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Multiobjective design optimisation of coronary stents
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Abstract This study presents the first multi-objective and
multi-disciplinary coronary stent design optimization study
of its kind. Coronary stents are tubular, often mesh-.like,
structures which are deployed in diseased (stenosed) artery
segments to provide a scaffolding feature that keeps the ar-
teries open (after the treatment of coronary artery disease). A
novel three variable geometry parameterisation of a CYPHER
(Cordis corp., Johnson & Johnson co.) type stent is pro-
posed to explore the functionality of a sequence of circum-
ferential rings connected by ‘n’ shaped links. The perfor-
mance of each design is measured by six figures of merit
(objectives/metrics) representing (i) acute recoil, (ii) tissue
stresses, (iii) haemodynamic disturbance, (iv) drug deliv-
ery, (v) uniformity of drug distribution, and (vi) flexibility.
These metrics are obtained from computational simulations
of (i) structural deformation through balloon inflated expan-
sion of a stent into contact with a stenosed vessel, (ii) pul-
satile flow over the deformed stent embedded in the vessel
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wall, (iii) steady-state drug distribution into the tissue, and
(iv) flexibility of a stent in response to an applied moment.
Design improvement is obtained by a multi-objective surro-
gate modelling approach using a non-dominated sorting ge-
netic algorithm (NSGA-II) to search for an optimal family
of designs. A number of trade-offs between the different ob-
jectives are identified. In particular a conflict between pairs
of the following objectives are shown – (a) volume average
stress vs recoil, (b) volume average drug vs. volume average
stress, (c) flexibility vs volume average stress, (d) flexibil-
ity vs. haemodynamic disturbance, (e) volume average drug
vs. haemodynamic disturbance, and (f) uniformity of drug
vs. volume average stress. Different paradigms to choose
the optimal designs from the obtained Pareto fronts are pre-
sented and under each such paradigm, the optimal designs
and there relative positions with respect to a representative
CYPHER stent are shown.

Keywords Coronary stents· Optimization· Finite element
analysis· Flexibility · Computational fluid dynamics·
Drug-distribution

1 Introduction

Coronary stents are tubular structures which are expanded
inside a stenosed artery segment to restore blood flow and
keep the artery open. Even though numerous stent designs
are used in clinical practice today, the adverse biologicalre-
sponses post-stenting are not completely eliminated. In-stent
restenosis (IR), reduction in lumen size due to neointima
formation within 12 months of procedure, and stent throm-
bosis (ST), formation of a blood clot inside a stented ves-
sel, are the two most common adverse responses to stents.
Even though the causes of such adverse responses are not
completely understood, several studies have identified fac-
tors that contribute towards them. For instance, vessel in-
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jury caused during the implantation procedure was found to
be correlated with neointimal formation (Farb et al, 1999;
Schwartz et al, 1992; Carter et al, 1994; Knig et al, 2002).
Hoffmann et al (1999) showed that the aggressiveness of the
balloon implantation technique moderately correlated with
intimal hyperplasia.

Stent design is identified as one of the key determinants
of restenosis rates (Kastrati et al, 2001; Pache et al, 2003).
Several parameters such as the type of stent (coil, tube, sloted,
etc.), its length, percentage metal coverage, number of struts,
strut thickness, cross-section, surface finish, symmetry,and
material have been shown to have an effect on restenosis
rates (Morton et al, 2004). Other studies in the field of ar-
terial haemodynamics (Ku, 1997; Ku et al, 1985; Moore Jr.
et al, 1994; Wentzel et al, 2001) suggest that neointimal for-
mation is related to areas experiencing low wall shear stress.
Since haemodynamics in a stented vessel is governed pri-
marily by the geometry of the stent, these studies imply that
stent geometry plays a crucial role in determining a stent’s
performance. Moreover, for drug eluting stents (DES), which
elute an anti-inflammatory drug to mitigate restenosis, the
stent design affects the distribution of drug in the tissue. Fi-
nally, the flexibility of a stent, which is needed for easy de-
liverability, is also governed by the geometric design (Mori
and Saito, 2005).

The studies discussed above lead to the conclusion that it
shoud be possible to alter stent geometry to improve the bi-
ological response of the body towards restenosis. However,
the consideration of numerous conflicting factors while de-
signing a stent presents a major challenge. One design has
to cater for different needs viz. improved flexibility, minimal
change in the stress-strain environment in the artery, mini-
mal recoil, sufficient drug in the tissue, uniform distribution
of the drug, and minimal alteration of haemodynamics. All
these desirable characteristics in one stent design lead toa
very complex multi-objective and multi-disciplinary design
problem. Of the relatively few studies in the past that have
addressed the problem of stent design optimisation, most
have considered only a single objective case. Different ap-
proaches to search for optimal stent designs using computa-
tional fluid dynamics (CFD) were presented by Atherton and
Bates (2006). To optimise the design of MAC STENTTM(amg
international GmbH, Germany), Li et al. (2005; 2009) used
finite element analysis (FEA) to measure the mechanical
properties of the stent. They combined the multiple objec-
tives of minimising radial reduction, radial loss, and dog-
boning while maximising radial gain to a single objective for
the optimisation study. A 2-D model, based on fluid struc-
ture interaction, to optimise the height, width, and the spac-
ing between the struts was studied by Blouza et al (2008).
They used aǫ-multiobjective evolutionary algorithm to ob-
tain the pareto solution that minimised both the mean-square
wall shear stress and mean swirl near the struts. Wang et al

(2006) used FEA to model the transient expansion of stents
to study the effect of stent geometry and length on dogbon-
ing and foreshortening. Bedoya et al (2006) used FEA to
evaluate the effect of stent design parameters on the stresses
induced in the artery and radial displacement. They evalu-
ated eight designs and recommended that large axial strut
spacing, radius of curvature, and amplitude of circumferen-
tial rings should be preferred as they induce lower stresses
in the artery. The results of this study were used by Tim-
mins et al (2007) to construct a Lagrange interpolation for
the relevant metrics - stresses, lumen gain, and maximum
cyclic radial deflection. A weighted sum of the interpolation
functions for these metrics was then minimised to yield op-
timal designs. In the field of biodegradable stents Wu et al
(2010) used 2-D mesh morphing technique on magnesium
alloy stents to minimise first the maximum principal strain
and then to maximise mass.

