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Abstract
The stent geometrical design (e.g., inter-strut gap, length, and strut cross-section) is responsible for stent–vessel contact problems
and changes in the blood flow. These changes are crucial for causing some intravascular abnormalities such as vessel wall injury
and restenosis. Therefore, structural optimization of stent design is necessary to find the optimal stent geometry design. In this
study, we performed a multiobjective stent optimization for minimization of average stress and low wall shear stress ratio while
considering the wall deformation in 3D flow simulations of triangular and rectangular struts. Surrogate-based optimization with
Kriging method and expected hypervolume improvement (EHVI) are performed to construct the surrogate model map and find
the best configuration of inter-strut gap (G) and side length (SL). In light of the results, G-SL configurations of 2.81–0.39 and
3.00–0.43 mm are suggested as the best configuration for rectangular and triangular struts, respectively. Moreover, considering
the surrogate model and flow pattern conditions, we concluded that triangular struts work better to improve the intravascular
hemodynamics.
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1 Introduction

Restenosis is the reoccurrence of stenosis or blockage on post-
stented blood vessels [1]. Restenosis has been reported in one in
ten patients with drug-eluted stents (DES) [2] and up to one-
third of the patients with bare metal stents (BMSs) [1]. To the
best of our knowledge, restenosis is induced by the mechanical
and hemodynamic interactions between the stent and blood
vessel. From a mechanical perspective, the stent–vessel contact
may lead to cell inflammation owing to vessel injury problems
[3, 4]. Moreover, the stent expansion deforms the vessel walls
and may alter the flow around the strut [5, 6]. Then, changes in
the flow pattern and orientation occur owing to flow obstruction
because of the stent implantation [7–10]. When undesirable
hemodynamic conditions occur (i.e., big recirculation zone),

atherogenesis develops owing to low wall shear stress (WSS)
causing restenosis. The stent geometrical design (e.g., porosity,
length, and strut cross section) is responsible for stent–vessel
contact problems and changes in the flow orientation [11, 12].
Consequently, many studies have concentrated on minimizing
the undesirable effects of stent implantation.

Stent structural optimization studies have been performed to
find the ideal stent configuration based on mechanical or he-
modynamic objectives [13–19]. Srinivas et al. first optimized
stents with different strut configurations to minimize vorticity
and maximize WSS [13]. In contrast, studies on the strut cross
sections suggest that alternative streamlined strut shapes offer
improved stent performance [11, 12, 20]. Mejia et al. showed
that streamlined shape stent struts are likely to reduce the oc-
currence of flow disturbance [11]. The experimental study by
Chen et al. suggested that cells behave differently when differ-
ent strut shapes are used; thus, the optimization of the cross-
sectional shape of stent wires is necessary [12].

Recent optimization of the stent design for intravascular
treatment targets mostly single objective or physical phenom-
ena (i.e., flow dynamics or structural mechanics) [15, 17, 18,
21]. The review by Bressloff et al. covered the optimization of
coronary stent systems and proposed future optimization tar-
gets, such as the WSS that strongly affects the endothelial cell
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activity [16]. Therefore, further optimization studies of fluid
and structural mechanics using clinically or biologically fo-
cused objective functions are needed. To date, we per-
formed single objective optimization based on the surrogate
method and 2D axis-symmetrical stent models to minimized
the lowWSS area [22, 23]. We found that the surrogate model
offers improvement on computational efficiency and design.

This study examines multiobjective stent optimization by
minimizing mechanical and biological flow dynamics parame-
ters and considering thewall deformation in 3D flow simulations
of simple ring-shaped stents. The simulation was based on the
finite-element method with high computational cost. Therefore,
the surrogate-based optimization framework has been selected
because the direct optimization of complex physical systems is
time-consuming [24]. Basically, surrogate-based optimization
predicts the objective function and then uses it as the metamodel
of the physical system in the simulations [25]. By using the
surrogate model, predictions of the objectives and research pro-
cesses of the optimized design are efficiently performed.
Besides, we also compare the optimized performance for differ-
ent cross-sectional shapes on minimizing the objectives.

