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Purpose: The paper focuses on the numerical and experimental evaluation of the fluid flow inside chosen fragments of blood vessels.
In the first stage of the study, the experimental tests were conducted using a research test stand, designed to be used in this evaluation.
The study evaluated the blood flow through a silicone vessel with an implanted coronary stent. Methods: The PIV method was used in
order to visualize the flow vectors inside a silicone vessel. Deformed vessel geometry implemented for computational fluid dynamics
purposes was obtained owing to a non-linear simulation of the stent expansion (angioplasty process) in a silicone vessel. Additionally,
a vessel model with a statistical 55% area stenosis and an irregular real vessel with an atherosclerotic plaque were also subjected to
analysis from the hemodynamic flow point of view. A vessel with a statistical stenosis was also used to simulate the angioplasty process,
which resulted in obtaining a flow domain for the vessel with an atherosclerotic plaque after the stent implantation. Results: For each
case, distributions of parameters such as OSI or TAWSS were also analyzed and discussed. The areas of low TAWSS values appear
close to the stent struts. Conclusions: Stents with increased diameters, compared to the normal vessel diameter, create a higher risk of
occurrence of the areas with low WSS values. Excessive stent deformation can cause inflammation by injuring the vessel and can initiate
the restenosis and thrombotic phenomena through the increased vessel diameter.
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1. Introduction

Constant progress of manufacturing methods and
materials for stents significantly improves their effec-
tiveness in the organism [18]. The problem which has
not yet been fully diagnosed is the vessel restenosis
caused by the neointima overgrowth. Except for ves-
sel wall injury caused by stent implantation, this phe-
nomenon is caused by systemic factors such as diabe-
tes or endothelial dysfunction [10]. Some sources
point out that the restenosis could be caused by gene

polymorphism [22]. Many studies show that the resteno-
sis is caused by hemodynamic factors of the blood flow
[4], [8], [18], [19]. Hemodynamic problem was studied
in numerous papers [1], [23]. The main aim of the pa-
per [23] was to evaluate the performance of different
stent structures by characterizing the mechanical pa-
rameters after coronary stenting. The authors analysed
six stent structures due to determine local hemody-
namics and mechanical parameters. A lower value of
time average wall shear stress (TAWSS) was localised
at sites around struts and links near the ends of the
stent. The effects of strut spacing, thickness, luminal
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protrusion, and malapposition were analysed in [1].
Larger spacing between struts has a beneficial effect on
the flow and an adverse effect of larger strut size ap-
pears to be reduced in combination with larger strut
spacings [1]. In [19], the presence and potential conse-
quences of flow turbulences, both in the ascending
aorta and arch after a stenting left main (LM) mid shaft
or distal disease, were investigated. LM stenting pro-
duced alterations of the fluid dynamic into the ascend-
ing aorta and the arch, and induced more turbulence
in the LM and in the aortic wall. In this work, flow
analysis of artificial vessels with an implemented intra-
vascular stent was performed. The stent geometry has
a huge impact on the flow character. The fluid inside
the vessel hits many small obstacles, such as stent
struts, causing flow irregularities leading to small os-
cillatory shear stress, which may cause the neoathero-
sclerotic plaque development, thrombosis and resteno-
sis [9], [11]. Using the computer aided fluid mechanics,
it is possible to evaluate an influence of the stent ge-
ometry on the flow character. This method also allows
for visualization of the spots with either high or low
values of shear stress. While analysing the hemodynamic
processes, it is important to verify the WSS (Wall Shear
Stress) values [23].

The endothelial cells with WSS higher than 1.0 Pa
tend to elongate in the direction of the flow, while the
cells with WSS lower than 0.4 Pa are more round and
have no directional tendency [15]. Those round cells,
together with blood stagnation typically observed in
vessel areas with low WSS values, lead to an increased
penetration of blood-related particles into the vessel
walls. This phenomenon is often associated with the
development of the vessel atherosclerosis and is a con-
sequence of the increased time when the particles inter-
act with the wall and with an increased permeability of
the endothelium. The authors demonstrated that the
tissue growth in the artery with the implemented stent
was noticeable in fragments with low WSS [12]. The
influence of this stress is described in works [5], [13].
Another parameter characterizing the flow hemody-
namic is the OSI (Oscillatory Shear Index) which var-
ies from 0.0 (no oscillatory WSS) to 0.5 (maximal
WSS recorded). Areas with high OSI values (exceeding
0.1 value) in arteries with an implanted stents are more
prone to occurrence of neointima overgrowth [24].