Most of the above mentioned studies have used simpli-
fied models to evaluate stent properties and/or ignored one
or more of the desirable characteristics in an ideal stent.
Moreover, only few have attempted to consider the multi-
objective problem. Pant et al (2011) used realistic expan-
sion, flexibility, and drug-distribution simulations to solve a
single-objective constrained optimisation problem for stent
design. However, they did not include the haemodynamic
effects in their analysis. This study combines all the relevant
objectives from both solid and fluid mechanics perspectives
in a multi-objective optimisation context. A three parame-
ter technique is proposed to create CYPHER stent (Cordis
corp., Johnson & Johnson co.) type geometries. The analy-
sis of each stent consists of four simulations – an FEA simu-
lation to model the balloon expansion of the stent into a rep-
resentative stenosed artery, an FEA simulation to model the
bending of the stent to measure flexibility, a CFD simulation
to model the pulsatile blood flow in the post-stented artery,
and a steady state CFD simulation to model the drug dis-
tribution. Six figures of merit are extracted from the results
of these simulations which quantify recoil, average stresses,
haemodynamics alteration, average drug delivered, unifor-
mity of drug distribution, and flexibility. A set of 15 designs
is first analysed and surrogate models for each objective are
constructed. An optimisation search using a non-dominated
sorting genetic algorithm-II (NSGA-II) is performed over
the surrogate models to identify the Pareto front. Five up-
date points along the predicted front are then added to the
initial sample to improve the surrogate models. This process
is repeated two more times (thereby adding 10 more points)
to sufficiently improve the quality of the surrogate models
and a final Pareto front is obtained representing the optimal
designs for the family of CYPHER type stents.
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Wstrut hc nheight

mm mm mm
CYPHER stent 0.130 0.825 1.600
Lower bound 0.050 0.700 0.700
Upper bound 0.170 1.100 1.900

Table 1: Limits imposed on the design parameters

2 Material and methods

2.1 Geometry

2.1.1 Artery, plaque(stenosis), and balloon

The artery, plaque, and balloon geometries are described in
our previous work (Pant et al, 2011).

2.1.2 Stent geometry and parameterization

A three parameter technique to create CYPHER like stents is
proposed. Figure 1 shows the various parameters. The length
of the stent,Lstent, and it’s crimped state outer radius,Rstent,
are fixed to be equal to 8.0 mm and 0.75 mm respectively.
Four circumferential rings in the longitudinal direction are
used and there are twelve curved parts (six peaks and six
troughs) in each circumferential ring. The parameters which
are allowed to vary are the longitudinal length of the circum-
ferential rings,hc, circumferential strut width,Wstrut, and the
height of the ‘n’ shaped links,nheight. SinceLstent is con-
stant,hc also controls the length of the links. The circumfer-
ential width of the links is kept constant at 0.07 mm. Strut
thickness, i.e. the stent dimension in the radial direction, is
also kept constant at 0.14 mm based on the value for the
CYPHER stent (Cordis Corporation, 2010). The shape of
the links is kept similar to the CYPHER stent using NURBS
curves as shown in Fig. 2.

Table 1 shows the values of the three parameters for the
representative CYPHER stent and the bounds imposed on
each parameter. For an explanation of the bounds onWstrut

andhc refer to Pant et al (2011). The upper bound fornheight

is chosen considering that a very high value ofnheight results
in contact of one link with the other. The lower bound for
nheight is chosen considering the geometry of the ’n’ links
– with a constant circumferential width of the links a very
small value ofnheight results in almost straight links. Figure
3 shows some of the designs created using this parameteri-
zation.

2.2 Simulations

The expansion simulations are carried out using Abaqus/

Explicit 6.9.1 (Dassault Systèmes Simulia Corp., Providence,

Fig. 2: Construction of the links

RI, USA), a commercially available finite element solver.
The flexibility simulations are carried out using Abaqus/Stan-
dard 6.9.1 (Dassault Systèmes Simulia Corp.). The specific
materials and methods for the expansion and flexibility sim-
ulations can be found in Pant et al (2011).

For the simulations of haemodynamics and drug distri-
bution, Star-CCM+ 3.06.006 (CD-adapco), a commercial
CFD solver, is used. The following sections describe the
setup for each simulation.

2.2.1 Haemodynamics

For the haemodynamics simulation, the expanded geometry
after the end of the expansion analysis is used. Once the
geometry is imported into the CFD package, an unsteady
pulsatile simulation is performed to model blood flow. The
boundary conditions and other details of the flow simulation
can be found Pant et al (2010).

2.2.2 Drug Release

The geometry for the drug distribution simulation is also
obtained from the expansion analysis. The plaque and the
artery regions are combined to represent one homogeneous
and isotropic tissue region. Figure 4 shows this assembly.
The embedding of the stent into the tissue region, as shown
in the figure, makes the stent both a part of the lumen and
the tissue regions.

Since the flow in the lumen affects the drug distribution,
the distribution of drug in the lumen needs to be modelled
as an advection-diffusion pattern. This presents a challenge
– since the time-scales of the flow and drug-diffusion dif-
fer by orders of magnitude, the coupling of unsteady flow
with the drug diffusion equations becomes computationally
very expensive. For this reason, a steady state drug-diffusion
setup is used. This is justified as the methodology in this
study involves only a comparison of different drug distribu-
tion patterns produced by different stent geometries, rather
than modelling the exact drug release kinetics. Moreover,
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Fig. 1: CYPHER stent parameterization

Fig. 3: Sample designs created using the proposed prameterization
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Kolachalama et al (2009) showed that steady state simula-
tions for drug-release are reflective of the instantaneous flux
of drug through the lumen-tissue interface, and hence can
provide relevant information. Although an unsteady time-
dependent release, without considering the luminal flow, can
be modelled to gain insight into the mechanics of drug re-
lease, a steady state formulation, while including the flow,
yields enough variation (of about 16% in terms of volume
average drug) when comparing different designs in this study.
Transmural convection, due to the interstitial flow in the tis-
sue, is neglected. This is based on the study by Kolachalama
et al (2009) where it is shown that transmural convection
has an effect of less than 1% on volume weighted average
concentrations of drug.
The following continuity, momentum, and diffusion, equa-
tions are solved in the lumen –

∇.v = 0 (1)

ρv.∇v = −∇P+ ∇.(µ∇v) (2)

v.∇Cl = Dl∇
2Cl (3)

wherev, ρ, P, andµ denote the velocity, density, pressure,
and the viscosity of blood, respectively.Cl is the drug con-
centration in the lumen andDl is the diffusivity of the drug
in blood. The values ofρ andµ are assumed to be equal
to 1.060×10−3 kg/m−3 and 3.7×10−3 Pa-s respectively (Pant
et al, 2010).

In the tissue region (comprising both the plaque and the
artery), the following equation is solved –

Dt∇
2Ct = 0 (4)

whereCt is the drug concentration in the tissue, andDt is
the diffusivity of the drug in tissue. The interface between
the lumen and plaque is modelled as follows –

q(Cl ,Ct) = kp(Cl −Ct) (5)

whereq is the flux across the interface,kp is the permeabil-
ity, andCl , Ct are drug concentrations in the lumen and tis-
sue, respectively.

For both the lumen and the tissue region, the stent is set
to a unity concentration boundary condition. Such a Dirich-
let boundary condition has also been used by Kolachalama
et al (2009) to model drug release. The ‘lumen inlet’ (cf. Fig.
4)is set to an inlet velocity of 16.29 cm/s (mean velocity of
the inlet profile used by Pant et al (2010)), and a zero con-
centration boundary. The ‘lumen outlet’ is set to a zero pres-
sure boundary for flow and a zero flux boundary is specified
for concentration. In the tissue region the ‘tissue inlet side’
is set to a zero concentration boundary, and both the ‘tis-
sue outlet side’ and the ‘perivascular side’ are set to a zero
flux boundary condition for the drug. The plaque interface
is modelled using equation 5. The diffusivities of drug in the

lumen (Dl) and tissue (Dt) are assigned values of 1.5×10−4

mm2/s and 7.7×10−6 mm2/s, respectively, and the perme-
ability (kp) is assumed to be 4×10−4 mm/s (Zunino et al,
2009; Lovich and Edelman, 1995). Equations 1-4, coupled
with Eqn. 5, are then solved over the domains of lumen and
tissue. The equations are modelled as a heat transfer prob-
lem due to the similarity in the two sets of equations (Crank,
1979; Feenstra and Taylor, 2009; Hose et al, 2004).

