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Purpose: As the factors affecting the efficacy of the bare-metal stent in the treatment of aneurysm with a visceral vessel attached
were not fully understood, we aimed to discuss the effects of different characteristics of the stent on the hemodynamics and flexibility in
the treatment of the aneurysm. Methods: Single-layer (with different strut widths) and multi-layer (with a different number of struts) stent
models divided into three porosity groups, with porosities of 72.3, 60.5, and 52.4%, were modeled for a comparison of their hemody-
namic isolation and flexibility performance via computational fluid dynamics and finite element methods. Results: The velocity and time-
averaged wall shear stress decreased more noticeably with multi-layer stent interventions. A higher oscillatory shear index and relative
residence time occurred at the aneurysmal sac wall after multi-layer stents were employed. Time-averaged wall shear stress on the aneu-
rysmal wall decreased with an increase in the number of struts or a decrease in pore size, but oscillatory shear index and relative resi-
dence time increased as the number of struts increased or the pore size decreased. Besides, all stents affect the branch patency slightly. In
the bending test, when the porosity exceeded 60.5%, multi-layer stents were more flexible. Conclusion: The number of struts or pore size
of stent dominated the isolation in the management of the aneurysm and affected the flexibility significantly when the porosity was be-
low 60.5%. These findings may contribute to the special design of the stent in the treatment of such types of aneurysms.
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1. Introduction

Although a stent-graft (SG) technique can be ap-
plied to most aneurysms due to its isolation, there are
still some limitations for aneurysms with visceral ves-
sels attached (such as the pararenal aortic aneurysm),
because SG blocks the blood flow of these branches.
For this reason, the chimney [1]–[3] and fenestrated
[4]–[6] techniques have been approved as two feasible
approaches for these aneurysms, but stents for this
purpose need to be specially designed owing to indi-
vidual differences, and it is difficult for clinicians to
perform precise surgery.

Therefore, bare-metal stents that overlap each other
have gradually received increasing attention in the
treatment for such types of aneurysms because of iso-
lation and patency. For example, 61 patients treated by
this technique were involved in retrospective research,
and the rate of patients freed from rupture was greater
than 95% [7]. Balderi et al. [8] implanted multi-layer
stents in five patients with aneurysms, and sac throm-
bosis and shrinkage were found in four cases (maxi-
mal shrinkage rate 57%) after a two-year follow-up.
Factually, the hemodynamic concept of the overlap-
ping bare-metal stents is that blood flow inside the
aneurysm declines immediately and pressure returns
to normal [9]. Some numerical studies [10]–[12] con-
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cluded that there was an obvious decrease in velocity
and wall shear stress (WSS) inside the sac owing to
the isolation of overlapping bare-metal stents, facili-
tating thrombosis within the aneurysm to reduce the
risk of rupture.

Even so, the factors and mechanisms influencing
the efficacy of bare-metal stent in the aneurysmal
treatment are not fully proven, remaining vague guid-
ance for interventional therapy and specific design of
stent, for instance, whether the stent density is the
only factor that determines the therapeutic effect? Do
other factors including the number of struts, strut width,
pore size, et al. affect the performance of the stent?
Herein, as lower flexibility leads to a higher probabil-
ity of damage to the arterial endothelium [13], [14], we
modeled single-layer (with different strut widths) and

multi-layer (with a different number of struts) stents to
analyze the factors affecting the performances for
both hemodynamics and flexibility, with the objective
of providing guidance for interventional therapy and
future designs.

2. Materials and methods

2.1. Computational fluid dynamics (CFD)

Geometry

The closed-cell stent configurations (Fig. 1) were
established in Solidworks (version 16.0, Dassault Sys-

Fig. 1. Geometries. Panel (a) corresponds to the case without an aneurysm. Panel (b) represents three groups
of aneurysms after stenting, and the stent porosities are 72.3, 60.5, and 52.4%, respectively. Both single-layer and multi-layer stents

were established in each group. Herein, the configurations of multiple stents were referenced by [12]

(a)

(b)
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tèmes SolidWorks Corp) according to Gerberding’s
patent (US 2014/0180397A1), including a normal
case without aneurysm (WA, Fig. 1a) and six aneu-
rysmal models (Fig. 1b). As the porosities (where
porosity is the ratio of the total area of holes to the
total stent surface area) of the 2–4 layers are 72.3,
60.5, and 52.4%, respectively, and, as previous studies
deemed that the optimal flow modification can be
achieved by stents with porosities of 50–70% [11],
[15], [16], both the single-layer (with different strut
widths) and multi-layer stents (with a different num-
ber of struts [12]) were divided into three porosity
groups, with porosities of 72.3, 60.5, and 52.4%. The
differences between the two types of stents were de-
signed in Fig. 2. Pore size was defined as:
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where R represents the aorta diameter, and D and
n denote strut width and the number of struts, re-
spectively.

