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Purpose: The present paper covers simulation of blood flow in a roughness impact-R test model to anticipate the hemodynamic
conditions of adhesion of blood elements to the modified surface. It was performed using numerical modelling of this process. The
aim of these simulations was to create a surface morphology that stimulates the adhesion of blood elements to the surface of base
plate of impact-R test. Methods: The morphology of base plate of impact-R test was developed using a vacuum powder sintering of
commercial purity titanium powder (CP-Ti) on Ti6Al7Nb substrate. The finite volume method (FVM) and disperse particle method
(DPM) were applied to develop the target model of a roughness impact-R test. The morphology of modified surfaces was documented
with digital microscope and SEM (scanning electron microscopy). Results: The impact-R test developed using the two-phase blood
model performed on regularly structured base plate resulted in shear stress values higher than the analogous for the model lacking
such modification. The most significant reduction in maximum values of shear stress occurred in case of the DPM model and espe-
cially in the model with regular structures. Conclusions: The proposed models are very effective in modeling of the analysis of blood
flow in roughness impact-R test.
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1. Introduction

The impact-R test was developed to study the ef-
fect of shear stresses on cardiovascular tissue [40].
Initially, it was designed for laminar flows as a system
of two parallel plates to obtain a uniform shear stress
distribution, then, modifications were made to obtain
oscillating shear stresses, etc. The cone-plate is an-
other system of this test designed to obtain uniform
distributions of shear stresses, initially used to meas-
ure viscosity of the liquid. Currently, pulse and oscil-
lating shear stresses are generated in this system due
to high shear rates. In the case of modern biomedical
applications, the system of interest generally corre-
sponds to a laminar three-dimensional flow, and the

rotation applied to the cone is usually unstable and
periodic. Due to big value of shear rates of rotating
cone, the turbulences can be anticipated in the fluid
domain of the model. According to literature [8], the
analytical solutions can be found using the IT theorem.
Six parameters used to characterize the flow (density,
dynamic viscosity, axial coordinate, radius, gap height,
and angular velocity of the cone) are reduced to formula
of the Reynolds number (Re). It was experimentally
determined [40] that for Re < 1 the flow is laminar,
axisymmetric and tangential. For 1 < Re < 4, the sec-
ondary flow effects appear and the laminar flow be-
comes three-dimensional. For Re > 4, the flow is tur-
bulent. The influence of primary and secondary flows
on the distribution of shear stress on the surface of
the plate was also correlated. These effects were de-

* Corresponding author: Magdalena Kopernik, AGH University of Science and Technology, al. Mickiewicza 30, 30-364 Krakéw, Poland.

E-mail: kopernik@agh.edu.pl
Received: September 20th, 2022
Accepted for publication: November 4th, 2022



120 M. KOPERNIK et al.

scribed for the unstable rotation of the cone, which
has been shown to affect the uniformity of the shear
stress distribution on the surface of the plate. The
main flow generates the primary stress oriented in the
tangential direction, while the secondary flow induced
by the centrifugal force produces a secondary stress
oriented in the radial direction.

Research on the cone and plate test has focused on
the development of the optimal structure [47], ex-
perimental tests on blood [36] and on numerical mod-
els supporting the analysis of the structure of this test
and the obtained results [48]. The work [47] presented
analytical solutions for the cone and plate test, which
make it possible to calculate the shear stress, and also
to indicate the relationship between pressure and an-
gular velocity as well as pressure and the contact sur-
face of the flowing medium. The obtained results
showed that the higher the angular velocity of the ro-
tating cone, and the larger the contact area, the lower
the pressure. All the above indicate good ultrafiltration
properties of such test. Additionally, the shear stress at
the edge of the system is homogeneous and, in this test,
the mass transfer coefficient depends mostly on the
hydrodynamic shear at the contact surface. In paper
[36], the effect of deposition of platelets on the sur-
face of polystyrene and the extracellular matrix at set
shear rates were investigated. As an outcome, a cor-
relation was observed between the adhesion rate (sur-
face coverage) and the aggregate formation (average
size) of platelets from normal citrated blood between
polystyrene and extracellular matrix. There was a sig-
nificant correlation between the results of platelet
adhesion (surface coverage) to polystyrene and extra-
cellular matrix (#* = 0.57). A similar correlation was
observed between platelet aggregation rates (average
size, 1 = 0.63). In the other study [48], the authors
presented a numerical model of the cone and plate
test, which was verified experimentally (PIV, particle
image velocimetry [43]). It took into account shear
stresses at the distance from the center of the system
for different both cone angles and in various cone
planes. The greater the distance from the center of the
system and the smaller the cone angle, the higher the
shear stress. Finally, in the work [46], the intensity of
turbulence was also analyzed in relation to the dis-
tance from the center of the system.