2.3 Objective functions

Six measurements of stent performance (objective functions)
are defined such that a minimisation of each objective im-
plies an improvement in design. The objectives are –

1. Recoil – The following metric is used to measure aver-
age post-stenting acute recoil –

Recoil= Dmax
avg − Dunload

avg (6)

whereDmax
avg andDunload

avg represent the maximum average
diameter of the stent during the loading and hold phases
(c.f. Figure 7 of Pant et al (2011)) and its diameter after
the unloading phase, respectively.

2. Volume Average Stress(VAS) – The change in the me-
chanical environment in the artery after the stenting pro-
cedure can be related to the stresses induced in the plaque
and the tissue. The following metric, based on the work
of Holzapfel et al (2005) and Pant et al (2011), is used
to quantify such change –

VAS=

∫

V
σ dV
∫

V
dV

(7)

whereσ represents the von Mises stresses and the vol-
ume integrals are calculated over the combined domain
of the plaque and the artery. In this studyVAS is calcu-
lated as follows –

VAS=

i=n
∑

i=1

σiδVi

i=n
∑

i=1

δVi

(8)

whereσi represents the Von-Mises stress in theith ele-
ment of the plaque and the artery andδVi is the volume
of the ith element. If the stent lies in the axial domain of
[-4.0, 4.0], the sum is carried over then elements of the
plaque and the artery which lie in the axial domain of
[-4.5, 4.5].
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Fig. 4: Section of the assembly for the drug release simulation – lumen and tissue

3. The flow index – Pant et al (2010) proposed an index
called the haemodynamic low and reverse flow index
(HLRFI) to quantify the relevant flow features concern-
ing stented-vessel haemodynamics in one numeric quan-
tity. This index is used in this study to represent the
flow-disturbance objective function. AtN uniformly dis-
tributed points (in time) in the cardiac pulse the follow-
ing two quantities are defined for the artery wall –

pl(t) =

∫∫

wall
τw5.0 dA

∫∫

wall
dA

(9)

pr (t) =

∫∫

wall
τw0.0 dA

∫∫

wall
dA

(10)

where,

τwχ =















1, if τw <= χ;

0, otherwise.
(11)

whereτw is the axial wall shear stress. Hencepl(t) and
pr (t) denote the artery wall area exposed to low wall
shear stress and reverse flow, respectively.HLRFI then
combines and time-averages these areas over theN points
in the cardiac pulse –

HLRFI =

N
∑

i=1

4i(pil + pir )

2
N
∑

i=1

4i

(12)

where4i are the weights for each of theN uniformly
distributed points in the cardiac pulse and are assumed

to be unity in this study. A lower value ofHLRFI indi-
cates a better response in terms of the blood flow in the
stented vessel.

4. Volume Average Drug(VAD) – A volume average met-
ric for drug is used to measure the amount of drug trans-
ported into the tissue. Similar to volume average stress, a
global metric for drug, as used in the study by Pant et al
(2011), is defined as follows –

VAD= −

i=n
∑

i=1

ciδVi

i=n
∑

i=1

δVi

(13)

whereci is the drug concentration in theith andδVi is the
volume of theith cell. If the stent lies in the axial domain
of [-4.0, 4.0], the sum is carried over then elements of
the plaque and the artery which lie in the axial domain
of [-4.5, 4.5]. The negative sign is included so that lower
values ofVAD indicate better designs in terms of more
drug being delivered.

5. Uniformity of drug distribution ( Ddev) – In order to
measure the uniformity of drug the standard deviation
of the drug distribution in the combined region of the
plaque and the artery is proposed. Letn be the number
of cells (in the volume mesh) contained in the axial do-
main of [-4.5, 4.5], and the setCd = {c1, c2, c3, ..., cn}

contain the drug concentrations,ci , in the ith cell. Then,
the standard deviation (Ddev) of this set,Cd, can be used
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as a measure of uniformity of drug-distribution.

Ddev=

√

√

√

1
n

i=n
∑

i−1

(ci − c̄)2 (14)

wherec̄ is the mean of elements in setCd. A lower value
of Ddev implies a more uniform distribution of the drug
around its mean.
It is important to node thatDdev could have a low value
(implying a more uniform distribution) even when the
mean is low (implying lesser drug). Hence, this measure
should be used in conjunction withVAD in order to pass
a final judgement on the drug-distribution efficacy of a
stent .

6. Flexibility metric (FM) – As proposed by Pant et al
(2011), the moment vs. curvature index graph of a stent
can be used to quantify its flexibility. Ifφ is the bending
angle, as shown in Figure 5, produced by applying a mo-
ment,M, then the curvature index,χ, can be calculated
by χ = 2φ/LUstent, whereLUstent is the axial length of
one unit of the stent. The area under theM-χ curve then
gives a measure of flexibility. The flexibility metric is
defined as follows –

FM =
∫ χmax

0
M(χ) dχ (15)

Fig. 5: Bending angle,φ, measurement in flexibility analysis

2.4 Optimization problem & solution methodology

The multi-objective optimisation problem is formulated as
follows-

Minimise Recoil(Wstrut, hc, nheight) (16)

Minimise VAS(Wstrut, hc, nheight) (17)

Minimise HLRFI(Wstrut, hc, nheight) (18)

Minimise VAD(Wstrut, hc, nheight) (19)

Minimise Ddev (Wstrut, hc, nheight) (20)

Minimise FM(Wstrut, hc, nheight) (21)

such that,

0.050≤Wstrut ≤ 0.170 (22)

0.700≤ hc ≤ 1.100 (23)

0.700≤ nheight≤ 1.900 (24)

Some of the objectives in the above formulation, for ex-
ampleRecoil and FM, could be specified as constraints.
This, however, would require a biomedical understanding
of the minimum acceptable values for these objectives. For
instance, data on the curvature of the arteries in the deploy-
ment path can help in determiningFM as a constraint. Since,
such data is not available to the best of the authors’ knowl-
edge, all the metrics are specified as objective functions in
the optimisation problem.