Six fluid domains (vascular models) (Fig. 1) were
fabricated by etching. Diameters of 18 and 4 mm were
assigned for aortas and branches, respectively, by

considering actual physiological anatomy [17]. True
aneurysm [9] with a diameter of 36 mm [18] was se-
lected to qualitatively analyze the factors influencing
the hemodynamic performances of stents in the aneu-
rysmal treatment. Additionally, the intracavitary throm-
bus was not considered because of its individual dif-
ferences and complex configuration.

Mesh and governing equations

ICEM CFD (version 16.0, ANSYS Inc.) was used
to generate 1.70 million to 1.98 million mesh elements
(Fig. 3), and the “grid adaptation” in Fluent (version
16.0, ANSYS, Inc.) was applied to ensure mesh inde-
pendence. According to the user’s manual of ICEM, as
the aspect ratio of each grid was greater than 0.15,
there is no low-quality tetra element. Given that com-
plex stents were modeled, tetrahedron-type elements
were used for simulation. Regions such as the arterial
wall and stents were refined to ensure the accuracy of
the local flow field. The finite volume method in Flu-
ent was adopted for computation, and the control
equations used were the time-dependent incompressi-
ble Navier–Stokes equations:

0u , (2)

Fig. 2. Basic information about Stents’ configuration. Panel (a) is a two-dimensional sketch of stents,
where the perimeter of the stent (2πR, where R is the aorta radius) and the number of struts (n) are displayed.
For the zoomed-in local element, the pore size (vacant area) and the width of struts are denoted as A and D.

Panel (b) lists parameters between two types of stents corresponding to the panel (a)

(a)

(b)
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where p and u refer to pressure and velocity, respec-
tively, and  and  are the density (1.050 kg/m3) and
dynamic viscosity (0.0035 Pas) of blood [19]–[21]. In
practice, for diameters of vessels larger than 0.5 mm,
the influence of low shear stress on the blood viscos-
ity is relatively small (less than 2%), and thus we
treated blood as a Newtonian fluid with a constant
viscosity [22].

Boundary conditions

A fully developed pulsatile inflow (mean veloc-
ity = 0.24 m/s) was imposed for the inlet boundary
condition, and the estimated Reynold’s number was
1296 [23]; thus, the blood flow was deemed to be

laminar. Transient pressure was given for the aorta
(mean pressure = 105.9 mmHg) and the branch
outlet (mean pressure = 100.9 mmHg), respectively
[22]. The values extracted from inflow and outlet
pressure waveforms (at t = 0) were given as initial
conditions [24]. As the number of elastic fibers
decreased and that of collagenous fibers increased
during aneurysm growth, the compliance of the
aneurysmal wall dropped dramatically [25], so the
aneurysmal wall was assumed to be non-slip and
rigid-walled [26].

Hemodynamic parameters

To qualitatively understand the mechanism of stent’s
isolation, blood flow field at different time points in
the cardiac cycle was extracted; the pressure on the
aneurysmal wall was analyzed to evaluate the risk of

Fig. 3. Mesh. (a) corresponds to the case without aneurysm (WA),
(b) represents the six aneurysmal cases with stents employment.

The refine regions were zoomed in and the boundary layer was indicated

(a)

(b)
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rupture; as thrombosis inside the arterial wall was
strongly related to wall shear stress (WSS), oscillatory
shear index (OSI) and relative residence time (RRT)
[11], we calculated these indicators to compare the
hemodynamic performances of different cases. The
average WSS of each wall facet during the entire car-
diac cycle was represented by the time-averaged wall
shear stress (TAWSS):

dtte
t

t

  |),(WSS|1TAWSS
0

, (4)

where t and e are flow time and facet on wall bound-
ary condition, respectively. The directional change of
WSS was evaluated by the OSI:
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The RRT denotes the residence time of the fluid
and can be written as:

TAWSS)21(
1RRT
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Additionally, the blood flow of the visceral vessel
in all cases was monitored to assess the effect of stents
on the patency of the branch.