Textured biomaterial surfaces in implantable left
ventricular assist devices induce development of a non-
thrombotic neointimal surface and allow for elimination
of anticoagulation therapy in recipients of such parts [9],
[28], [32], [42], [50]. Characterization of the hemato-
poietic cells formed within the neointimal surfaces
of these devices may contribute to our understanding

of this problem. Implanting of parts with textured
surfaces and subjected to contact with blood leads to
a rapid clotting process on the surface. While this may
seem like a negative occurrence for blood contact
surfaces, it may not be relevant from the clinical point
of view. It is because, while clots form quickly on these
surfaces, they are densely adherent and do not appear to
embolise into the bloodstream, i.e., remain harmless.
Over time, additional blood cell interaction occurs,
being similar to an immune response. Eventually,
a heterogeneous layer containing platelets, monocytes,
macrophages, giant cells, lymphocytes and pluripotent
hematopoietic cells is deposited on the surface. It is
postulated that pluripotent hematopoietic cells differ-
entiate into fibroblasts, myofibroblasts and, in some
cases, endothelial cells. Fibroblast cells can then se-
crete extracellular matrix components such as colla-
gen, which is routinely detected on textured surfaces
after prolonged implantation.

The implication of having textured surfaces contact-
ing the blood is that these surfaces rapidly clot upon
device placement. A heterogeneous surface containing
platelets, monocytes, macrophages, foreign-body giant
cells, lymphocytes and multipotent circulating cells is
deposited [15], [32], [38]. On a macro scale, such coat-
ing may appear to be a solid formation, but according to
the literature, the pseudointima undergoes continuous
remodeling so as to effectively inhibit the coagulation
process at all times. This is a physiologically regulated
mechanism under normal conditions and, in this work, in
the case of the development of materials with a devel-
oped surface, it is nothing more than an attempt to in-
duce a mechanism occurring naturally.

Analyzing the above, one may point out that there is
still a need to perform experimental and numerical tests
simulating the phenomena on the blood-material con-
tact in blood flow systems. Up till now, experimental
and numerical work on the modeling of the blood, flow
and ensuring good compliance with the experiment has
used, inter alia, mixture theory [24], [25], discrete par-
ticle method [49] and SST k-w turbulence model [21],
[45]. Blood flow may also concern issues related to
blood-contacting devices, which cause hemolysis [49].
Simultaneously, particle-based models are applied to
simulate red blood cells (RBCs) membrane dynamics
and platelets as well as margination effects and hetero-
geneities of blood morphotic elements [5].

The posed problem is the selection of parameters
for the surface of the modified materials in contact
with blood. However, in the field of modeling blood
flows and phenomena on the blood-material contact,
there are limitations related to the computational com-
plexity of the proposed models and limitations related
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to the biophysics of phenomena that these models
should reflect. The successive development of simple
and complex models makes it possible to minimize the
undesirable effects, i.e., allows for precise determination
of the influence of the model parameters on the result
and thus enables the development of a model resistant
to disturbances. The second problem can be solved by
developing a model that introduces the shapes of
blood cells, interactions between them and between
them and the environment, and the morphology of the
surface in contact with blood.

Theoretical considerations concerning this prob-
lem [5], [27] cover a discrete phase model of back-
filling a morphologically complex surface by RBCs
developed to investigate behaviour of the RBCs from
a Lagrangian view and a discrete perspective. On the
other hand, the goal of the present study is the simu-
lation of blood flow in a roughness impact-R test
model to anticipate the hemodynamic conditions of
adhesion of blood elements to the surface applying
FVM (finite volume method) and disperse particle
method (DPM). The objective of the experimental
studies that inspired the development of the simula-
tion is to create a surface morphology that stimulates
the phenomenon of adhesion of blood elements to the
modified surface of base plate of impact-R test.

2. Materials and methods

2.1. Experimental background

2.1.1. Physical model of impact-R test

Testing of materials in the shear stress conditions
was performed in the present work with cone and
plate analyzer (CPA, Impact-R, DiaMed AG, Swit-
zerland), equipped with an optical microscope module,
adopted to automatically count number of adherent
platelets and their coverage area on the polystyrene
(PS) plate (DiaMed Impact-R Test Kit) [34], [35].
Polystyrene was a reference material and tested sam-
ples were modified by VPS (vacuum powder sinter-
ing) on the TigAl;Nb substrate. The assessment of the
biocompatibility of materials was performed through
measurements of the platelet count, platelet activation,
formation of platelet aggregates, formation of granu-
locyte-platelet aggregates, and thrombotic potential of
generated plasma microparticles. As recommended by
the manufacturer, 130 pL of blood was used for each
shear stress test and the aliquot of the blood was gently

mixed for 60 seconds on the rotational wheel (10 revo-
lutions per minute) to prevent sedimentation of blood
cells before each of the replicates. PS surface was the
original disposable insert well of the impact-R kit,
used for testing of platelets. The shear test was used at
shear rate 1800 s (720 revolutions per minute) for
300 seconds, applying a disposable teflon conical
rotor. Following the shear test, the rotor was carefully
removed and blood was immediately sampled from
the well to the test tubes, for flow cytometry staining.
From the remaining blood (80 pL) plasma was sepa-
rated by centrifugation at 2 000 g for 5 min and stored
frozen in —70 °C for further analysis of thrombotic
activity.