The solution methodology adopted in this study is de-
picted in Fig. 6. The process starts with the parametric def-
inition of the stent geometry. A number of designs (15 in
this study), uniformly distributed over the design space, are
created using the proposed parameterization. This process
of selecting the initial points in the design space is known
as sampling. Each of these designs are then analysed for
the six objectives defined in previous sections. The box with
dashed lines in Fig. 6 illustrates the steps for analysis. For
each design, CAD geometries are constructed, in a semi-
crimped state, and exported to the FEA package to solve
for the equations governing the stent expansion process and
bending (for flexibility). The expanded geometries obtained
as an output from the expansion analysis are then exported
into the CFD package to model the haemodynamics and the
drug distribution. The objective functions from each of these
four analyses are extracted and used to construct the initial
surrogate model. The surrogate models are constructed us-
ing Kriging (Forrester et al, 2008). These models (Krigs)
are then searched using multi-objective non-dominated sort-
ing genetic algorithm-II (NSGA-II) (Deb, 2001), resulting
in an initial Pareto front. It should be noted that the obtained
Pareto front is a predicted one, and is only as good as the ac-
curacy of the Krigs. To improve the quality of the Krigs the
update process is carried out. The number of update points
(five in this study), also known as theinfill points, are se-
lected uniformly along the predicted Pareto front. After the
analysis of the new points, the Krigs are reconstructed and
the NSGA-II search is performed on the updated Krigs to
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obtain an improved Pareto front. This process is repeated
twice more, based on the computational budget available.

The following sections detail the sampling plan, surro-
gate modelling, and the NSGA-II search.

2.4.1 Sampling plan

An LPτ (Statnikov and Matusov, 2002) based sampling plan
is used to construct a 15-point design of experiments (Sant-
ner et al, 2003). AnLPτ based sampling plan is suitable as
it gives a uniform coverage of the design space. Ifn points
are to be evaluated in the design space then a general rule
in optimisation studies is to usedn = 10× np, wherenp is
the number of design parameters. Sincenp = 3, a total of
30 evaluations are performed. The distribution of 30 evalua-
tions is divided into an intial sampling of 15 points, and three
subsequent updates, each update adding five new points.

2.4.2 Surrogate modelling and NSGA-II

Surrogate modelling is a process of constructing a meta-
model (mapping between the parameters and an output func-
tion representing the physical behavior) to emulate the re-
sponse of the underlying physical problem. Such a meta-
modelling approach is extremely useful when the computa-
tional experiment is very expensive, and hence the explo-
ration of the design space is practical only at a limited num-
ber of points (Forrester et al, 2008). This is very pertinent
to this study where, for each design, the evaluation of all
the metrics described in section 2.3 takes over 120 hours
using 8 parallel compute processes (Microsoft Windows 64-
bit high performance computing platform, Intel quad core
2.8 GHz processor, 16 GB RAM). Consequently a surrogate
modelling approach based on Kriging is used to model the
physical response of the stents. The mathematics of a such a
Kriging model can be found in Forrester et al (2008).

Once the Kriging models are constructed an NSGA-II
algorithm is used to search for the non-dominated (Pareto)
solutions for the optimisation problem formulated in section
2.4. NSGA-II is run for 50 generations, each generation hav-
ing a population of 50 members.

The methodology in this study can be summarised in the
following steps –

Step 1: Analyse initial 15 points→ Construct Krigs for
each objective→ perform an NSGA-II search to obtain the
Pareto front→ identify five update points→ analyse the new
points.

Step 2: Construct Krigs for each objective using 15+5 points
→ perform an NSGA-II search to obtain the Pareto front→
identify five update points→ analyse the new points.

Step 3: Construct Krigs for each objective using 15+5+5
points→ perform an NSGA-II search to obtain the Pareto
front→ identify five update points→ analyse the new points
→ Stop.

Step 4: Appraise the optimal designs.

3 Results & Discussion

This section first presents the results for the representative
CYPHER stent and then for the multi-objective optimisation
study.

3.1 CYPHER stent

The generic behaviour of the transient expansion of the CYPHER
stent is similar to that reported in the findings of Pant et al
(2011) (c.f. Figure 13 of their work). After the unloading
phase, the stent is perfectly apposed to the plaque inner sur-
face and since the contact formulations allow embedding of
the contact surfaces onto one another, the stent embeds itself
into the plaque. The acute recoil, as measured from Eq. 6 is
0.1337 mm and is graphically depicted in Figure 7d. The
maximum diameter is achieved just before the beginning of
the hold phase and this diameter is maintained until the load
starts to decrease, eventually stabilising at a final value at the
end of the unloading phase.

Figures 7a, b, and c show the stresses in the plaque, stent,
and the artery, respectively, after the unloading phase. The
peak stresses in the stent are located in the curved parts of
the circumferential rings. This is because the expansion of
the stent produces maximum strains in these locations. The
plastic strains which appear at these curved locations of the
stent are key in determining recoil – higher plastic strainsin
these regions lead to lower acute recoil.

The severe contact forces between the stent and the plaque
leave an impression (both geometrically and stress wise) on
the plaque (cf Fig. 7a). This impression can also be observed
on the artery wall in terms of stresses (cf Fig. 7c). In both the
plaque and the artery the stresses are significantly higher in
the central region when compared to the distal ends. This is
due to the shape of the stenosis. Since stenosis is highest in
the central region, the deformations in the plaque are also
highest in this region. This leads to higher contact forces
and hence higher stresses. The volume averaged von-Mises
stress in the plaque and the artery calculated using Eq. 8 is
46.4×10−3 MPa.

The expanded geometry of the stent-plaque assembly
obtained from the expansion simulations is then used to run
the haemodynamics simulations. Figure 8 shows the axial
wall shear stress contours on the surface of the plaque at
the peak inlet velocity of the cardiac pulse (c.f. Pant et al
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Fig. 6: Flow chart detailing the process of surrogate modelling

(2010) for the details of the cardiac waveform). The axial
WSS takes a very low value (often negative) in and around
the struts and the links. This is explained by the formation of
recirculation zones. Figure 9 shows the velocity profiles on
a cross section of the plaque-stent assembly clearly showing
the recirculation zones. A qualitative comparison of these
profiles with the ones presented by Pant et al (2010), where
the artery was assumed to be a straight cylinder and the ex-
pansion of the stent not modelled, reveals that the recircula-
tion zones observed in this study are relatively smaller. This
can be attributed to tissue prolapse. Tissue prolapse refers
to the tissue volume protruding into the lumen area between
the stent struts. This can be seen in Figure 10. The protrud-
ing tissue reduces the severity of the effective backward fac-
ing step that the flow encounters. Due to the protrusion of
the tissue into the lumen, immediately after any strut the
blood flow hits the plaque surface earlier (when compared
to the case without any tissue prolapse), and consequently
reduces the extent of the recirculation zones. This reduction
in the size of the recirculation zones is desirable for resist-
ing restenosis as it reduces the artery wall area exposed to
low wall shear stress. The value for HLRFI, calculated us-
ing equation 12 expressed as a percentage is 27.40 %.