Computation procedures

Equations were solved via the commercial com-
putational fluid dynamics software Fluent (version 16.0,
ANSYS, Inc.) based on the finite volume method, and
a user-defined function (UDF) was utilized to provide
the unsteady inflow and pressure outlet. Method of pres-
sure–velocity coupling is SIMPLEC; Least-Squares
Cell-Based, Standard, and Second-Order Upwind
schemes were applied to the discretization of gradi-
ent, pressure, and momentum, respectively. Resid-
ual value corresponded to convergence criteria was
set as 0.0001 for each time step (0.01 s). Four cardiac
cycles were expected to be completed to ensure the
solution stable, and the results of the fourth cardiac
cycle were analyzed [10].

2.2. Bending test

Flexibility

The static finite element method (FEM) was used
for the bending test in Abaqus CAE (version 6.13, Das-

sault Systèmes SE); tetrahedral elements were se-
lected for simulation. We adopted a cantilever beam
model as shown in Fig. 4, and the relative displace-
ment of the free end was used to measure the flexibil-
ity of the stent. The material data used for the stents
(316L stainless steel) were as follows [27]:

Young’s modulus E = 200.000 MPa,
Poisson’s ratio V = 0.33,
Yield stress  = 195 MPa,

Fig. 4. Cantilever beam model of stent bending.
Fixed constraint and coupled moment boundary conditions

were each applied to different bilateral ends of the stent.
Displacement of the end of the stent is labeled

A fixed constraint boundary condition was exerted
on one end of the stent. As locally large deformation
and fracture occurred before the entire stent could
bend when there was a concentrated load, and thus
coupled moment (excluding concentrated load) bound-
ary conditions were incrementally applied to the other
end of the stent. The magnitude of the moment applied
to the free end of the stents was empirically based on
lots of trial calculations. Besides, as internal forces
were equal everywhere, the bending was more uni-
form under moment load conditions.

3. Results

3.1. Pore size

Depending on Eq. (1), the pore size is strongly
correlated with the strut width and the number of
stent struts. However, the pore area declines more
dramatically with increases in the number of stent
struts rather than increases in the strut width (Fig. 5).
The pore sizes of single-layer models are 3.9, 8.7,
and 15.1 times larger than multiple layers models for
groups with porosities of 72.3, 60.5, and 52.4%, re-
spectively.
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3.2. Hemodynamic parameters

Blood flow field

The flow pattern inside the aneurysm is indicated
in Fig. 6, and data of five periods (peak-systole, mid-

dle-systole, end-systole, middle-diastole, and end-dia-
stole) were extracted during the cardiac cycle. Disor-
dered flow (uneven flow characterized by large differ-
ences in velocity) resulting from stent intervention can
be observed at the region near the stent (slice a, Fig. 6),
which becomes more laminar at positions further away

Fig. 5. Correlations between stent pore area and strut width (left) and the number of struts (right).
n and D represent strut number and width, respectively

Fig. 6. Blood flow inside the aneurysm through the entire cardiac cycle. Five periods are extracted, including peak-systole,
middle-systole, end-systole, middle-diastole, and end-diastole. Slices a, b and c represent the profiles at regions near the stent,

middle sac, and near the side branch, respectively. Herein, velocity profiles of multiple stents were referenced by [12]
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from the stent (slices b, c, Fig. 6). In the entire car-
diac cycle, although the velocity magnitude de-
creases with the decreases in porosity for both sin-
gle-layer and multi-layer cases, it appears that multi-
layer stents play a more significant role in blocking
blood flow and slowing it down, especially in the
region near the stents. In addition, the velocity dis-
tribution is more uniform for every period of the
cardiac cycle with the multi-layer stents implanted,
and the peak velocity occurring at the aneurysm
downstream is also lower in multi-layer cases than in
single-layer cases.

Pressure on aneurysmal wall

Apart from the vasculopathy of blood vessels them-
selves, the pressure on the aneurysmal wall contributes
greatly to the rupture of aneurysms [28]. However, in
both single-layer and multi-layer cases, a slight re-
duction (<1%) in pressure on the aneurysmal wall can
be observed with an increase in stents porosity (Fig. 7),

although lower pressure on the sac wall is observed
after multi-layer stent implanting. However, the pres-
sure is distributed more uniformly with four-layer
stents intervene.