Based on the performed studies, the method of the
study and the obtained results, in which the flow velocity
vector distributions were compared for a silicone vessel
with a stent implanted through the balloon angioplasty
procedure, can be regarded as original to the article.
Hemodynamic factors distribution for different vessel
geometries were also analysed and compared.

2. Materials and methods

2.1. Experimental testing

The experimental tests were conducted on a re-
search test stand (Fig. 1) designed purposely for the
flow evaluation and allowing for simulating the blood
flow in coronary vessels. Medical pressure sensors
were used in front of and behind the measured segment
in order to read the pressure values. A flow sensor was
used to register the flow rate. Two throttling valves
were used to control the flow imposed by a peristaltic
pump, which allowed for analysis of the flow corre-
sponding to different heart beat parameters. The PIV
method was used to determine the velocity vectors.
This method uses a laser generating a series of double
impulses. When the laser beam hits the optical system,
it is converted into an elongated beam called a laser
blade. This beam then illuminates the seeding particles
suspended in the fluid. The particles are coated in the
rhodamine type B [21]. The whole setup is mounted on
a designed frame structures which allows for different
vessel positioning. The frame with the measured seg-
ment is submerged in a reservoir. Silicone tubes with
diameter Dz = 3.2 mm and wall thickness d = 0.75 mm
with stents were used in the study. A detailed descrip-
tion presenting all technical and methodological aspects
are presented in paper [21].

Fig. 1. Research test stand used to study the fluid flow

2.2. Numerical studies

The study shows different numerical models di-
vided into two groups. The first group contained the
model of the case used in the experimental tests and
reflected both the initial and the boundary condi-
tions for validation aims. The second group con-
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tained 3 numerical models: a vessel with a statisti-
cal stenosis, vessel with a real stenosis and a vessel
with a statistical stenosis after performed stent im-
plantation. At the initial stage of those investigations,
several meshes with different mesh sizes were tested
and validated using theoretical studies for simple
pipes as well as using experimental methods with the
PIV method implementation for pipes with and with-
out stents. Finally, validated and elaborated mesh
sizes were adopted in the presented cases. For those
cases, the numerical simulations used the pressure
and flow intensity characteristics obtained from the
literature [7].

2.2.1. Numerical model:
modelling of the experimental case

For the case in which the flow in a tube with
a stent was analysed, a non-linear analysis of the bal-
loon expansion inside a straight silicone tube was
conducted [3]. The dimensions of the tube were as-
sessed using photos taken during the experiment. A cyl-
inder was created and filled with finite volumes repre-

senting the volume of the fluid inside the tube (Fig. 2).
The inserted coronary stent was made from a cobalt-
chrome alloy. It was decided to perform a numerical
simulation, similar to experimental tests, with the use
of computational fluid dynamics (CFD). In order to
perform such an analysis, it was first necessary to
perform a structural numerical analysis of the mod-
elled stent expansion inside the modelled silicone tube
in order to obtain a geometrical representation of the
stent and the tube after implementation. To achieve
this, a stent numerical model was developed, similar
to the one used during the experimental study for the
simulation of the angioplasty process (Fig. 3).

With the use of the triangle finite elements, the
internal geometry of the model was detached to a func-
tion as a boundary condition while developing the
finite element flow domain (Fig. 4). The domain con-
tained 7 113 349 finite volumes. In the areas close to
the stent and vessel walls, the elements with increasing
dimensions (from the smallest – 0.005 mm – to the high-
est – 0.07 mm – in the direction to centre of the vessel)
were used to increase the accuracy of the fluid velocity
profile simulation. To map the areas close to the vessel
walls, a smooth transition of the elements size was
used in order to maintain the Y+~1 parameter, which

Fig. 2. Diameter measurement spot

Fig. 3. The model of the stent inside a vessel at the last step
of non-linear analysis of the implementation process

using the iterative numerical procedure
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is a dimensionless parameter describing the distance
of the first element from the wall [14].

2.2.2. Numerical model:
statistical stenosis

Modelling of statistical stenosis was based on
mapping the outlines (characteristic boundaries) of the
cross-sections of the coronary vessels (Fig. 5a) taken
from the results of the medical testing of pathological
changes [20]. The obtained geometrical model was then
discretized in order to create a numerical model con-
sisting of 7 489 523 finite volumes. In the stenosis sec-
tion, the mesh was densified (Fig. 5b). The atheroscle-

rotic plaque for this case was continuous to smoothen
out the transition between the vessel and the plaque.
Table 1 presents the basic geometrical parameters of
the vessel with the statistical stenosis.