2 Methods

2.1 Design variables and sampling strategy

Finding the best configuration of inter-strut gap length (G) and
side length (SL) configuration is the main purpose of this work
with the general framework is shown in Fig. 1. For accurate
observation, a sufficient sample set is necessary. Twenty-six
samples of G-SL combinations were generated by the Halton
sampling method for each strut shape. As previously ex-
plained on our work [23], the Halton sampling points were
obtained by pairing two sets of mutually prime-based Halton
sequences in a unit square [26]. These sequences can be ob-
tained for any m-th Halton number firstly within 0 to 1 inter-
vals by

Hm bð Þ ¼ d0
b
þ d1

b2
þ d2

b3
þ⋯þ d j

b jþ1 ; ð1Þ

where m is any integer, which is written in the base-b notation
of

m ¼ d0 þ d1bþ d2b2 þ⋯þ d jb j: ð2Þ

For this sample generation, we used pairs of Halton se-
quences based on 2 and 3. Afterwards, normalization was
performed to fit to our G-SL configurations that were gener-
ated for G between 1 and 3 mm and SL between 0.05 and
0.45 mm. This sampling strategy has been used to obtain the
Bspace-filling^ distribution along the sampling range. In

addition to these 26 samples (Fig. 2), more points were added
to the dataset when necessary.

2.2 Geometry construction

The wall deformation in post-stented blood vessels was ob-
served in in vivo studies [5, 27]. Moreover, studies show the
parent artery expansion and straightening due to stent deploy-
ment based on the in vivo vessel reconstructions. These works
also suggest that the inflow and hemodynamic properties
change owing to the alteration of post-stented blood vessel
geometry [10, 28–30]. Therefore, it is necessary to include
the wall deformation in the simulation. To obtain the deformed
geometry and investigate the effect of this deformation to the
flow condition, the following two consecutive simulations
were performed: structural mechanics and solid-flow coupled
simulation (Fig. 3). The 4-mm blood vessel diameter geome-
try settings are shown in Fig. 4 along with the design variables
for the different strut cross-sectional shapes, G, and SL.
Rectangular struts are typical laser-cut stents, while triangular
struts are proposed as streamlined strut shapes.

Geometry creation was begun with obtaining the desired
blood vessel deformation by applying 5.5% displacement for

Fig. 1 Optimization flow chart
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all stent geometries [5]. Once the deformed geometry was
obtained, it was taken as the initial wall geometry in the fluid
flow simulation. Afterwards, the wall geometry is rotated to
obtain the symmetrical 3D geometry of the deformed blood
vessel. The new cylindrical geometry was added followed by
Boolean operations to add the flow domain on the central part
of the vessel body. Finally, the geometry was divided into four
symmetrical parts to reduce the computational cost.

2.3 Boundary and simulation settings

The stent struts are defined as NiTi material with Young’s
modulus and Poisson’s ratio of 80 GPa and 0.33, respectively
[31]. The Young’s modulus and Poisson’s ratio of the blood
vessel layer and muscle tissues are 0.7 GPa and 0.45 for the

no-slip wall vessel layer and 1.16MPa and 0.45 for the muscle
tissue [32, 33]. In the fluid domain, the blood was assumed to
be an incompressible Newtonian fluid with a viscosity of
3.5 mPa·s and density of 1050 kg m−3 [34].

The flow boundary condition was that of stationary laminar
inflow with a mean velocity of 0.33 ms−1 and 0 Pa laminar
outflow boundary condition. The flow boundary condition cor-
responds to Reynolds number of 396 [13]. In addition, along
the flow–vessel boundary, static pressure of 100 mmHg from
the average normal human blood pressure and dynamic pres-
sure from flow phenomena were set as fluid–solid coupled
boundary loads to test if any wall deformation occurs. All
simulation steps and boundary condition settings were the
same as well as both strut cross-sectional shapes. Triangular
and hexagonal meshes were used in the mechanical and fluid

Fig. 2 Initial sample set obtained
from the Halton sequence method

Fig. 3 Details of simulation
procedures as observation step to
construct the surrogate model
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simulations. A mesh dependency test was performed for each
representative case of both mechanical stress and fluid–solid
coupled simulation with the solution converged within 1%
(Fig. 5). Similar mesh quality criteria were maintained for all
simulations during the optimization process.

