode coating compression computed at x/R=0.6 (c)
Normalised tangential traction (T,/T,,4.) @s a function of normalised tangential separation (A./é;)
computed at coating node (x/R = 0. 6) (d) Mixed-mode coating delamination computed at x/R = 0.6 and
X, =0.112 (e) Normalised normal traction (T,,/0..qx) @ @ function of normalised normal separation
(A,/8,) computed at coating node (x/R = 0.6). (f) von Mises (o) stress distribution plotted on the
deformed stent geometry at an arch deployment, £, = 0.305. Insert highlights non-uniform strut surface.
An elastic coating(E, = 200MPa) is considered. Elastic-plastic properties are assigned for thestent strut
with Eg = 200GPa, strain hardening modulus, E, = 2MPa and yield stress, o, = 200MPa. h,/R =

0.2,L/R=2,h;/R=2. 6,0/Ec = Tynax/Ec = 4.8 x107°, Deformation factor=3 for (b) and (d).

Corresponding results for thin (h_2/R=0.1) and thick (h_2/R=2) stent struts are presented in
the Supplementary Material Sections (D) and (E) respectively.

4 Concluding Remarks

Several medical papers have reported delamination of the coating from the stent-substrate
following intravascular deployment leading to adverse outcomes for patients. However, the
mechanisms of delamination of such polymer coatings from the surface of a stent due to large
deformations during device deployment had not been investigated before. In this paper, a novel
and in-depth investigation of the mechanisms and parameters that govern stent-coating
delamination is performed, using a cohesive zone formulation to simulate the evolution of
traction at the stent-coating interface. The study firstly analyses the behaviour of elastic
coatings on idealised elastic stent substrates. Such analysis of elastic stent substrates may be
relevant to next-generation biodegradable polymer stent substrates (Lee and Hernandez, 2018).
Simulations reveal that the mode mixity of delamination is strongly dependent on the level of
stent deployment at initiation. In general, peak normal tractions exceed peak shear tractions at
low levels of stent deployment whereas the reverse trend is computed at high levels of stent
deployment. Interface tractions increase with both increasing stent thickness and coating
thickness suggesting that thinner stents and thinner coatings should be utilised for the delivery
of antiproliferative drugs in order to reduce the risk of coating delamination. Next, the influence
of stent plasticity on interface tractions and coating delamination is investigated. Even at low
levels of deployment, plastic yielding occurs in the stent hinge region and the patterns of normal
and shear tractions are found to be significantly more complex than those computed for elastic
stents, with both tensile and compressive regions of normal traction occurring in the stent arch.
At a high level of stent deployment shear tractions at the stent-coating interface are computed
to increase with decreasing strain hardening modulus. This study represents a significant
advancement on the study of Hopkins et al. (2010) where interface traction distributions were
not examined and only mode | debonding initiation at the top of the arch was considered. This
study also represents a significant advance on analytical solution for stent-coating interface
tractions for infinitesimal linear elastic deformation developed by Parry & McGarry (2012).
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The findings of this paper provide a new insight into the stress-state at the stent-coating
interface as a function of the stent design parameters and plastic deformation during
deployment, allowing for a more reliable assessment of the limits relating to safe implantation
of coated stents.

In this study the influence of geometrical parameters (strut length and stent thickness) and
material properties (yield stress and strain hardening modulus) on the stress state at a stent-
coating interface is investigated. The influence of finite deformation on interface tractions is
examined, significantly advancing on the analytical analyses of Parry & McGarry (2012) which
were limited to infinitesimal linear elastic deformations. Most importantly, the present paper
also considers the effect of stent plasticity on interface tractions and provides simulations of
coating debonding.

The current study demonstrates that the mechanisms of coating debonding are complex
and depend on numerous stent, coating and interface design criteria. The full complexity of
coating debonding for elastic and elastic-plastic stents is uncovered. Several experimental
studies using scanning electron microscopy have reported extensive delamination of polymer
coatings from the stent surface during deployment (Basalus and von Birgelen, 2010; Levy et
al., 2009; Otsuka et al., 2007; Wiemer et al., 2010). Numerous studies have suggested that
coating damage may play a significant role in late stent thrombosis, following the use of drug-
eluting stents (Balakrishnan et al., 2005; Daemen et al., 2007; Hoffmann et al., 2002; lakovou
et al., 2005; Levy et al., 2009; Luscher et al., 2007; Otsuka et al., 2007; Wang et al., 2002). It
is reasonable to suggest that some of the other clinical implications associated with coating
damage may include micro-embolism formation, impaired drug delivery and obstruction of
blood flow. Therefore, computational analyses and reliable design techniques are required in
order to determine the limits relating to the safe implantation of coated stents. The analyses
presented in this paper provide valuable insight into the stress-state at the stent-coating
interface as a function of the stent design parameters. Such analyses allow for a more reliable
assessment of the limits relating to safe implantation of coated stents.

