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This work considers vascular stents with tubular geometry assumed to follow a periodic arrangement of 

repeating unit cells. Structural and hemodynamic metrics are presented to assess alternative stent ge- 

ometries, each defined by the topology of the unit cell. Structural metrics include foreshortening, elastic 

recoil and radial stiffness, whereas hemodynamic performance is described by a wall shear stress index 

quantifying the impact of in-stent restenosis. A representative volume element (RVE) modelling approach 

is used, and results are compared to those obtained from full simulations of entire stents. We demon- 

strate that the RVE approach can be used to quantify the impact of the topology of the repeating unit 

on the structural and hemodynamic properties of a stent, and thus support clinicians in making proper 

choices among alternative stent geometries. 

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Coronary heart disease is the most common type of heart dis-

ase and the leading cause of death in the developed world [1] .

t is mainly caused by the development of an atherosclerotic le-

ion in an artery. The lesion results in plaque build-up along the

nner walls of the artery and eventually leads to an occlusion, re-

tricting blood flow. A common treatment is angioplasty, which in-

olves inserting percutaneously a balloon at the end of a catheter

nto the site of the occlusion. The balloon is then inflated to in-

rease the size of the lumen to restore blood flow. As a result,

estenosis can follow immediately after the procedure due to the

lastic recoil of the vessel. This may be prevented by using a stent

a tubular scaffold) to support the blood vessel from the inside of

he lumen. Stents were introduced in the early 90s, and have been

uccessful at reducing angioplasty-related restenosis [2] . They can

lso be used to provide support for arterial grafting or aortic valve

eplacement. Despite a large variety of stent designs in the market,

dverse biological responses, such as in-stent restenosis, have not

een addressed adequately. While the causes of restenosis are not

ompletely understood, several studies have shown that low shear

tress at the arterial wall is one of the main causes [3–6] . 

Three main mechanical properties govern the structural func-

ion of a stent: radial stiffness, elastic recoil and foreshortening [7] .

igher radial stiffness is desired to prevent collapse of the stent,
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nce it is in place. Foreshortening refers to the change in length

f the stent upon expansion. During deployment, a desirable prop-

rty is that the stent has zero foreshortening and low elastic recoil.

lacement accuracy is not a trivial matter for the clinical practi-

ioner [8] . A change in length may result in missing the lesion, thus

ncreasing complications requiring further procedures. 

Various mechanical stent properties have been studied, includ-

ng foreshortening, recoil, radial stiffness and fatigue. These at-

ributes have been investigated by means of finite element anal-

sis and experimental investigation [9–18] . Stents with geometry

epresented by a periodic arrangement of structural units are of-

en studied [14,19,20] . The study of a single unit cell has the ad-

antage of reducing the computational effort that would be re-

uired to analyse the entire geometry of the stent. In this man-

er, the mechanical properties of a stent can be quantified with

educed analysis of its unit cell. For instance, Tan et al. quantified

he impact of stent cell geometry on compliance and foreshorten-

ng, compromising of voids and struts, such as in a lattice [14] . Fi-

ite element analysis was used to systematically compare dissimi-

ar cell geometries and attain desired deformation characteristics.

ecently, Douglas et al. followed this approach to study the ex-

ansion mechanism of balloon expandable vascular stents without

onsidering their hemodynamic performance [19] . Based on the as-

umption that the stent consists of repeating units, analytic and ki-

etic models were developed to quantify foreshortening. Finite el-

ment analysis was used to compute radial compliance and recoil

or a variety of stents. 

Blood flow has a substantial impact on stent restenosis. In most

ases, restenosis after a coronary stent implantation is due to the
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thickening of the intima of the blood vessel, i.e., intimal hyperpla-

sia [2] . Intimal hyperplasia is often observed at specific locations in

the stented region [21] . It has been observed that regions of mod-

erate to high shear stress are spared of intimal thickening, while

focal lesions develop only in areas of low and recirculating flow

[22] . This is the result of a dramatic alteration to the arterial ge-

ometry following the implantation of a stent. The change directly

affects the velocity profile of the blood flowing through, thereby

resulting in a change in the distribution of wall shear stress (WSS)

along the entire length of the stented artery [23] . 