The simulations were performed using COMSOL
Multiphysics 5.0 (Comsol Inc., Stockholm, Sweden) with
structural mechanics and laminar flow coupled systems. This
simulation is performed in two consecutive steps, as shown in
Fig. 3. The solid domain parts were defined as linear elastic
materials that work based on the equation of motion with

strain displacement equation based on Young’s modulus and
Poisson’s ratio. The fluid domain parts were considered to
belong to laminar flow by solving the Navier–Stokes equa-
tion. Interaction between deformation and stress normal work
based on Cauchy stress which formulated as the pressure and
viscous terms in Navier–Stokes, read as

σ⋅n ¼ −∇P þ μ∇2Vþ ρg
� �

⋅n; ð3Þ

where n is the normal vector, P is pressure, μ is the viscosity,
V is blood velocity, ρ is the blood density, and g is the body

Fig. 4 Model geometry and
dimensional settings

Fig. 5 Mesh dependency results
for both simulation steps: a initial
deformation simulation and b
fluid–solid coupled simulation.
Points with red arrow indicate the
mesh number used in the
simulation
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acceleration or gravity. The convergence criteria were set to a
maximum residual of 10−5.

2.4 Design variables and objective functions

The endothelial cells on the blood vessel surface are greatly
affected by the WSS conditions [7–9, 13, 35]. Low WSS
(WSS < 0.5 Pa [7, 8]) is possibly the major reason for reste-
nosis owing to cell migration and platelet activations.
Therefore, we used the parameter of low WSS ratio (γ) (<
0.5 Pa), which appears on the blood vessel surface. The detail
calculation of γ has been discussed previously [23]. Besides
WSS, mechanical stress owing to stent deployment is also
critical to the vessel wall conditions because of inflammation
and cell traumas.

The average stress in the post fluid–solid coupled simula-
tion is obtained at infinitesimal values compared to the initial
deformation. Therefore, this parameter is neglected in the
analysis which is also in line with previous work [36]. The
minimization of γ and the initial average stress due to to the
wall deformation are chosen as the objective functions.

2.5 Surrogate model construction and accuracy
improvement method

The simulated system has been treated as a black box and
finding the system’s objective function f(x) analytically is dif-
ficult; therefore, we chose the surrogate optimization method

based on Kriging to estimate the objective function f̂ xð Þ
� �

by

generating random Gaussian functions and interpolating the
responses [25, 37]. Next, the estimated objective function is
used in the optimization steps. Moreover, surrogate model
maps of the objective function are constructed. The surrogate
model map is used to observe the effect of the stent design
configuration and improve the stent design. The surrogate
model and optimization code used in this study were devel-
oped by the Aerospace Fluid Engineering Laboratory,
Institute of Fluid Science of Tohoku University.

Error-based exploration was performed to further refine the
surrogate model. This method basically tries to minimize the

Kriging error by suggesting new sample points with the
highest predictor error values [25]. New simulations are then
performed for the new sample point and the surrogate model is
updated.

2.6 Multiobjective optimization and the expected
hypervolume improvement method

Realistic optimization frequently features a trade-off between
two and more objectives. Multiobjective optimization ap-
proach is necessary to handle problems with conflicting ob-
jectives. A Pareto optimal set is the collection of solutions in
which an improvement in one objective cannot be optimized
without degrading the other objectives [38]. Therefore, the
proposed optimization aims to find the Pareto optimal solu-
tions with γ and initial average stress as the objectives.

The EHVI method [39] was adopted as the multiobjective
optimization algorithm. EHVI is based on the difference of the
hypervolume between two sample sets of the Kriging model
(Fig. 6). The EHVI is defined as

EHVI f1 xð Þ; f2 xð Þ;…; fm xð Þ½ � ¼
Zf1ref

−∞

Zf2ref

−∞

⋯
Zfmref

−∞

HVI f1 xð Þ; f2 xð Þ;…; f m xð Þ½ � � ϕ1 F1ð Þ⋅ϕ2 F2ð Þ⋯ϕn Fmð ÞdF1dF2⋯dFm
ð4Þ

where fi is the Gaussian random variable, ϕi(Fi) is the proba-
bility function, and firef the hypervolume reference value [38].
The samples are enriched so that subsequent samples move
closer to the Pareto front. Hypervolume is defined as the

volume enclosed by the current nondominated solutions and
the defined reference point for the hypervolume calculation.
For a given reference point, the solutions that yield the highest
hypervolume belong to the Pareto optimal set (Fig. 6). Each

Fig. 6 Nondominated set of points and EHVI method
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update of EHVI tries to find a solution that improves the
hypervolume of the current nondominated set, hence the con-
cept of hypervolume improvement.

3 Results

From the simulation, we obtain the response data for each γ
and the average mechanical stress along the deployment area.
Fifty-four different design configurations were simulated for
each strut shape. The average computational time for each
rectangular and triangular shape is 39 min and 16 s and
26 min and 30 s, respectively, excluding meshing and pre-
and post-processing.