Fig. 8: Axial WSS at peak inlet velocity of the cardiac wave-
form used by Pant et al (2010) (flow is from left to right)
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Design Wstrut hc nheight Recoil VAS HLRFI VAD Ddev FM

CYPHER 0.1300 0.8250 1.6000 0.1337 0.0464 27.40% -0.3701 0.2525 0.1775
DOE BX 1 0.1100 0.9000 1.3000 0.1716 0.0463 26.10% -0.3605 0.2511 0.2094
DOE BX 2 0.0800 1.0000 1.0000 0.2707 0.0398 24.42% -0.3460 0.2528 0.2557
DOE BX 3 0.1400 0.8000 1.6000 0.1146 0.0473 26.89% -0.3792 0.2528 0.1690
DOE BX 4 0.0650 0.9500 1.7500 0.2918 0.0400 26.43% -0.3533 0.2648 0.2553
DOE BX 5 0.1250 0.7500 1.1500 0.1226 0.0457 25.24% -0.3632 0.2631 0.2241
DOE BX 6 0.0950 0.8500 1.4500 0.1851 0.0449 27.39% -0.3660 0.2610 0.1807
DOE BX 7 0.1550 1.0500 0.8500 0.1405 0.0480 26.12% -0.3696 0.2541 0.4149
DOE BX 8 0.0575 1.0750 1.5250 0.3054 0.0376 26.34% -0.3619 0.2564 0.1841
DOE BX 9 0.1175 0.8750 0.9250 0.1548 0.0462 26.15% -0.3528 0.2509 0.2808
DOE BX 10 0.0875 0.7750 1.8250 0.1867 0.0446 27.90% -0.3768 0.25120.1410
DOE BX 11 0.1475 0.9750 1.2250 0.1372 0.0478 27.06% -0.3645 0.25760.2557
DOE BX 12 0.0725 0.8250 1.0750 0.2467 0.0398 24.56% -0.3452 0.25510.2259
DOE BX 13 0.1325 1.0250 1.6750 0.1639 0.0485 26.70% -0.3787 0.25260.2089
DOE BX 14 0.1025 0.9250 0.7750 0.1845 0.0448 24.56% -0.3452 0.25090.3157
DOE BX 15 0.1625 0.7250 1.3750 0.0901 0.0450 25.53% -0.3772 0.25250.1907

DOE BX 16 0.1395 1.0320 0.7367 0.1540 0.0473 24.80% -0.3605 0.2519 0.4074
DOE BX 17 0.0721 0.8256 1.1727 0.2529 0.0396 24.85% -0.3482 0.2520 0.2101
DOE BX 18 0.0503 1.0860 0.7232 0.3222 0.0345 23.34% -0.3391 0.2596 0.2608
DOE BX 19 0.1137 0.7068 1.7700 0.1439 0.0522 28.53% -0.3758 0.2517 0.1440
DOE BX 20 0.0890 1.0263 1.7776 0.2006 0.0435 26.65% -0.3747 0.2544 0.1720

DOE BX 21 0.1377 0.7051 1.8544 0.1098 0.0465 27.30% -0.3886 0.2577 0.1403
DOE BX 22 0.0500 1.0113 0.7010 0.3291 0.0340 23.31% -0.3343 0.2566 0.2600
DOE BX 23 0.0500 1.0576 1.0760 0.3090 0.0360 24.06% -0.3475 0.2579 0.2162
DOE BX 24 0.1677 1.0504 0.7021 0.1278 0.0479 24.76% -0.3737 0.2536 0.3354
DOE BX 25 0.0500 0.8121 1.7705 0.2922 0.0404 26.80% -0.3771 0.2650 0.1359

DOE BX 26 0.1175 0.7004 1.8919 0.1315 0.0472 27.76% -0.3787 0.2493 0.1358
DOE BX 27 0.0725 0.9891 0.7056 0.2542 0.0393 23.69% -0.3427 0.2528 0.2969
DOE BX 28 0.1550 0.9958 0.7010 0.1305 0.0475 24.76% -0.3659 0.2520 0.4273
DOE BX 29 0.0800 0.9997 0.7010 0.2710 0.0393 23.71% -0.3387 0.2515 0.3137
DOE BX 30 0.0632 0.7498 1.9000 0.2480 0.0403 26.71% -0.3792 0.2611 0.1306

Table 2: Result matrix for the 15 point intial sampling and the three updates

Fig. 10: Tissue prolapse and it effect on recirculation

Next, the expanded geometry of the stent-plaque-artery
assembly is used to run the drug-distribution simulations.
Figure 11 shows the drug contours on various sections of the
two domains. The highest drug concentrations are observed
near the stent struts. This is not surprising as the stent is the
source of the drug. As one moves away from the stent struts,
the drug concentration decreases. In the axial cross sections
it is observed that the drug concentration in the tissue region
between any two consecutive struts in the circumferential di-
rection reaches a minimum. This is attributed to the design
of the stent. If one considers the entire tissue domain then the
uniformity of drug distribution can be attributed to the areas
of the drug source (unity concentration boundary condition).
In other words, the stent can be seen as a set of curves on the
plaque surface, and the topology of these curves determine
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Fig. 7: Final von Mises stresses on Plaque (a) , stent (b) , andartery (c), and stent average diameter vs. time plot (d) for the
baseline geometry

(a) Velocity profile: links

(b) Velocity profile: central region

Fig. 9: Velocity profiles for flow on geometry obtained post
FEA analysis: point 3 (Pant et al, 2010) of cardiac pulse

the pattern of drug distribution. Areas which are far from
such curves both in the circumferential and the axial direc-
tions are more likely to receive less drug relative to the areas
that are nearer.

In the lumen region most of the drug is washed away be-
cause of the high convective transfer. It is the recirculation of
the flow which retains some drug near the struts, and hence
helps drug transport into the tissue. This is shown in fig-
ure 12. The only areas in the lumen which have a non-zero
drug concentration are the areas of recirculation. Each re-
circulation zone, formed before and after each strut, arrests
the washing-out of drug. Part of this drug is then transported
to the tissue across the plaque interface. These recirculation
zones, although unwanted while considering the haemody-
namics, appear to be beneficial for drug transport. The val-
ues forVADandDdev for the representative CYPHER stent,
calculated using equations 13 and 14 are 0.3701 and 0.2525
units, respectively.

Fig. 11: Drug distribution contours
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Fig. 12: Drug distribution contours on a section plane: effect
of flow

The flexibility of a stent is determined through a separate
FEA simulation. Figure 13 shows the bending of the stent.
The general features of a flexibility analysis resemble those
reported by Pant et al (2011) (c.f. Figure 17 of their work).
However the difference between the links in their work and
this study leads to significant differences in the results, par-
ticularly in terms of contact. Figures 13 (c) and (d) show
how links on one side compress and on the other side ex-
pand to allow for a flexible shape. Such a winding feature
of the links, which allows for both expansion and contrac-
tion, determines the flexibility of a stent. A stent lacking
such a design feature, for example, one with no curves (i.e.
straight links), would require considerably higher moments
to achieve the same bending angle,φ, and hence would be
relatively less flexible. Relative to the expansion, contraction
of the links requires more consideration. The links, owing to
their design, come into self contact after a certainφ. For a
more flexible stent, this should be avoided as far as possi-
ble because self-contact leads to the requirement of higher
moments for further increases inφ. Consequently, flexibility
decreases and this makes the stent less suitable for manoeu-
vring through high curvature vessels.