To assess the hemodynamic performance of a stent following

implantation, Mejia et al. [24] introduced a set of metrics based on

the statistical moments of the WSS distribution, which have been

shown to be promising in correctly assessing the performance of

the strut profiles of several stents. In addition, they showed that

“appropriate strut apposition can lead to a significant improvement

in terms of the hemodynamic performance of a stent ”. This suggests

that modifying the design of the stent can improve its hemody-

namic performance. A number of studies have investigated the ef-

fect of stent design on the distribution of WSS [23,25–29] . Previous

work [24] is limited to stent profiles of a single strut and cannot

quantify the critical role of a given strut’s layout within the unit

cell. 

This work focuses on the role the unit cell topology plays on

the mechanics and hemodynamic performance of stents. Our ob-

jective is to assess their structural and hemodynamic performance

via a unit cell approach (or representative volume element – RVE).

The existing literature does not include any methodology to quan-

tify the hemodynamic compatibility of stents using a single met-

ric. The main objective of this paper is to introduce a metric for

assessing the hemodynamic performance of a stent during the de-

sign process. 

2. Stent modelling using representative volume elements 

The stent designs considered in this work are periodic ar-

rangements of closed unit cells, similar to a tessellation of cells

along independent directions that is typical of lattice materials.

As with any lattice, the properties of a stent of this kind can be

specifically tailored by controlling the topology of its repeating

unit. 

Performing full-scale finite element analysis of a periodic do-

main is generally computationally expensive, especially if it is used

repeatedly in design optimization studies. It is more appropriate to

resort to homogenization schemes that model a single unit cell as

representative of the overall domain response. This is feasible if the

unit cell size is sufficiently small relative to the size of the periodic

structure. Applying such a method involves imposing assumptions

that are equivalent to considering that the size of the RVE is neg-

ligible with respect to the size of the macroscopic domain of the

lattice [20,30–38] . 

Fig. 1 illustrates the methodological approach followed in this

work, where the structural finite element model and the compu-

tational fluid dynamics model are built using only the RVE. An ad-

ditional advantage of this strategy is that parametric models of a

stent can be easily created from the parameterization of a single

unit. 

2.1. Choice of stent unit topology 

As in the recent work of Douglas et al. [19] , we examine five

stent designs, whose unit cells are depicted in Table 1 . Other stent

parameters are listed in Table 2 . We assume that the stents are

made of an elastoplastic material with elastic modulus E = 193 GPa,

yield strength σ y = 260 MPa, tangential modulus E t = 0 GPa and
oisson ratio ν = 0.3 [39] . To simplify the numerical models, the in-

eraction between the wall and atherosclerotic plaque is ignored. 

.2. Stent model and boundary conditions for structural analysis 

A stent is implanted using a balloon catheter. The balloon is ex-

anded to plastically deform the stent in place. For this work, the

oad on the stent is assumed to be entirely radial. The forces ex-

rted in the axial direction by the balloon, artery wall and blood

ow are neglected. The expansion mechanism can therefore be

odelled by applying a radial strain to the stent. When using an

VE approach, periodic boundary conditions are generally applied

o ensure compatibility of deformation and correct computation of

tress and strain. The repeating unit is subjected to 3D periodic

oundary conditions, expressed using a cylindrical coordinate sys-

em by: 

 θ ( r, 0 , z ) = −u θ

(
r, 

π

N c 
, z 

)
(1)

 z ( r, θ, 0 ) = −u z 

(
r, θ, 

L 

N a 

)
, (2)

here u θ is the displacement in θ , u z is the displacement in z and

 a is the number of cells in the axial direction 

 r 

(
D i 

2 

, θ, z 

)
= 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

( D f −D i ) π
N c 

′ f ree ′ 

− 1 
4 
( D f −D i ) π

N c 

(3)

here u r is the displacement in r , and D f , D i , N c are listed in

able 2 . N c is the number of cells in the circumferential direction.

he first stage consists of a load corresponding to a stent expan-

ion from D i to D f . In the second stage, the load is removed to

llow for elastic recoil, hence the ‘free’ boundary condition. Finally,

he third stage consists of decreasing the diameter to 25% of the

nitial diameter change. The finite element solutions obtained from

he first, second and third stages, are used to determine respec-

ively foreshortening, recoil and radial stiffness. 