2.2.3. Numerical model:
real stenosis

While developing a geometrical model for real
stenosis, the cross-sections of a sample coronary ves-
sel were used. During the model development, three
basic areas were distinguished: a vessel lumen, area of
the atherosclerotic plaque growth, and an actual vessel
wall. Plaque is characterized with stochastic shapes,

   Fig. 4. Flow domain for a vessel with a stent

Fig. 5. Statistical stenosis: (a) geometrical model, (b) discretized flow domain

Table 1. Geometrical parameters of the vessel with statistical stenosis

Outer diameter
Dz [mm]

Wall thickness
d [mm]

Area stenosis
[%]

Diagonal of ellipse
a2 [mm]

Diagonal of ellipse
a1 [mm]

Length
L [mm]

3.4 0.2 55.0 1.7 1.6 60.0

(a) (b)
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complete asymmetry and uneven cross-section thick-
ness (Fig. 6). Apart from the plaque geometry, the
geometry of the coronary vessel wall with varying
thickness was also obtained. Further steps were aimed
at separating three layers of the wall: the inner, central
(with varied thickness) and outer membranes. To cre-
ate the flow domain, the geometry needed to be modi-
fied to fill the empty space with the finite volumes.
The mesh was densified, in the spots that required it,
to accurately reflect the vessel curvature. The ele-
ments were generated in such a manner so as to obtain
a smooth transition from the smallest elements to the
bigger elements with an initially defined size. The
discrete 3D model contained 8 470 429 finite volumes
(Fig. 6).

2.2.4. Model development of the vessel
with an implemented stent

The third case represented a vessel after angio-
plasty procedure (stent implantation). Taking real life
conditions into consideration, to analyse the flow in
vessel after angioplasty it would be necessary to
perform the imaging process immediately after the
angioplasty procedure, however, it was not possible
due to technical issues. Therefore, it was decided to
imitate the angioplasty procedure through additional
numerical simulations in order to obtain the desired
geometrical domain, similarly as in paper [2]. It is
important to specify that the geometry used for the

flow domain was obtained through a non-linear simu-
lation of the balloon expansion inside a blood vessel
using the implicit analysis method algorithms avail-
able in the LS-Dyna software. The Finite Element
(FE) model is presented in Fig. 7 as a cross-section of
the last step in the aforementioned simulation. The
whole model contained 677 112 finite elements. The FE
model consisted of 3 main parts: a stent, atheroscle-
rotic plaque and a vessel wall. Different mesh den-
sities were used in order to accurately reflect the ves-
sel shape. After discretization, a model containing
280 258 finite elements and 139 694 nodes was ob-
tained. The model was filled out with the elements,
and areas of expected disturbances had specifically
denser mesh. As a result of the volume discretization,
a model containing 7 095 156 finite volume elements
was obtained (Fig. 8).

Fig. 7. FE numerical model of coupling of the stent
with the vessel after the angioplasty process

Fig. 6. Real stenosis: geometrical model and discretized flow domain
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2.2.5. Initial and boundary
conditions

In order to perform the flow analysis, initial
boundary conditions needed to be set. For blood flow-
ing in a vessel, it was necessary to set the following
initial conditions: inlet velocity (Fig. 9a), outlet pres-
sure (Fig. 9b) and viscosity definition as a function
of shear stress [6], [23]. In a real life flow, the pressure
does not have a constant value. An average systole
pressure is around 16.0 kPa (120 mmHg), while the di-
astole pressure is around 10.7 kPa (80 mmHg). A vari-
able in time pressure value was applied to the surface
defining the outlet as a “pressure-outlet” condition.
A velocity value is representing the pulsating nature
of the heartbeat. The velocity was defined as a peri-
odic function by implementing the UDF (User De-

fined Function). In the case of the vessels with the
atherosclerotic lesions, sudden changes in the cross-
section can occur, causing the reduction of the vessel
lumen. In such areas, the blood flow becomes turbu-
lent. As the blood is a non-Newtonian fluid, it was
defined with the Carreau model in which viscosity
is related to shear velocity and shear stress [6], [24].
For the cases based on the curves taken from lit-
erature [7], the curves used at the inlet and at the
outlet are presented in Fig. 9. For the cases imitat-
ing the experimental cases, the curves registered by
the sensors used during the measurements were
applied. Exemplary experimental curves for the
case with 30 rpm and pressure of 16.7/11.3 kPa
(125/85 mmHg) are presented in Fig. 10. In the study,
it was decided to perform an initial analysis using
a straight tube as it was presented in the authors’ pre-
vious work [21].