TAWSS, OSI, and RRT

Comparisons in terms of TAWSS, OSI, and RRT
between single-layer and multi-layer models are shown
by both contours and quantitative results (Fig. 8). In
comparison with single-layer stents, lower TAWSS

distributions on the aneurysmal wall are observed
with multi-layer stent implantation (Fig. 8a), and the
mean TAWSS (Fig. 8d) decreases by 10% (0.354 Pa
vs. 0.318 Pa), 25% (0.317 Pa vs. 0.237 Pa), and 40%
(0.280 Pa vs. 0.168 Pa) for the cases of 2–4 layers,
respectively. In addition, the mean TAWSS of multi-
layer cases declines further with an increase in stent
porosity than in single-layer cases. For OSI (Fig. 8b),
when compared to single-layer cases, the mean OSI
on the aneurysmal wall elevates by 137% (0.067
vs. 0.158), 32% (0.141 vs 0.187), and 46% (0.153
vs. 0.223) for the cases of 2–4 layers, respectively.
Substantial differences of RRT (Fig. 8c) are observed
between single-layer and multi-layer groups, as op-
posed to the single-layer cases, and the mean RRT in-
creases by 62% (8.67 vs. 14.07), 148% (11.32 vs. 28.11),
and 367% (15.73 vs. 73.46) for cases of 2–4 layers,
respectively.

According to the linear regression analysis, the
number of struts and the pore size has greater effects
on the mean TAWSS, OSI, and RRT than strut width

(Fig. 9). The TAWSS decreases with an increasing
number of struts and decreasing pore size, while the
OSI and RRT increase with an increasing number of
struts and reducing pore size.

Patency of the branch

Generally, it necessary to take the flow rate of the
visceral vessel into consideration when aneurysms
involve branches, owing to the dysfunction of re-
lated organs results from ischemia. Few differences

Fig. 7. Pressure distribution on the aneurysmal wall in the peak systole:
(a) is the pressure contour, and the peak pressure on the sac wall is highlighted by an arrow,

(b) is the mean pressure on the sac wall

(a) (b)
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are found between the single-layer and multi-layer
modes, and the porosity, within the range of 72.3–
52.4%, has no effect on the patency of the branch
(Fig. 10). Clearly, the flow rates throughout the

10). Clearly, the flow rates throughout the entire
cardiac cycle are still greater than in the case without
an aneurysm.

Fig. 8. Distribution of TAWSS, OSI, and RRT: (a), (b) and (c) correspond to contours of TAWSS,
OSI, and RRT, respectively; (d) is quantitative data of the mean TAWSS, OSI, and RRT on the sac wall.

Herein, these indexes of multiple stents were referenced by [12]

(a)

(b)

(c)

(d)



Numerical insights into the determinants of stent performance for the management of aneurysm with a visceral vessel attached 49

3.3. Bending test

In the present study, the displacement of the end of
the stent was used to evaluate the flexibility of the
stent itself (Fig. 11). In all cases, the displacements

increase sharply with the bending moment. As poros-
ity increases, the flexibility clearly drops in both the
single-layer and multi-layer groups. However, great
differences in flexibility are found between single-
layer and multi-layer models with respect to an in-
crease in porosity. Interestingly, single-layer stents are

Fig. 9. The effects of the number of struts, strut width and pore size on TAWSS, OSI, and RRT.
* represents p < 0.05. n, D, and A correspond to the number of struts, strut width, and pore size, respectively

Fig. 10. Flow rate of side branch through the entire cardiac cycle.
WA represents the case without aneurysm and is highlighted by a red arrow
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more flexible than multi-layer stents when the stent
porosity is 72.3%, but the opposite results are obtained
for the stent porosities of 60.5 and 52.4%.

As opposed to the single design, slighter convexity
was observed for multi-layer design while applying

a moment to them (Fig. 12). Namely, the strut width
has greater effects on the convexity than the number
of struts or pore size. Additionally, peak stresses are
distributed at the center of the cross in both single-
layer and multi-layer stents.

Fig. 11. Relationship between displacement of the stent and its moment

Fig. 12. Deformations and stresses of bending stents. Instabilities are shown in zoomed-in black boxes;
stress distribution is shown in zoomed-in red boxes
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4. Discussion

Although the efficacy of bare-metal stent has been
recognized and confirmed by both numerical [10] and
clinical studies [7]–[9], the factors and mechanisms
influencing the efficacy of bare-metal stent in the
aneurysmal treatment are not entirely known, leading
to insufficient guidance for interventional therapy and
specific design of the stent.