Future extensions of this work should include simulation of the stent microstructure
using crystal plasticity formulations (Liu et al., 2018; McGarry et al., 2007; Shanthraj et al.,
2015) and strain gradient plasticity (Gurtin, 2008; Qu et al., 2006). Future implementations
should consider nitinol shape memory alloy stent substrates (Arghavani et al., 2010; Grabe and
Bruhns, 2009; Sedlék et al., 2012). Simulations should also consider coating/stent due to cyclic
loading due to cardiac motion and blood pressure (Han et al., 2020; McCarthy et al., 2014a,
2014b). Non-linear hyper-viscoelastic behaviour should be considered for simulation of
commercially used drug eluting polymers. Interaction between stent coatings and the occluded
artery wall should also be simulated, including endothelial cell denudation due to interaction
with stent coatings ( Reynolds et al., 2014; McGarry and McHugh, 2008). Analysis should also
investigate the fracture of thin struts during deployment due to webbing coating defects
(Hopkins et al., 2016). Experimental characterisation should be performed to determine the
stent-coating interface mode I, mode Il and mixed mode fracture strength. The coating strength
implemented in the simulation of debonding from a thin strut stent design (o,,4/Es =
2x107°) is similar to that measured by Hopkins et al., (2013) for a polyurethane Chronoflex
coating bonded to a stainless steel substrate (o,,4,/Es = ~1.5x107°. However, the analyses
above suggest that such an interface strength is insufficient for stent struts within the range of
thicknesses used commercially.

Key implications for the improved design of coated stents uncovered in this study are
summarised below.

An elastic stent is first considered in order to develop an initial fundamental understanding of
interface traction behaviour. A number of important findings are revealed for an elastic stent:
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e Firstly, it is important to note that peak normal tractions exceed peak tangential
tractions at low stent deployment whereas peak tangential tractions exceed peak normal
tractions at high stent deployment (finite deformation) when interface tractions are
assessed for a range of strut lengths, stent thicknesses and coating thicknesses. Since
stents typically undergo high deployment levels, mode Il coating debonding initiation
at the bottom of the arch should be carefully considered.

e The implementation of a longer stent strut effects an increased rotation at the base of
the stent arch which reduces the tangential tractions and increases the normal tractions
along the stent-coating interface. This effect can be counteracted by using a shorter strut
design.

e |t is shown that interface tractions increase with coating thickness suggesting that
antiproliferative drugs should be delivered via a thinner coating in order to reduce the
risk of coating debonding. Commercially available stent coatings range in thickness
from 10-20um (Hopkins et al., 2010). Since interface tractions increase with
increasing coating thickness, a higher bond strength must be achieved when thicker
coatings are utilised.

e The influence of stent thickness on interface tractions is particularly relevant given that
clinical studies suggest that thinner stent struts lead to reduced rates of restenosis
(Kastrati et al., 2001; Turco et al., 2008). Interface tractions increase with increasing
stent thickness suggesting that thinner stents should be utilised to reduce the risk of
coating delamination. Increased tangential tractions and negligible normal tractions are
computed for a thin stent at high stent deployment due to excessive straightening of the
thin stent geometry.

In the second section of this study, an elastic-plastic stent is considered:

e Yield stress is shown to significantly influence the location and magnitude of peak
normal and tangential interface tractions. Additionally, a high yield stress(ay =
600 MPa)is shown to promote significant coating compression at high deployment.

e Interface tractions are also presented for a range of stent strain hardening moduli. For a
typical stent thickness (h,/h, = 5), the strain hardening modulushas a significant
influence on the computed interface tractions at high stent deployment.

e Forathin elastic-plastic stent (h, /h,; = 0.5), itis demonstrated that the prescribed ratio
of peak tangential to peak normal traction significantly alters the mechanism and
location of initial coating debonding. A highly non-uniform stent surface is computed
at the stent-coating interface for a thick elastic-plastic stent. In this case, mixed-mode
coating over-closure is computed prior to mixed-mode coating delamination,
highlighting the importance of implementing a cohesive zone formulation which can
appropriately penalise mixed-mode compression.
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