3.1 Rectangular stent: Kriging surrogate models

Two surrogate models were obtained for each objective
function: γ (Fig. 7) and average stress (Fig. 8). As shown

in Fig. 7, the system response based on each G and SL (G-
SL) configuration shows the global increment in γ with
increasing SL. The lowest rate of γ (%) is predicted to
occur in the G range of 2.1–3 mm and SL less than
0.07 mm. Several interesting areas of low γ are obtained
for G greater than 2 mm and different SL. Further inves-
tigations of the flow conditions under these particular
configurations will be discussed in the Section 4.

In the average stress minimization case, the SL increase
causes the average stress to decrease. Such behavior occurs
for struts with SL greater than 0.2 mm and rapid increments
are noticed under this size.

3.2 Triangular stent: Kriging surrogate models

The surrogate model in Fig. 7b suggests that generally
lower γ values are obtained by the triangular strut. High
γ values are associated with small G and large SL. On
the other hand, low γ areas are observed under several

Fig. 7 Surrogate model for γ for a
rectangular and b triangular stent
struts
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design configurations, i.e., along small SL, long G and
medium SL, and long G and large SL. The lowest γ

values are concentrated and are associated with small to
medium G.

Fig. 8 Surrogate model contour
map for average stress on a
rectangular and b triangular stent
struts

Table 1 Nondominated points
Point G (mm) SL (mm) γ (%) Average stress (MPa) Case

Rectangular strut a 2.24 0.45 66.97 0.047 36

b 2.06 0.42 56.05 0.048 17

c 2.25 0.36 46.78 0.048 5

d 2.81 0.39 39.51 0.048 23

e 1.94 0.09 34.33 0.112 49

f 1.96 0.08 28.92 0.116 50

g 2.13 0.06 24.44 0.136 9

Triangular strut a 2.06 0.42 34.72 0.048 17

b 2.81 0.39 33.02 0.048 23

c 2.69 0.42 28.35 0.048 51

d 2.81 0.45 26.94 0.049 44

e 3.00 0.45 26.43 0.049 30

f 3.00 0.43 26.39 0.049 49

g 1.50 0.11 23.27 0.100 48
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With respect to the second objective (Fig. 8b), general be-
havior is similar to that of the rectangular strut is observed.
These results suggest that large struts minimize the average
stress along the deployment area. Generally, we observed that
there is a trade off between the two objectives. Therefore,
multiobjective optimization is necessary.

3.3 Multiobjective solutions: nondominated point set

The set of multiobjective solutions is given in Table 1 and
shown in Fig. 9. Seven nondominated points were obtained
for rectangular and triangular struts after 14 and 12 EHVI
iterations, respectively. The final optimal design is chosen
after considering each point of interest in the analysis. The

nondominated points in both cross sections are concentrat-
ed on the extreme left side of the γ and average stress curve
in Fig. 9. From the nondominated sets, the corner pointyields
the best performance in minimization of γ and average stress.
However, further investigation of the flow and mechanical
physical conditions is needed.

4 Discussion

Based on the obtained surrogate model, we observe that for
both cross-sectional cases, the configurations of small G and
big SL strut is not recommended. Focusing on the γ-minimi-
zation surrogate model, broader areas with γ less than 40% are

Fig. 9 Nondominated set of
points for a rectangular and b
triangular stent struts
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produced by the triangular strut. In addition, due to the
differentγ values suggested by each cross section in particular
onG-SL 1.5–0.32 mm and G-SL 1.19–0.17 mm, thus we give
special focus on these configurations. The flow patterns for
both cross-sectional shapes are shown in Fig. 10 with each
recirculation zone (RCZ) length listed in Table 2. Shorter
RCZs are observed with the triangular strut, which produces
smaller γ (%) near the strut [30]; thanks to the smaller flow
disturbance generated by triangular design owing to its
streamlined shape.

For the second objective, both surrogate models produce
similar general trend, in which the average stress increases
with decreasing SL. Apparently, there is a trade-off between
G-SL configurations and the objectives. Past single objective
optimization works [22, 23] has shown that small struts

minimize γ (%) because of the smaller flow disturbance owing
to RCZ at the narrow strut–vessel gap and the wall deforma-
tion, whereas the rest of the blood vessel wall surface is ex-
posed directly to the main flow. However, small struts are
responsible for the high average stresses on the vessel surface
because of the narrower contact surface area.