.2.1. Structural performance metrics 

The structural metrics considered in this work are foreshort-

ning, elastic recoil and radial stiffness. Small foreshortening im-

roves the placement accuracy of the stent. A low elastic recoil

elps to achieve a more accurate final stent diameter. Finally, a

igh radial stiffness prevents the blood vessel to close under load. 

The foreshortening is defined as the ratio of the change in the

ength of the stent during the first stage to the initial length before

alloon expansion. 

l = 

L load − L unload 

L load 

. (4)

Elastic recoil is defined as the ratio of the change in radius of

he stent during the second stage to the radius before the load is

emoved. 

 e = 

R load − R unload 

R load 

. (5)

The radial stiffness is defined as the ratio of the change in pres-

ure on the outside of the stent to the change in radial strain
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Fig. 1. Schematic of the stent modelling approach. 
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uring the third stage. 

 R = 

�P 

�ε R 
. (6) 

.3. Computational fluid dynamics model for blood flow analysis 

hrough stented vessel 

Previous studies have modelled blood as either a Newtonian

r non-Newtonian fluid in an attempt to balance accuracy with

omputational cost. In this study, blood is assumed to be Newto-

ian with constant viscosity. The assumption of blood as Newto-

ian underestimates the WSS and can thus overestimate the risk

f restenosis [40] . Therefore the hemodynamic performance of a

tent, and any newly design stents, will perform better than the

odelling results here presented suggest. In addition, our motiva-

ion is that this analysis model will be used in a future optimiza-

ion study, for which it is imperative to keep computational cost

ow. The strategy here is to model the flow over one RVE and com-

are the results to those obtained from analysing the flow over an

ntire stent. 
A geomery, created from the deformed mesh, is used to

erform an extruded cut in the fluid domain followed by a tessel-

ation. An extrusion of 5 mm was added at the inlet to prevent a

iscontinuity from the applied inlet condition at the wall. ANSYS

oftware package (ANSYS, USA) was used to create the finite

lement model. The fluid domain was meshed in ICEM CFD. A

ypical velocity profile in the near-wall region undergoes large

ariations in the direction normal to the wall. Fluid velocity near

he wall needs to be computed accurately to determine the wall

hear stress. Therefore, the mesh at the wall must be finer than

n the rest of the computational domain. Placing a finer-resolution

esh grid near the wall without subjecting the whole mesh to

he chosen resolution is known as inflation. In this CFD model, an

nflation mesh of 10 layers was imposed on the wall. The resulting

esh was then used in FLUENT (ANSYS, USA) to model blood flow

ver the stent. The blood fluid properties used were: a density of

080 kg/m 

3 and a viscosity of 0.0035 Pa s [41] . An inlet velocity

rofile corresponding to a Poiseuille flow of Re = 500 was applied.

his corresponds to the average Reynold’s number of an 18 mm

iameter artery [24] . A no-slip boundary condition was applied at



14 P.K.M. Prithipaul et al. / Medical Engineering and Physics 57 (2018) 11–18 

Table 1 

Unit cell size and number of cells in radial and circumferential directions. 

Unit cell RVE size No. of cells 

H (mm) L (mm) Axial, N A Circumference, N C 

1.047 10 5 12 

2.094 10 5 6 

2.094 25 2 6 

1.571 10 3 8 

2.094 10 3 6 

Table 2 

Stent parameters. 

Parameter Value (mm) 

Stent initial length, L 50 

Nominal strut length, L st 5 

Strut thickness, t 0.4 

Initial diameter, D i 4 

Final diameter, D f 18 
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the wall, and a pressure boundary condition was applied at the

outlet. Symmetric boundary conditions were also applied at the

remaining sides. 