Contact of the links is depicted in Fig. 14. The images
show how further increasing the applied moment, which leads
to an increase inχ leads to more points of self contact in the
links. While in Figs. 14b and c there is only one contact
location, in Fig. 14d there are two contact locations. Fur-
thermore, it is observed that as the moment is increased fur-
ther, the two more pairs (marked as ‘contact imminent’ in
Fig. 14 (d)) come into contact. This leads to a significantly
higher increase in the moment required to further increase
χ. This phenomenon is also reflected in theM − χ curve
shown in Fig. 15. Initially, when the deformations are only
elastic, an almost linear behaviour is observed. As the links
deform plastically, the incremental moments required to fur-

ther increaseχ are very small until contact occurs. When the
first contact occurs, and until there are only one or two con-
tact locations, a slight increase in the moments is observed.
After the contact locations increase to more than two, i.e.
the link is in self contact and also in contact with the stent
struts, a very steep change in the slope of theM − χ curve is
observed. Thus, the design of the links, which involves con-
sideration of both allowing the links to expand and contract
and simultaneously avoid self contact, is a key determinant
of flexibility in stents. The value ofFM as calculated using
equation 15 is 0.1775 N-rad.

Fig. 15: Moment vs. curvature index curve

3.2 Pareto fronts

The values of the six objective functions are calculated ini-
tially for the 15 designs points (c.f. Table 2). This is followed
by three subsequent updates each adding five new design
points. Figure 16 shows slices from the Pareto fronts after
each update cycle – green circles showing the pareto front
after the initial sample and first update, the blue circles after
second update, and the red pluses after the final update. Fig-
ure 17 shows one of the plots (VADvs.VAS) and marks the
update points in each update cycle. As can be observed in
this figure the update points serve two purposes - first to fill
in each successive Pareto front and second to push it towards
the bottom left corner.

Clear trade offs are observed for the following set of ob-
jectives in Fig. 16 –

– VASvs. Recoil
– VAD vs.VAS
– FM vs.VAS
– FM vs. HLRFI
– VAD vs.HLRFI
– Ddev vs.VAS
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Fig. 13: Flexibility results for baseline geometry: snapshot at Myy = 0.91 N-mm; a) initial shape; b) deformed shape; c) y−

view; and d) y+ view

Fig. 14: Contact in bending of stents

The following subsections discuss the individual trade-
offs in detail–

3.2.1 Stress vs. Recoil

Figure 18 shows a slice from the final pareto front depicting
the trade-off between volume average stress and acute recoil.
Designs with lower value of acute recoil show a higher value
of VAS. This inverse relationship between average stresses
and recoil is inevitable. Lower recoil implies a higher lu-
men area which leads to higher circumferential strains in
the artery/tissue and consequently higher stresses. Although
such an inverse relationship is bound to appear in every fam-
ily of stent designs, it is interesting to note how the stent de-
sign (relative to the three design parameters) changes along

the Pareto front. As one moves from top-left towards the
bottom-right of this front the stent design changes signif-
icantly – in particular, the value ofhc increases while the
value ofWstrut decreases. The third parameter,nheight, does
not follow any particular trend in this plot. The effect of
Wstrut can be explained by the reasoning that a higher value
of Wstrut, other parameters being equal, implies a higher metal-
to-artery ratio (consequently a higher contact area) and hence
results in higher stresses. For acute recoil, increasing the
value ofWstrut has the opposite effect. The curved parts of
circumferential rings with wider struts undergo higher plas-
tic deformation and consequently resist recoil. Thus an in-
crease in the value ofWstrut is better in terms of reducing
recoil but comes at a price of increased average stresses.
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Fig. 16: Trade-off curves for all combinations of the six metrics

Fig. 17: The update process - green front indicates the initial DOE+ first update, the blue front indicates the second update,
and the red front indicates the third update
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The effect of the parameterhc is not as straightforward
as the effect ofWstrut. In terms of recoil a lower value ofhc

results in larger plastic strains in the curved regions of the
circumferential rings. This can be understood by imagining
the unfolded stent on a flat plane and viewing the expansion
process as the stretching of these rings (c.f. Figure 23 of
Pant et al (2011)). Consequently designs with a lower value
of hc have lower recoil. In terms of the metal-to-artery ratio
(contact area between stent and plaque) the effect ofhc de-
pends onnheight. Since the circumferential width of the links
is constant (0.07 mm) whether a decrease inhc results in an
increase or decrease of the metal-to-artery ratio depends on
the net change in area brought by the two competing factors
- decrease of area due to the shortening of circumferential
rings and increase in area due to the higher axial length that
the connectors/links occupy. In general, if the value ofWstrut

is much lower than 0.07 mm and the value ofnheight is rel-
atively large, then a decrease inhc will result in a net in-
crease in the contact area of the stent. However, if the value
of Wstrut is much higher than 0.07 mm andnheight is small,
a decrease in the value ofhc will result in a net decrease in
area. This complicated relationship is reflected in the Pareto
front in the following way – when moving from left to right,
the initial design changes reflect a decrease inWstrut with
little change inhc. This happens until the value ofWstrut is
close to 0.07 mm, after which the design change is largely
due to an increase inhc as opposed to a decrease in the value
of Wstrut.

3.2.2 Drug vs. Stress

Figure 19 shows a slice from the final Pareto front depict-
ing the trade-off between volume average drug and volume
average stress. The designs which lead to a higher volume
average drug value (lower value of theVAD metric) are
the designs associated with higher values of volume aver-
age stress. As a general trend along the Pareto front, the
designs for better drug response (and consequently worse
stress response) have highWstrut values, highnheight values,
and lowhc values. Since both recoil andVAD are in com-
petition withVAS, intuitively it is expected that recoil and
VAD would be positively correlated. This can be seen in
Fig. 16. As expected recoil andVAD follow a general trend
of positive correlation. However, there are significant devi-
ations from the general trend. This is primarily due to the
fact that while the link height does not play any particular
role in determining recoil, it significantly affects volume av-
erage drug. This phenomenon is demonstrated in the best
designs for recoil (DOEBX 15) andVAD (DOE BX 21)
on the pareto front. The best design forVAD has a lower
value of Wstrut and a highernheight value when compared
to the best design for recoil on the pareto front. A longer
length of the link provides a better coverage of the artery

wall, and since the links provide a source of the drug, the
concept of better wall coverage becomes a key contributor
in determiningVAD. One is inclined to relate the contact
area of the stent (metal-to-artery ratio) as one of the fac-
tors determiningVAD. Although this is an important fac-
tor, the distribution of the struts can not be ignored. This
is illustrated by a comparison of designs DOEBX 10 and
DOE BX 20. While DOEBX 20 has roughly 9% higher
contact area when compared to DOEBX 10, it does not
perform better in terms ofVAD. The distribution of struts
in DOE BX 10 provides a relatively uniform wall coverage
and hence has a similar response to DOEBX 20 in terms of
VADdespite its lower surface area.