Fig. 8. Discretized flow domain model – a cross-section view

Fig. 9. Curves used in analyses: (a) inlet velocity curve, (b) outlet pressure curve

(a) (b)
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3. Results

3.1. Experimental results

Using the PIV method, velocity vector distribution
results were obtained during the tests for 2 different
pump settings. The velocity vector distribution was
evaluated for two recorded areas. Post-processing of
the results consisted in stitching 4 or 3 measurements
together. For the measurement in which the recorded
area was observed at a higher magnification, four sepa-
rate PIV measurements had to be made and were then
combined together during the post-processing proce-
dure. When the measurements were made at lower
magnification, the velocity map of the entire stent area
could be obtained with only three measurements. The
case with a stent with the external diameter greater
than the internal diameter of the tube was analysed.
While testing the system, the following parameters
were achieved:
 case 1 – pressure on the output was 16.7/11.3 kPa

(125/85 mmHg) and the flow was 0.47 dm3/min,
which corresponds to frequency of heart operation

equal to 1 Hz (30 rpm for peristaltic pump) and the
normal arterial pressure

 case 2 – pressure on the output was 22.3/16.0
(167/120 mmHg) and the flow was 0.83 dm3/min,
which corresponds to frequency of heart operation
equal to 1 Hz and mild hypertension
The stent structure consisting of numerous strength-

ening struts hinders the flow registration process. The
method for measuring the velocity distribution is ex-
actly described in [17]. The stent used in these analy-
ses was 0.125 mm thick and the percentage of area
filling in relation to the full tube area was 18.3%. This
data is shown in the stent code description: stent B
– 0.125/18.3. In Figure 11, the distribution of the ve-
locity vectors for the case with 30 rpm and pressure of
16.7/11.3 kPa (125/85 mmHg) for two analysed expo-
sitions is presented. For the singular exposition, the
measurement was carried out during a single cycle,
while the results were processed by dividing the ana-
lysed section into three sub-sections. As can be seen on
the maps shown, a singular exposition exhibits an in-
crease in velocity, which may result from changes of the
pump work characteristic. This increase is not significant
and does not exceed 0.1 m/s. The results for the second
pump operation parameters are shown in Fig. 12.

Fig. 10. Exemplary pressure characteristic as a function of time for the inlet experimental curve
for the case with 30 rpm and pressure of 16.7/11.3 kPa (125/85 mmHg)
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Fig. 11. Comparison of an averaged distribution of velocity vectors for two recorded areas
 – the case with 30 rpm and pressure of 16.7/11.3 kPa (125/85 mmHg)

Fig. 12. Comparison of an averaged distribution of velocity vectors for two recorded areas
– the case with 30 rpm and pressure of 22.3/16.0 kPa (167/120 mmHg)
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3.2. Comparison
of the experiment results

with the numerical simulation

For the comparison reasons, the case in which fre-
quency of heart operation was equal to 1 Hz and had
the pressure of 22.3/16.0 kPa (167/120 mmHg) was

selected. Based on the distribution of averaged velocity
vectors, the highest registered flow velocity values
(around 1.03 m/s for the experimental test and 1.15 m/s
for the numerical simulation) were recorded at the
inlet of the vessel (Fig. 13). This effect is present both in
the experimental tests and the numerical simulations.
After reaching the above-mentioned values, the velocity
vectors decrease towards the outlet of the stented area,

Fig. 13. Comparison of velocity vectors averaged in time for the case with 30 rpm
and pressure of 22.3/16.0 kPa (167/120 mmHg): a) numerical analysis, b) experimental analysis

Fig. 14. Comparison of velocity profiles for the vessel with a stent obtained through both a numerical simulation
and an experiment 30 rpm and pressure of 22.3/16.0 kPa (167/120 mmHg)

(a)

(b)
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and then increase in the end of the artery. This effect
is closely related to the enlargement of the diameter in
the middle part of the vessel caused by expansion of
the balloon during the stent implementation process.
Such a situation frequently appears when a stent is
postdilateted or a balloon in the angioplasty process
is over pressured.

Fig. 15. Distribution of averaged shear stress (TAWSS);
values from 0.0 to 0.4 Pa

Fig. 16. OSI index map; values from 0.0 to 0.3

In Figure 14, distributions of the average velocity
profiles obtained on the basis of both the experimental
tests and the numerical simulations are presented. It can
be observed that the numerical results are close to the
experimental outcomes, i.e., both the velocity distribu-
tion and its values are almost similar. The main differ-
ence is visible near the vessel wall due to adhesion of
the seeding particles near the stent struts during the ex-
perimental testing. This adhesion leads to smudged spots
near the wall. This phenomenon makes it difficult or
even impossible to measure velocity vectors near the
walls, which can be seen in Fig. 16.