2.3.1. Mathematical formulation of the wall shear stress index 

Mejia et al. [24] used the first, second and fourth statistical spa-

tial moments of the WSS distribution between struts to assess the

hemodynamic performance of stents with varying strut profiles. In

order to assess the hemodynamic compatibility of alternative stent

geometries, the distribution of WSS inside the stent cell must be

evaluated instead. The three main moments relevant to our inves-

tigations are the second, third and fourth spatial moment, known

as variance ( 	), skewness ( sk ) and kurtosis (K). They describe re-

spectively the spread, skewness and “peakedness” of a probability

distribution. The mean is ignored since it describes a location in

the WSS distribution. 

To characterize the distribution of the wall shear stress with a

single value and include the effects of all three statistical moments,
e define here a wall shear stress index by taking their normalized

verage: 

 S S I = 

1 

3 

(∥∥	̄
∥∥ + 

1 

sk 
+ 

1 

K̄ 

)
, (7)

here ‖ 	‖ = 

‖ 	‖ 
‖ 	ideal ‖ , sk = 

sk 
s k ideal 

and K̄ = 

K 
K ideal 

with 	ideal , sk ideal 

nd K ideal being the statistical moments of the ideal distribution

ith the same geometry. A weighted arithmetic mean is chosen so

hat not all moments contribute equally to the WSS I [42] . 

The value WSS I can assume varies between 0 and 1. A stent

ith a better hemodynamic performance will have a higher value

f WSS I , 1 being the ideal case. This definition allows for the char-

cterization of the hemodynamic compatibility with a single value,

 factor that can be advantageous during iterative computational

rocesses, such as those often required in optimization. However,

 factor not taking into account here is that WSS I is an average

easure. It cannot capture if one of the statistical moments might

how more variation with hemodynamic compatibility than the

est. 

. Results and discussion 

This section presents the results obtained from the structural

nd hemodynamic models described in Section 2 . We use the stent

etrics to assess stent performance of the cell topologies illus-

rated in Table 1 . The results obtained from the RVE scheme are
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Fig. 2. Elastic recoil – 3D modelling vs. RVE approach. 

Fig. 3. Foreshortening – 3D modelling vs. RVE approach. 
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Fig. 4. Radial stiffness – 3D modelling vs. RVE approach. 

Fig. 5. “Hybrid C” stent. 
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ompared with those obtained by detailed computations of the en-

ire stent. The advantage of using the RVE method will be demon-

trated, together with a discussion of the accuracy and limitations

f the method. 

.1. Structural metrics 

Figs. 2 –4 present the results obtained from the analysis of the

tents described in Section 2 . A detailed 3D finite element model

f the entire stents was also developed to compare the results with

hose obtained with the RVE approach. The same elastoplastic ma-

erial property specified in Section 2 is used. The three-stage load

escribed in Section 2.2 and used in Eq. (3) is applied. 

The results show that the absolute foreshortening of the “Aux-

tic” stent is the highest, followed by the “Diamond” stent. The

Auxetic” unit cell exhibits a negative Poisson’s ratio. Thus when 

xpanded, the “Auxetic” stent lengthens, resulting in a negative
oreshortening. The hybrid stents have close to zero absolute fore-

hortening. This is expected as the hybrid stents both consist of

egular hexagonal units and re-entrant hexagonal units. The regu-

ar hexagon exhibits a positive Poisson’s ratio, whereas the other, a

egative Poisson’s ratio. Moreover, the “Hybrid C” has a foreshort-

ning closest to zero due to the struts that run longitudinally down

he stent, as shown in Fig. 5 . The “Chevron B” stent has 2 pairs of

ending struts in its unit cell that deform similarly during stent ex-

ansion. This geometry results in the horizontal struts in the mid-

le to displace by an equal amount during stent expansion. Since

he left and right boundary of the RVE move accordingly, there is

o resultant change in the length of the stent. This mechanism is

ighlighted in Fig. 6 . 

The amount of elastic recoil experienced by each stent is rela-

ively invariant, with the exception of that of the “Diamond” stent.

he “Hybrid A” stent has the lowest recoil, and the “Diamond”

tent has the highest. This implies that during expansion the “Hy-

rid A” stent will require less balloon over-inflation in order to

chieve the target diameter. 