3.2.3 Flexibility vs. Stress

Figure 21 shows a slice from the final Pareto front depicting
the trade-off between the flexibility metric and volume aver-
age stress. The conflict betweenFM andVAS is primarily a
result of the length of the links. While thinner struts are pre-
ferred both in terms of volume average stress and flexibility,
the competition results from the length of the links,nheight.
Two desirable characteristics are observed for designs which
are relatively more flexible –hc has lower values andnheight

has larger values. Smaller values ofhc ensure that the links
occupy a larger axial length which in turn delays self con-
tact between the ’n’ shaped links as there is more free space
between the links. The parameternheight on the other hand
gives more length to the links. A longer length of the link is
desirable as the bending of the stent can be seen as a stretch-
ing and compression of the links. If the links are straight
or the value fornheight is small, there is little allowance for
the links to unfold (while stretching) and squeeze (while
compressing), which leads to decreased flexibility. Conse-
quently, the best design in terms of flexibility (DOEBX 30)
has very low value ofhc and the maximum allowed value
(upper bound) fornheight. The effect ofhc in Fig. 21 can be
explained along the same lines as in section 3.2.1. Lower
values ofhc are preferred by VAS only until an equilibrium
is reached between the relative effect of area change of the
links versus the area of the circumferential rings (owing to
the fixed width of the links, 0.07 mm). This becomes even
more important in the conflict between flexibility with stress
(as opposed to stress vs. recoil) because improvement inFM
drives the link lengths towards higher values, but for stress,
an increase inhc beyond a certain threshold leads to lower
contact area and hence lowerVAS.

3.2.4 Flexibility vs. flow

Figure 22 shows a slice from the final Pareto front depicting
the trade-off between the flexibility metric and the flow in-
dex (HLRFI). As a general trend more flexible designs tend
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Fig. 18: Final Pareto front slice showing the trade-off between volume average stress and acute recoil

Fig. 19: Final Pareto front slice showing the trade-off between volume average drug and volume average stress
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Fig. 20: Contact area and its effect onVAD

Fig. 21: Final Pareto front slice showing the trade-off between the flexibility metric and volume average stress
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to show worse response in terms of haemodynamics. This
can be attributed primarily to the length of the links. A pre-
vious study by Pant et al (2010) showed that the length of
the links in the cross-flow direction (nheight) is key in deter-
mining the flow response. They showed a direct dependence
of HLRFI on nheight and that higher values ofnheight showed
higher alteration to the haemodynamic features relevant to
restenosis. As discussed in the previous section larger values
of nheight improve the flexibility. This conflict in the parame-
ter nheight leads to the trade-off observed in the Pareto front.
In terms ofWstrut, lower values are preferred by both flexi-
bility and HLRFI. Since recirculation zones are formed in
between the links, the designs with goodHLRFI response
tend to have large values ofhc. This minimises the axial
length covered by the links and hence leads to a relatively
better flow response. However, as discussed in the section
3.2.3 this is not favourable in terms of flexibility.

3.2.5 Drug vs. flow

Figure 23 shows a slice from the final Pareto front depicting
the trade-off between the volume average drug and the flow
index (HLRFI). As one moves from top-left to bottom-right
along the front the design changes from lowWstrut, highhc,
and lownheight values to highWstrut, low hc, and highnheight

values. In terms ofWstrut, a high value is favourable so that
more drug can be delivered, but the flow metric favours thin-
ner struts as they cause less haemodynamic alteration. Min-
imisation of flow disturbances within the links drivehc to
higher values so that the axial length occupied by the links is
less andnheight to lower values. However, this is not preferred
from the drug perspective as it both disturbs the uniformity
of strut distribution and overall contact area. A strong con-
flict occurs in these two objectives as all the three parameters
drive the objectives in opposite directions.

3.2.6 Drug standard deviation vs. stress

Figure 24 shows a slice from the final Pareto front depicting
the trade-off between the standard deviation of the drug con-
centration and the volume average stress. The standard devi-
ation of drug concentration is primarily governed by the uni-
formity of the metal distribution in the stent. The designs in
the bottom right corner of the Pareto front have a relatively
uniform distribution of struts when compared to the designs
in the top-left corner. The conflict in these two objectives is
a result of the fact that a design which covers the artery wall
in a uniform manner generally has a higher metal-to-artery
ratio, which leads to a higher contact area and consequently
higher stresses.

3.2.7 Other plots

The other sub-plots in Figure 16 which have not been dis-
cussed in the above sections do not display any conclusive
trade-off between the objectives. The behaviour of most of
these plots can be partly explained by the reasoning given in
the above sections. For instance, section 3.2.3 explains the
trade-off betweenFM andVAS, and section 3.2.4 explains
the trade-off betweenFM andHLRFI. Since bothVASand
HLRFI both are in conflict withFM, they are bound to show
some positive correlation. Similar reasoning holds for the
other plots too.

The plots withDdev as one of the objectives do not show
any particular trend and hence lead to no particular conclu-
sions (except for the plot discussed in section 3.2.6). This
could be becauseDdev, as defined by Eq. 14, is not a partic-
ularly good measure for the uniformity of the drug distribu-
tion.

3.2.8 Choosing the ideal stent

The choice of an ideal stent, even after obtaining the Pareto
front, is not trivial. Owing to the multiple number of desir-
able characteristics, computational studies can only leadto
the non-dominated (Pareto) designs. Several approaches can
be taken to identify designs which could potentially be con-
sidered ideal –

1. A conservative paradigm:A conservative design approach,
assuming no other information (clinical or otherwise) is
available to judge individual designs in the non-dominated
family, is to remain in the middle region of the Pareto
front, thereby avoiding poor performance in any of the
objectives. Using this approach designs DOEBX 20 and
DOE BX 30 stand out (cf. Figs 18, 19, 21, 22, 23, and
24). When compared with the CYPHER stent, which
also lies on the Pareto front but is usually skewed to-
wards one end in all the Pareto slices, these designs pro-
vide a more balanced trade-off between the various mer-
its.

Of particular interest, besides the designs DOEBX 20
and DOEBX 30, are designs DOEBX 10 and DOEBX 15.
While both these designs perform well, under the con-
servative paradigm discussed above, in almost all objec-
tives, DOEBX 10 performs relatively poorly in terms
of HLRFI and DOEBX 15 in terms ofVAS.

2. A constraint based paradigm:This approach utilises ad-
ditional information based on clinical guidance. For in-
stance, a maximum required value ofFM (minimum
flexibility of a stent) could be assigned based on the
maximum curvature of the stent deployment path. Simi-
larly, a maximum value for the recoil could be assigned
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Fig. 22: Final Pareto front slice showing the trade-off between the flexibility metric and the flow index

Fig. 23: Final Pareto front slice showing the trade-off between volume average drug and the flow index
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Fig. 24: Final Pareto front slice showing the trade-off between standard deviation of drug concentration and the volume
average stress

based on the required minimum lumen area; and depen-
dent on the biochemistry of the drug being delivered, a
minimum value ofVADcould be ascertained. Once such
limits are determined, the design choice can be narrowed
down to a handful of designs satisfying such constraints.
However, the determination of such limits is not an easy
task and further statistical research is required, to deter-
mine them especially when accounting for patient vari-
ability.