Based on the shear stress values averaged (TAWSS)
versus time, it is clearly visible that the areas with unfa-
vourably low shear stress values (below 0.4 Pa) are
located at the inlet of the vessel and around the stent
struts (Fig. 15). The areas of low shear stress are lo-
cated in the stagnation zone visible on the velocity
vector map. The balloon geometry resulted in stent
asymmetrical position and caused it to be adjacent to

the vessel more on one side than on the other, which
then caused an uneven stagnation zone distribution.
High OSI parameter values, around 0.3, are located
close to the stent struts (Fig. 16).

3.3. Numerical cases – analysis results

From the performed simulations, the distributions
of velocity for each domain were obtained. The flow
analysis was performed using the coupling method
with the turbulence model k – ω SST. The integration
time step was 0.004 s (200 steps required for calcu-
lating one full heartbeat cycle lasting 0.8 s). For each
case, the distributions of time average wall shear
stress (TAWSS), oscillatory shear index (OSI). Distri-
bution of values of the velocity vectors was presented
for the moment in which the flow velocity was the
highest – 0.19 s.

3.3.1. Statistical stenosis case

The velocity vector value distribution provides in-
formation how the fluid stream behaves after passing
the modelled stenosis. As shown in Fig. 17, the nar-
rowing induces a local change in the flow velocity.
The maximal velocity registered during the analysis
reached the value of 6.61 m/s. The stream, after pass-
ing through the stenosis, flows closer to one side,
making it asymmetric. The distribution of the velocity
vector values shows that there is a turbulence region,
located behind the stenosis, in which the velocity val-
ues are low, i.e., close to 0.0 m/s. The TAWSS and
OSI are important for the flow analysis. The distribu-
tion of shear stress averaged in time (Fig. 18a) shows
that areas with an increased risk of atherosclerosis
developing are concentrated near the narrowing and at
the end of the blood stagnation zone, which is then
confirmed through analysis of the OSI distribution
(Fig. 18b).

3.3.2. Real case with stenosis

Based on the flow velocity vectors (Fig. 19) for
the contraction phase of the heartbeat, it is noticeable
that the highest velocity is reached by the streams
situated close to the axis of the vessel. In the section
with the greatest stenosis of the vessel lumen, the
velocity values reach 3.58 m/s during the heart con-
traction phase. It is visible that for the vessel with
a stenosis that varies in size along its length, the
stream is much more varied when compared to the
vessel with a singular stenosis. The distribution of
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values of velocity vectors, shown in Fig. 19, shows
how many areas of turbulences appear for this type
of geometry. In these areas, the substances responsi-
ble for development of the atherosclerotic tissue con-
centrate. It also visible that behind the stenosis nu-
merous areas of low velocities appear. Those areas
are in places where the atherosclerotic plaque can
appear. The areas where the shear stress values are
lower are especially susceptible to vascular diseases.

While analysing the TAWSS values of the vessel with
a real stenosis, it can be clearly observed that areas
with dangerously low shear stress values are located
close to the transitions between the atherosclerotic
plaque and the healthy tissue as well as in the blood
stagnation zones. (Fig. 20). Shear stress values with
oscillating character can be observed at the transition
between the atherosclerotic plaque and the healthy
tissue (Fig. 21).

Fig. 17. Velocity vectors distribution of 0.19 s phase m/s

Fig. 18. Distribution of: a) shear stress averaged in time (TAWSS) for values from 0.0 to 0.4 Pa,
b) OSI index map; values from 0.0 to 0.3

Fig. 19. Velocity vectors distribution of 0.19 s phase for real stenosis m/s
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3.3.3. Vessel after performed angioplasty

The case of the vessel after angioplasty procedure
was performed in order to show how the stent influ-
ences the flow characteristic. The velocity distribution
in the vessel, in which the angioplasty procedure was

performed, is presented in Fig. 22. It can be noticed
that stent implementation dramatically improves the
flow distribution. The area where the flow disorders
occur is significantly reduced. The maximal velocity
decreased from 6.61 m/s in the stenosis vessel to 3.12
m/s in the vessel with the stent called “treated vessel”.