The principal difference between the configura-
tions of single-layer and multi-layer models is the pore
size that was strongly related to the number of struts,
and the pore size is an essential factor in determining
resistance to blood flow; the smaller the pore, the
greater the resistance. The results of the flow features
indicated that multi-layer stents play a more signifi-
cant role in intervening in the blood flow and reducing
it; this phenomenon is strongly associated with the
pore size of the stent (Darcy’s law, Q = KAh/L, where
Q represents the seepage flow, K, A, h, and L refer
to seepage coefficient, pore size, head loss, and stent
thickness, respectively). Additionally, as the pore
size decreases, the flow near the stents declines more
obviously. The disappearance of the peak pressure in
the aneurysm downstream has a significant connec-
tion with the uniform velocity distribution provided
by four-layer stents. A uniform distribution of pres-
sure acting on the sac wall can alleviate concentrated
stress on the aneurysm, decreasing the risk of rupture
[10], [21].

Generally, WSS plays an important role in pro-
voking the release of endothelium nitric oxide (NO);
the production of NO decreases as WSS declines [29],
[30], which greatly impairs vascular function [31], [32].
Although previous studies reported that the risk of
thrombosis increased as WSS declined [33], clinical
trials demonstrated that thrombose in the sac helps to
form stable layers, which protect the aneurysm from
rupture [8], [34]. Our results indicated that TAWSS is
lower with the multi-layer stents than with the single-
layer stents, which is strongly correlated with changes
in blood velocity [11], [35]; therefore, it is more pos-
sible for multi-layer cases to thrombose inside the sac.
Moreover, OSI and RRT increased after the multi-
layer stents were implanted. Therefore, although pre-
vious studies [11] have shown that the distribution of
low TAWSS, high OSI, and high RRT on the sac wall
is beneficial to the growth of the thrombus, our results
of OSI and RRT also demonstrated that multi-layer
stents have improved isolation, which may help reduce
the risk of aneurysmal rupture. In particular, amplified
RRT was observed in the multi-layers groups, which

would increase the platelet collision rate near the sac
wall to thrombose within the aneurysmal wall [36]–[38].
Factually, the linear regression analysis demonstrates
that the essential factor for the isolation of stents is the
number of struts or pore size (also can be explained by
Darcy’s law), revealing that multi-layer design plays
a more significant role in thrombosis within the sac
than single deign.

The patency of the side branch has been confirmed
in follow-up studies [7]–[9], but the hemodynamic
mechanism is still indistinct. Our results reveal that
slight effects of branch patency were caused by stent-
ing despite local intervention because the stent is ex-
tremely thin and its resistance is relatively low compared
to the arterial wall. Additionally, our results exhibited
that stent affects the flow locally; the lower the flow,
the lower the reversed flow that was induced by the
eddy. On the other hand, local dilation resulting from
the development of an aneurysm decreases the resis-
tance of the arterial wall, which is why the branch
flow was still above the normal case.

In some cases, the deployment regions of blood
vessels are curved; thus, it is necessary to bend the stent
to conform to the vessel wall [13]. Along with the ma-
terial used, stent structure affects flexibility considerably.
Our bending test results show that multi-layer stents are
more flexible than single-layer stents for porosities
exceeding 60.5% because the mean diameter (half of
the difference between the outer and inner diameters)
of the whole stents decreases with layer increases,
potentially resulting in greater stress and strain when
there is an identical moment load. Namely, widening
struts have a greater effect on the flexibility of the
stent than the increase in the number of struts. How-
ever, in this study, when the porosity is 72.3%, the
thickness may be the dominant factor in flexibility,
but more evidence and explanation are required for
these complex configurations.

As convexities may reduce adherence to the arte-
rial wall and even cause damage to the endothelium,
the multi-layer design could avoid this phenomenon
better because of more struts or small pore sizes. For
an explanation of convexity: the deflection increases
with the increase in the length of the basic element
under the same load condition.

There are still some limitations in the present
study. As the goal of this work was to qualitatively
analyze the factors influencing the performances of
stents, the vessel around the stent was not considered
in the bending test. Although the manufacturing proc-
ess (Nitinol or stainless steel) of the stent may affect
the results, we only explored the effects of stent con-
figuration on the flexibility in this work. As the mod-
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els of vessels and aneurysms are greatly simplified to
qualitatively discuss the effects of stents’ configura-
tions on aneurysmal management, the patient-specific
models are to be considered in our next work.

5. Conclusions

The number of struts or pore size is a determinant
factor of isolation in the management of the aneurysm
and has no effect on the patency of the branch. The
strut width of the stent affects the stent’s flexibility
significantly when the porosity exceeds 60.5%. There-
fore, instead of widening the strut, increasing the num-
ber of struts or reducing the pore size would be a bet-
ter design to provide better isolation and flexibility.
These findings are helpful to guide interventional ther-
apy and design of special stents in the treatment of the
aneurysm with a branch attached.
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