Pant et al (2011) presented a constraint optimisation ap-
proach for stent design, where the concept of assigning
one or more of objectives as constraints was demon-
strated. It was assumed that the limits ofRecoil, VAS,
VAD, and FM were set by the values of the baseline
design, and improvement in design was sought for one
objective at a time. Since the two parameters,Wstrut and
hc, are similar to the ones used in their study a compar-
ison can be made between their results and the findings
of this study. Figure 25 is used for this purpose. First,
consider the problem of minimizing theVAS, relative to
baseline (DOEBX 1 in this case), without any decrease
in Recoil, VAD, andFM. In the first plot of Fig. 25 one
can draw a vertical line passing through DOEBX 1. All
designs to the left of this line, viz. designs 3, 5, 9, 13, 15,

16, 21, 24, 26, and 28, are designs which have improved
VAS value without decrease in recoil. Similar vertical
and horizontal lines can be drawn in the second and third
plots of Figure 25 where designs in the bottom-left quad-
rant are feasible designs. Of the designs selected from
the first plot, listed above, only design 15 satisfies the
feasibility criteria in the other two plots. A similar ex-
ercise can be performed for the other two objectives of
VAD andFM. For minimizingVAD andFM, designs
21 and 26 are identified to be the best, respectively, even
though they are marginally on the wrong side of the ver-
tical lines in the second and third plots. This is not unrea-
sonable as the parametersp1 andp2 in the study of Pant
et al (2011) are not equivalent to just onenheight param-
eter in this study. However, the qualitative agreement of
designs 15, 21, and 26 for the corresponding optimum
solutions obtained for minimisingVAS, VAD, andFM
in the work of Pant et al (2011) is convincing – high
values ofWstrut combined with low values ofhc for min-
imising VAS andVAD, and mid-range values ofWstrut

and low values ofhc for maximisingFM.
The above stated mechanics of finding optimal designs
in consideration of constraints can also be seen in the re-
sponse surfaces for various objectives, as show in Figure
26. This figure shows contour slices, of the four objec-
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tive functions viz.Recoil, VAS, VAD, andFM against
Wstrut (on the x-axis of each sub-plot) andhc (on the y-
axis of each sub-plot) at different values ofnheight(aligned
vertically). Thenheight values chosen include two sets –
one at a constant interval of 0.25 units between 0 and 1
(in the non-dimensional space) to illustrate the general
trend of the response surfaces, and the other to include
slices for the designs discussed before, i.e. 1, 20, 30, 15,
21, and 26 (the positions of the numbers correspond to
the values of the design parameters). A columnwise in-
spection of this figure suggests thatRecoilandVASare
dominated by changes inWstrut andhc, as the plots do
not change considerably with changingnheight. However,
for VADandFM, the variability in differentnheightslices
suggest that these objectives are affected by all three pa-
rameters. For constrained optimisation ofVAD with re-
spect to the baseline geometry, consider rows 3 and 4
(numbered from 1) of the figure which show designs 1
and 15, respectively. From theVASplot of row 3, it can
be observed that major improvement inVAS, with re-
spect to design 1, can be achieved by moving to the left
side of the plot (i.e. going from the red region to the blue
region). TheFM plots favour this response as the left-
top and left-bottom regions of the plots (nheight > 0.5)
show no worse value ofFM relative to design 1. How-
ever, theRecoilandVAD plots reveal that movement to
the left will compromiseRecoilandVAD. Hence a move
to the right remains the only choice. Moreover, a move to
the right-bottom corner, region where design 15 lies, is
the only region which showsVAS improvement without
compromising other objectives. Similar reasoning can
be applied for designs such as 21 and 26 which closely
resemble the constrained optimal designs forVAD and
FM found by Pant et al (2011).

The contour plots of Figure 26 also show the location
of the optimal designs in the conservative paradigm, viz.
designs 20 and 30 in rows 6 and 9, respectively. These
designs lie in the yellow/blue regions of all the objec-
tives, thereby not taking extreme values for any of the
objectives.

3. The experimental approach:This approach requires ex-
perimental guidance. A few designs across the Pareto
front can be picked and testedex-vivo in a laboratory.
Such experimental results can then guide the process of
choosing the optimal stent.

Notwithstanding the merit of the above discussion, on a
philosophical note it seems rather unreasonable to think of
one stent design as ‘ideal’ given the differences in the lesion
geometry, morphology, and other patient variability. A more
logical, but computationally expensive, approach would be
to perform a patient-specific optimisation study using mag-

netic resonance imaging (MRI)/ angiography/Intravascular
ultrasound (IVUS) data to obtain both geometry and mor-
phology of the specific lesion.

4 Conclusions

This study proposes a three-parameter technique to vary the
design of the widely known CYPHER stent. Six figures of
merit (numeric indicators of a stent’s efficacy) viz. acute
recoil, volume average stress, flow index, volume average
drug, drug uniformity, and flexibility, are formulated. A sur-
rogate modelling technique coupled with NSGA-II is em-
ployed to obtain the Pareto front showing the trade-off be-
tween different sets of the six figures of merit. The effect of
the three parameters on these metrics is also studied. It is
demonstrated that a change in one parameter that leads to an
improvement in one of the objectives often leads to a com-
promise in one or more of the other objectives. It is found
that while strut width and the length of the circumferential
rings most affect the volume average stress, the length of the
links in the cross-flow direction significantly affect volume
average stress, flexibility and the flow index. The complex
interplay between stent design (distribution of struts, link
design, strut thickness, and circumferential ring design)and
stent performance, from the perspective of the various con-
flicting/desirable properties, is clearly shown. Despite this
complex interplay, the non-dominated solutions, which rep-
resent a potentially optimum family of CYPHER like stents,
for the proposed parameterisation are obtained and discussed.
Moreover, several approaches for selecting optimal designs
are identified and a parallel has been shown between an ear-
lier constraint optimisation study. In particular, designs 20
and 30 are identified as optimal in terms of all the objec-
tives in a conservative paradigm, and their relative position
with respect to a representative CYPHER stent is shown. Fi-
nally, in a constraint based approach designs 15, 21, and 26
are identified as designs showing maximal improvement in
the corresponding chosen objectives. In essence, a method-
ology to perform design optimisation studies on stents and
the process of choosing different stent designs appropriate
to different needs is presented.

5 Limitations and future work

The process of optimisation only helps to search for solu-
tions in the design space created by the parameterisation
used. In this study a three-parameter technique is used. A
more flexible parameterisation, either for a CYPHER like
stent (involving more parameters) or a more generic stent
design, can result in novel, non-intuitive, and possibly better
stent designs in terms of their numerically analysed perfor-
mance. This forms a key area of future work.
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Fig. 25: Constraint based approach to pick designs from the Pareto plots; comparison with the study of Pant et al (2011)

In terms of modelling, a realistic geometry and mor-
phology of the stenosis shape, obtained by using imaging
techniques, will further enhance the results. Moreover, in-
clusion of anisotropic material properties for the artery and
the plaque will also lead to a better understanding of the effi-
cacy of the stent. Furthermore, an inclusion of the aforemen-
tioned geometry and material properties in a time-dependent
drug-release simulation will help realistically identifythe ar-
eas of low/high drug and lead to a better understanding of
the drug-delivery mechanism.
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