Fig. 20. Distribution of shear stress averaged in time (TAWSS) for values from 0.0 to 0.4 Pa

Fig. 21. OSI index map for real stenosis; values from 0.0 to 0.3

Fig. 22. Velocity vector distribution for the vessel with the implanted stent
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The transition between the stent and the athero-
sclerotic plaque was modelled in such a manner as to
reflect grooves at places where the stent is in contact
with either the plaque or the vessel. As the struts of
the stent can be obstacles to the flow, they cause dis-
turbances of the flow possible to be observed on the
distribution of the averaged shear stress (Fig. 23a). In
the areas where the stent contact with the vessel, a sig-
nificant drop in shear stress can be observed and
reaches 0.21 Pa value.

The oscillating character of this stress is confirmed
by the OSI distribution. Areas that are at risk of ath-
erosclerotic plaque formation are the places where the
stent knees meet the vessel walls (Fig. 23b).

4. Discussion

The goal of the paper was to present a numerical
simulation of a blood flow in various types of vessels,
using the computational fluid dynamics and validation
of the presented modelling method with the use an
original research test stand designed for studying the
fluid flow. The paper presents a method that allows
for analysing different types of vessel geometries. The
original research test stand was developed during the
study, which enabled the authors to test the flow with
different pump operation parameters. Additionally,
after minor modifications, various types of vessels, i.e.,
with a stenosis or with bifurcation, can be investi-
gated. The use of the peristaltic pump allows con-
trolling the pumping frequency in a fluid set volume
which can be changed by modifying the pipe diameter.

The results of the study presented in the paper con-
firmed the data available in the literature, namely that
low values of shear stress (<0.5 Pa) are concentrated

in close proximity of stent struts [4]. Such information
concerning the stresses is important from a medical
point of view, as it allows assessing the areas at risk of
stent restenosis. When designing a stent, it is possible
to assess an impact of the stent geometry and the flow
conditions on the stress distribution. At the same time,
it is possible to analyse the pressure distribution in
front of and behind the measuring segment. Applica-
tion of the suitable lenses enabled obtainment of better
imaging of the velocity vectors in the area around the
stent struts. A difference in method concerned com-
bining several images, taken at greater magnification,
into a single one, allowing for a better accuracy, while
reflecting the flow character. This is also one of the
elements considered by the Authors to be their origi-
nal achievement allowing for more accurate and reli-
able results.

In addition, in the study, the models and analyses
for vessel geometries, such as a vessel with a stenosis,
statistical stenosis, and a statistical stenosis with a ath-
erosclerotic plaque after angioplasty procedure, were
created and tested. The most important hemodynamic
parameters, which the authors were able to assess,
were WSS, TAWSS, OSI. Assessing the distribution
of those parameters allows for pin-pointing of areas
with an increased risk of restenosis development.

The measurement flow was performed for two dif-
ferent pressure characteristics reflecting the heartbeat.
Then, for the chosen case, a numerical study was con-
ducted using the initial boundary conditions based on
the curves obtained from the experimental tests. The
case was then validated, and the results correlation
was deemed acceptable. In the vessel in which the
angioplasty procedure was performed, the areas with
an atherosclerotic plaque low shear stress values dis-
tribution are between the stent struts. The flow analy-
sis for the real stenosis (Fig. 19) and the statistical

Fig. 23. Numerical result for vessel after performed angioplasty:
a) Distribution of the averaged shear stress (TAWSS) for values from 0.0 to 0.4 Pa,

b) OSI index map; values from 0.0 to 0.3

(a) (b)
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stenosis (Fig. 17) depicted that the areas at risk of the
atherosclerotic plaque growth are concentrated near
the cross-section narrowing. For the case with the
statistical stenosis, an area containing characteristic
flow disturbances appeared after passing the narrowed
section.

The stent geometry significantly influences the re-
sults obtained from the PIV test method. Using the
sharpening technique on the seeding particles allows
visualizing the whole flow. During the numerical
analysis, the stent was expanded by a balloon causing
axial positioning in the vessel. It is important to note
that the resulting stent deformation during the simula-
tion was not symmetrical, which caused some parts of
the stent to be adhered more to the vessel than others.
This influenced the shear stress distribution, in which
the areas with low values were concentrated in the
inlet part and around the stent struts. Each arch causes
flow disturbances. In spots with those disturbances, the
areas with low velocity values, called the “stagnation
zones”, appear. This leads to build-up of the unused
products in the atherosclerotic plaque accretion.