Regarding the nondominated sets for both cross sections, a
wide average stress gap is observed in the nondominated so-
lution of low γ between points d and e, and f and g for rect-
angular and triangular shapes, respectively. After checking the
G-SL configurations between these points (Table 1), the wide
average stress gap is likely the result of the significant differ-
ence strut SL between nondominated points; points a, b, c, and
d in Fig. 9a are distributed in the narrow region of low average
stress with significantly different γ values. Based on the flow
pattern of points a and d (Fig. 11), small RCZ is observed in
point d which causes small γ values. In contrast, the narrow
distribution of nondominated points corresponds to the trian-
gular cross-sectional shape, in particular, points c, d, e, and f.
The combination of similar SL (Table 1) and RCZ–G ratios
(Table 2) is the reason for this. For analysis based on
nondeformed wall conditions, either the flow pattern or γ will
differ [30]. From Fig. 11, we can also observe that the general
tendency of the RCZ shape of rectangular struts is similar, as
previously obtained by study of Jimenez, et al. in [40].

Previous studies have shown that the WSS condition is
transferred through the endothelial cells to the smooth
muscle cells (SMC). Therefore, the low WSS could trig-
ger a phenotype change of SMC, which could cause the
atherosclerotic plaque to grow [35]. In addition, excess
mechanical stresses on the vessel surface may also pro-
mote cell inflammation owing to injury [9]. Hence, it is

Fig. 10 Flow patterns near
rectangular strut configuration of
a G-SL 1.5–0.32 mm and b G-SL
1.19–0.17 mm. Flow patterns
near triangular strut configuration
of c G-SL 1.5–0.32 mm and d
G-SL 1.19–0.17 mm

Table 2 RCZ length and ratio of RCZ and length of G

Nondominated
point/case

Recirculation zone
[RCZ] length (mm)

RCZ–G ratio
(%)

Rectangular
strut

a 1.01 45.1

d 0.71 26.3

Case 2 0.55 36.7

Case 24 0.15 12.6

Triangular strut a 0.67 32.5

c 0.74 27.5

d 0.88 31.3

e 0.9 30

f 0.78 26

Case 2 0.3 20

Case 24 0.11 9.24
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important to balance the post deployment γ area and av-
erage stress on the blood vessel surface. Combinations of
relatively big SL struts with long G are the best to satisfy
both objective functions for rectangular and triangular
struts. Further evaluation of cell behavior toward this op-
timized design is interesting to be investigated. Although
strut with an exact parameter criteria are sometimes hard
to be fabricated, the process of design exploration from
the utilization of surrogate model contour map can be
beneficial to solve the problem of fabrication constraint.

Several assumptions were applied to this work that put
the simulation under some limitations. Although the real
blood flow is pulsatile, we used steady flow assumption
since it is efficient in terms of the computational cost.
Moreover, our previous work shows that the difference be-
tween the surrogate model construction, which was derived

from pulsatile transient simulation, was insignificant [30].
We also treat the blood fluid as a Newtonian fluid, which
may lead to some flaw simulation results, particularly, on the
near-wall area where the non-Newtonian properties of blood
are likely to appear. However, based on the Fahraeus–
Lindqvis effect, this non-Newtonian effect begins to play a
role on the vessel size with a diameter less than 1 mm [9].
For the solid mechanics domain, an assumption of simple
linear mechanical model for blood vessels was applied. This
assumption cannot appropriately represent the nonlinear and
anisotropic behavior of the blood vessel, which comprises
many layers of complex fibers [32, 41] Therefore, more
complex models of the intravascular environment and stent
geometry with high-order design variables need to be con-
sidered. Although this simulation has shown the results with
certain level of convergence from both meshes dependency
and solver convergence, it is also important to increase the
simulation accuracy by improving the computational re-
sources to handle more mesh elements, especially for small
struts. As the validation of this optimization study, future
work on in vitro investigations of how the optimized solu-
tion will affect the cellular activities is also necessary, as is
necessary to find the exact threshold of the best γ (%) and
average stress for healthy vascular conditions.

5 Conclusions

In this study, 3D computational multiobjective optimization
by minimizing lowWSS ratio (γ) and the average stress along
the deployment area under deformed wall conditions for tri-
angular and rectangular struts was performed. To balance both
objectives, we suggest design configurations for G-SL of
2.81–0.39 mm (rectangular nondominated point d) and
3.00–0.43 mm (triangular nondominated point f) for rectan-
gular and triangular struts, respectively. The triangular strut is
predicted to produce better intravascular hemodynamics;
however, regarding the average stress, both strut types show
no significant differences.
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