Figs. 2 –4 show a good agreement between the results obtained

rom the entire stent model and the RVE approach. The non-zero

tents metrics exhibit errors of less than 15%. The higher difference

s observed for the evaluation of the elastic recoil and the radial

tiffness of the “Diamond” stent. This disparity stems from the ap-

lication of periodic boundary conditions to the RVE. This implies

hat the periodicity assumption holds only for lattices of relatively

arge size, which is not the case here. Thus, if the stent experiences

ignificant deformation at each end, the results may be influenced,

s for the case of the “Diamond” stent, which contains the hinge

f a bending strut on the RVE boundary. 

A large variation is also noted in the evaluation of the fore-

hortening of the “Hybrid C” and “Chevron B” stents. These results
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Fig. 6. “Chevron B” expansion mechanism. 
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suggest that the RVE method is not appropriate to assess a prop-

erty when its value approaches zero. However, since foreshortening

and recoil will be constrained to be non-zero in design optimiza-

tion formulations, the RVE approach will be sufficient to evaluate

these stent metrics. 

Fig. 4 also shows that the “Hybrid A” stent has a higher ra-

dial stiffness, as opposed to the “Diamond” one, which has the

lowest. In general, the radial stiffness of a stent depends mainly

on the number of bending dominated struts after stent expansion.

This number is the highest for the “Diamond” and “Auxetic” stents,

namely 20 along one row of cells. In contrast, this number de-

creases to 16 for the “Hybrid A” stent and finally to 12 for the

“Hybrid C” and “Chevron B” stents. Hence with except to the “Di-

amond” stent, the number of bending dominated struts along one

row can be correlated with the radial stiffness of each stent. Based

on this correlation, the “Diamond” stent should exhibit a radial

stiffness of the order of 100 MPa. As seen in Fig. 4 , this is not the

case. The reason is that the radial stiffness is also heavily affected

by the stent strut angle, the angle between bending-dominated

struts and the axial direction. The stent strut angle is lower for

the “Diamond” stent, for which a lower bending moment would

be required to bend the struts, resulting in a lower radial stiff-

ness. This implies that the number of unit cells along the circum-

ferential direction has a large impact on the radial stiffness. For a

given change in diameter of the expanded stent, a lower number

of cells along the circumferential direction results in a larger rota-

tion of stents with bending-dominated cells. After expansion, the

stent strut angles becomes closer to 90 °, thereby stiffening radi-

ally the stent. As a result, a decrease in the number of cells along

the circumferential direction can be used as a strategy to stiffen

the stent. Also, for the “Diamond” stent, the strut angle can be in-

creased by expanding the stent further. However, this will come at

a cost of increasing the foreshortening of the “Diamond” stent. 

The number of bending dominated struts has also a significant

impact on the elastic recoil. The presence of bending dominated

struts with a lower strut angle results in a higher elastic recoil,

as seen for the “Diamond” stent. When the radial load is removed

during the recoil step, the bending-dominated struts will experi-

ence a decrease in the stent strut angle. A large cell strut angle

after stent expansion therefore results in a low elastic recoil and

vice versa. 

The results of this section on the stent expansion mechanisms

and relative structural metrics show that the stent properties are

strongly influenced by the topology of the unit cell and the stent

size. In addition, we can infer that an RVE method is effective in

evaluating the structural stent metrics as long as the stent geome-

try respects certain assumptions. 

3.2. Hemodynamic performance 

The ideal WSS distribution is one that is achieved without the

presence of the stent, which corresponds to the constant wall

shear stress of the physiological value. Here, the hemodynamic
erformance of a stent is assessed by calculating the percentage

rea of the arterial wall exposed to a wall shear lower than 5% of

he physiological value. Fig. 7 depicts the results obtained for all

he stents with respect to the percentage area of the arterial wall

xposed to critical WSS. The WSS I for the stents with more than

ne unit cells was calculated by taking the average of the WSS I of

ach unit cell. 

The results confirm that the “Chevron B” unit cell performs

etter than the other stents with only 8.9% of the arterial wall

xposed to WSS, lower than 10% the physiological value. This is

ainly determined by the relatively large size of the unit cell of

he “Chevron B” stent. A large unit cell results in the presence of

ewer struts in the direction of the flow, thereby allowing the ve-

ocity profile to redevelop for a longer distance. Since regions of

ow wall shear stresses occur around the struts, this results in a

etter hemodynamic performance. 