5. Conclusions

Using numerical methods allows not only for
analysing the flow characteristics, but also indicating
the areas of low and oscillating shear stresses, which
may impede upon results of coronary angioplasty. As
the tests of the case with a stent shows, the areas of
low TAWSS values are concentrated close to the stent
struts. This can have important implications on stent
design. Flow disturbances caused by the stent struts can
be minimized by reducing its thickness and using more
streamlined shapes of the struts. For the stent whose
external diameter is greater than the internal diameter
of the vessel, the shear stress distribution is different.
Stents with increased diameters, compared to the nor-
mal vessel diameter, create a higher risk of occurrence
of the areas with low WSS values. Excessive stent de-
formation can cause inflammation by injuring the ves-
sel and can initiate the restenosis and thrombotic phe-
nomena through the increased vessel diameter, which
leads to reduction of the flow intensity and lower the
TAWSS values. A greater diameter of the section with
a stent can lead to occurrence of regions of a lower
flow velocity along the whole stent, wherein the width
of this region is greater for the inlet part.

The presented method is to be further developed
by the authors to enable micro-scale analyses in order
to research the flow nature and visualise the micro

local turbulences responsible for the possibility of the
restenosis occurrence around the stent struts.

Acknowledgements

The study was supported by the NCBiR within project
APOLLO-STRATEGMED (2/269760/1/NCBR/2015). This research
was performed with the support of the Interdisciplinary Centre for
Mathematical and Computational Modelling (ICM) University of
Warsaw under grant no. GA73-30. The authors would like to thank
Mr. Arkadiusz Antonowicz for support and assistance with experi-
mental tests.

References

[1] BEIER S., ORMISTON J., WEBSTER M., CATER J., NORRIS S.,
MEDRANO-GRACIA P., YOUNG A., COWAN B., Hemodynamics
in Idealized Stented Coronary Arteries: Important Stent De-
sign Considerations, Ann. Biomed. Eng., 2016, 44, 315–329,
DOI: 10.1007/s10439-015-1387-3.

[2] BUKAŁA J., KWIATKOWSKI P., MAŁACHOWSKI J., Numerical
analysis of crimping and inflation process of balloon-expandable
coronary stent using implicit solution, Int. J. Numer. Method.
Biomed. Eng., 2017, 33(12), DOI: 10.1002/cnm.2890.

[3] BUKAŁA J., KWIATKOWSKI P., MAŁACHOWSKI J., Numerical
analysis of stent expansion process in coronary artery stenosis
with the use of non-compliant balloon, Biocybern. Biomed.
Eng., 2016, 36, 145–156, DOI: 10.1016/j.bbe.2015.10.009.

[4] CHEN Y., XIONG Y., JIANG W., YAN F., GUO M., WANG Q.,
FAN Y., Numerical simulation on the effects of drug eluting
stents at different Reynolds numbers on hemodynamic and drug
concentration distribution, Biomed. Eng. Online, 2015, 14,
DOI: 10.1186/1475-925X-14-S1-S16.

[5] CHIASTRA C., MORLACCHI S., GALLO D., MORBIDUCCI U.,
CARDENES R., LARRABIDE I., MIGLIAVACCA F., Computa-
tional fluid dynamic simulations of image-based stented coro-
nary bifurcation models, J. R. Soc. Interface, 2013, 10, DOI:
10.1098/rsif.2013.0193.

[6] CHO Y.I., KENSEY K.R., Effects of the non-Newtonian vis-
cosity of blood on flows in a diseased arterial vessel. Part 1:
Steady flows, Biorheology, 1991, 28, 241–262, DOI: 10.3233/
BIR-1991-283-415.

[7] JÓŹWIK K., OBIDOWSKI D., Numerical simulations of the
blood flow through vertebral arteries, J. Biomech., 2010, 43,
177–185, DOI: 10.1016/j.jbiomech.2009.09.026.

[8] KOPERNIK M., TOKARCZYK P., Development of multi-phase
models of blood flow for medium-sized vessels with stenosis,
Acta Bioeng. Biomech., 2019, 21 (2), 63–70.

[9] KOSKINAS K.C., CHATZIZISIS Y.S., ANTONIADIS A.P.,
GIANNOGLOU G.D., Role of Endothelial Shear Stress in Stent Re-
stenosis and Thrombosis: Pathophysiologic Mechanisms and
Implications for Clinical Translation, J. Am. Coll. Cardiol, 2012,
59, 1337–1349, DOI: 10.1016/J.JACC.2011.10.903.

[10] KOZUŃ M., PŁONEK T., JASIŃSKI M., FILIPIAK J., Effect of
dissection on the mechanical properties of human ascending
aorta and human ascending aorta aneurysm, Acta Bioeng.
Biomech., 2019, 21 (2), 127–134.

[11] KWIATKOWSKI P.S., MAŁACHOWSKI J., JAKUBAS-
-KWIATKOWSKA W., GOŁĘBIEWSKI S., GIL R.J., KWASIBORSKI P.,



Numerical and experimental analysis of balloon angioplasty impact on flow hemodynamics improvement 183

KAŁUŻA B., SUTKOWSKA E., The effects of types of guidewires
and pressure applied during stent implantation in the main
vessel on the incidence of damage to coronary guidewires
during angioplasty of coronary bifurcation lesions – Wide
Beast study, J. Interv. Cardiol., 2018, 31, 599–607, DOI:
10.1111/joic.12523.

[12] LADISA J.F., OLSON L.E., MOLTHEN R.C., HETTRICK D.A.,
PRATT P.F., HARDEL M.D., KERSTEN J.R., WARLTIER D.C.,
PAGEL P.S., Alterations in wall shear stress predict sites of
neointimal hyperplasia after stent implantation in rabbit iliac
arteries, Am. J. Physiol. Circ. Physiol., 2005, DOI: 10.1152/
ajpheart.01107.2004.

[13] LANTZ J., RENNER J., KARLSSON M., Wall shear stress in
a subject specific human aorta -Influence of fluid-structure
interaction, Int. J. Appl. Mech., 2011, 4, 759–778, DOI:
10.1142/S1758825111001226.

[14] LESIEUR M., Fluid Mechanics and its Applications: Turbu-
lence in fluids, 4th ed., Springer, 2008.

[15] MAŁEK A.M., ALPER S.L., IZUMO S., Hemodynamic shear
stress and its role in atherosclerosis, JAMA, 1999, 282, 2035–
2042, DOI: 10.1001/jama.282.21.2035.

[16] PASZENDA Z., MARCINIAK J., BĘDZIŃSKI R., RUSIŃSKI E.,
SMOLNICKI T., Biomechanical characteristics of stent-coronary
vessel system, Acta Bioeng. Biomech., 2002, 4 (1).

[17] RABEN J.S., MORLACCHI S., BURZOTTA F., MIGLIAVACCA F.,
VLACHOS P.P., Local blood flow patterns in stented coro-
nary bifurcations: An experimental and numerical study,
J. Appl. Biomater. Funct. Mater., 2015, 13, DOI: 10.5301/
jabfm.5000217.

[18] RIGATELLI G., ZUIN M., FONG A., TAI T.T., NGUYEN T., Left
main stenting induced flow disturbances on ascending aorta
and aortic arch, J. Transl. Intern. Med., 7, 22–28, DOI: 10.2478/
jtim-2019-0005.

[19] SZABADITS P., PUSKAS Z., DOBRANSZKY J., Flexibility and
trackability of laser cut coronary stent systems, Acta Bioeng.
Biomech., 2009, 11 (3).

[20] TOMASZEWSKI M., SYBILSKI K., BARANOWSKI P.,
MAŁACHOWSKI J., Experimental and Numerical Flow Analy-
sis Through Arteries With Stent Using Particle Image Velo-
cimetry And Computational Fluid Dynamics Method, Biocy-
bern. Biomed. Eng., 2020, DOI: 10.1016/j.bbe.2020.02.010.

[21] TOMASZEWSKI M., BARANOWSKI P., MAŁACHOWSKI J.,
DAMAZIAK K., BUKAŁA J., Analysis of artery blood flow be-
fore and after angioplasty, AIP Conference Proceedings,
2018, DOI: 10.1063/1.5019068.

[22] WASILEWSKI J., KILJAŃSKI T., MISZALSKI-JAMKA, Role of shear
stress and endothelial mechanotransduction in atherogenesis,
Kardiol. Pol., 2011, 69, 717–720.

[23] WEI L., LEO H.L., CHEN Q., LI Z., Structural and Hemody-
namic Analyses of Different Stent Structures in Curved and
Stenotic Coronary Artery, Front. Bioeng. Biotechnol., 2019, 7,
1–13, DOI: 10.3389/fbioe.2019.00366.

[24] WILLIAMS A.R., KOO B.-K., GUNDERT T.J., FITZGERALD P.J.,
LADISA J.F., Local hemodynamic changes caused by main
branch stent implantation and subsequent virtual side branch
balloon angioplasty in a representative coronary bifurca-
tion, J. Appl. Physiol., 2010, 109, 532–540, DOI: 10.1152/
japplphysiol.00086.2010.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