Fig. 7 also shows a clear correlation between the normalized

ariance and the hemodynamic performance of the stents. The nor-

alized skewness and kurtosis however do not. The values for the

Diamond” and “Hybrid C” unit cells do not follow the expected

attern. Nevertheless, the WSS I assesses the stents hemodynamic

erformance correctly. 

The results of this section show that the metric defined here,

SS I given by Eq. (7) , can be used by a clinician to assess the

emodynamic performance of a particular stent design with ge-

metry that can be reduced to that of a periodic lattice. A clear

orrelation with the WSS I and the area exposed to critical WSS can

e observed. As the area exposed to critical WSS decreases, WSS I 
ncreases. In this case, the “Chevron B” stent is less likely to result

n restenosis after the stenting procedure. In addition, this work

ets the foundation for a design optimization study to obtain stent

esigns with improved radial stiffness and hemodynamic perfor-

ance. The goal would be to design stents that can support greater

oads while simultaneously lower the risk of restenosis. 

Fig. 8 summarizes the results of the structural and hemody-

amic metrics obtained for all considered stents. It can be ob-

erved that the hemodynamic performance and the radial stiff-

ess do not follow a similar trend. Except for the properties of the

Diamond” stent, the two metrics are generally conflicting, i.e., as

SS I increases, radial stiffness decreases. This shows that there is a

ossibility to obtain optimized stent designs with improved radial

tiffness and hemodynamic performance through multi-objective

ptimization. Overall, the “Hybrid A,” “Hybrid C” and “Chevron

” stents are the best-performing stents; they have high hemody-

amic performance and low foreshortening. Therefore, the use of

hese stent designs will lower the risk of restenosis and increase

lacement accuracy. The “Auxetic” stent may damage the blood

essel during insertion due to its high foreshortening. It is impor-

ant to note that the RVE approach here presented is helpful to

evelop structural and hemodynamic metrics for comparing alter-

ative stent designs with initial geometry that can be reduced to

hat of periodic lattices as further explained below. The methodol-
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Fig. 7. Overall performance of each stent based on the wall shear stress index ( WSS I ), normalized variance ( ‖ �‖ ) , skewness ( sk ) and kurtosis ( ̄K ). 

Fig. 8. Normalized hemodynamic performance and stent metrics. 
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gy here proposed is not intended to model or predict long-term

erformance of deployed stents. 

The purpose of this work is to evaluate the performance of

 stent by evaluating the structural properties and hemodynamic

ompatibility using an RVE approach. Several clinical reports have

ighlighted the challenge foreshortening poses to accurate stent

lacement [43–46] . Stents that shorten can result in the clinician

issing the target zone resulting in the deployment of a secondary

tent. Stents with low elongation on expansion have had a lower

eported incidence and rate of restenosis compared to other bare-

etal stents [47–50] . Restenosis has also been linked to the change

n blood flow around the stent [23] . Our results show that using

n RVE method, such as that presented in this work, is effective

n evaluating clinically relevant properties of stents. Furthermore,
his approach helps in providing clinically relevant metrics to com-

are alternative stent designs that are available in the cardiovascu-

ar market. On the other hand, this method can be used only for

eriodic geometries that can be reduced to a repeated unit where

he following kinematic assumptions hold: 

i) the periodic directions of the stent change according to the

macroscopic displacement gradient, 

ii) the stent remains periodic during deformation. 

For patient-specific designs that involve alteration of the peri-

dicity or for stents that are no longer periodic after deformation,

his approach has limitations and requires extensions that are be-

ond the scope of this paper. 

. Conclusion 

This work has quantified structural metrics and hemodynamic

erformance of stents modelled as periodic lattices. We have

hown that the former, i.e. foreshortening, elastic recoil, and ra-

ial stiffness, can be calculated via an RVE approach, whereas the

atter can be defined by a wall shear stress index assessed with a

tatistical approach. The results have shown that each cell topology

as its own structural and hemodynamic performance, which can

e used to compare and select the stent geometry that best trades

ff the clinical requirements. 
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