On the basis of the experimental impact-R test,
a modified layout shape was built for numerical
model of impact-R. The modification concerned the
base plate (Fig. la), which was subjected to corruga-
tion. In order to simulate the topographic conditions
after modification with the use of vacuum sintering
technology, the following changes and simplifica-
tions of the geometry were made. The unevenness of
the surface in the model was introduced by cutting
180 pm cubes in the lower layer 500 pm away from
each other, what was based on experimental analysis
presented in section 2.1.2. and 3. Introducing surface
modifications to the model has the same purpose as
in the experiment, i.e., to determine whether there is
a correlation between surface topography and blood
cells adhesion.

According to [40], the wall shear stress 7 in cone
and plate test can be calculated applying the analytical
equation as follows:

= M
hy+ra

where: o is the cone angular velocity, « is the cone

angle, u is the dynamic viscosity, 7 is the plate radius,

hy is the gap dimension between cone and plate.
Considering presented equation all parameters are

known and can be substituted, but the blood dynamic

viscosity should be adapted to shear rate y obtained

in this test [29] and it can be calculated following the
formula:

e~ )
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where @ is the angular velocity and « is the cone angle.

The small cone angle ensures that the shear rate
is constant throughout the shearing gap, this being of
particular advantage when investigating time dependent
systems because all elements of the sample experience
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the same shear history, but the small angle can lead to
serious errors arising from eccentricities and mis-
alignment.

According to Eq. (2), the shear rate is much above
1000 s'. The higher the blood shear rate, the smaller
the blood viscosity [11], thus, in the cone and plate
test developed in the present paper for example, we can
assume u = 0.003 Pa's. Substituting values into the
analytical simplified Eq. (1) leads to wall shear stress
equal to 6.06 Pa. This value strongly depends on dy-
namic viscosity. For example, if we set dynamic vis-
cosity of x# = 0.001 Pa's, we get 2 Pa of wall shear
stress. The wall shear stress values closer to the ana-
lytical solution are computed in models 1 and 2, as-
suming dynamic viscosity of 0.003 Pa‘s. Contrary, the
wall shear stress values closer to the analytical solu-
tion are computed in models 3 and 4, assuming dy-
namic viscosity of 0.001 Pa's. In the paper [8], the
calculated value of analytical solution for wall shear
stress is lower than computed numerical wall shear
stress. The applied dynamic viscosity in [8] was dif-
ferent from the one used in the present paper and it
was assumed as for the Newtonian medium. The more
comprehensive work [48] shows in details the influ-
ence of cone angle, viscosity, angular velocity and gap
distance on shear stress computed in the cone and
plate test. However, the tested values of parameters
are not in the range of values applied in the present
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(d)

Fig. 1. a) Schematic of impact-R test, b) CAD model
of impact-R test with distinguished three planes of analysis:
base plate, middle plane and plane under cone, c) cross-section
of FVM mesh of fluid domain of impact-R test without cubes,
d) cross-section of FVM mesh of fluid domain
of impact-R test with cubes, ¢) side view of FVM mesh
of fluid domain of impact-R test

paper. Considering work [48], the angular velocity is
two times smaller, the gap distance is two time bigger,
the dynamic viscosity is three times smaller and the
cone angle is also much bigger.

2.1.2. Morphology of the base plate
of impact-R test

A diversity of surface topography of the TicAl;Nb
substrate was obtained by the vacuum sintering of
commercially pure titanium powder CP-Ti (Commer-
cially Pure Titanium). The sintering process was car-
ried out in the Biovac Espafia S.A company, specializ-
ing in advanced surface treatment of medical devices
and coating of surgical implants. The process parame-
ters were selected accordingly to the holden patent.
Titanium powders with two types of grains were used,
i.e., in the form of regular spheres (S) and irregular
particles (I) in three gradations.

The first attempts to apply VPS technology were
promising, including the regularity of the surface and
the obtained spaces between surface-fused particles.
According to the information available in the litera-
ture, an optimal porosity of bioceramics allowing the
ingrowth of mineralised and vascularised tissue is in
the range of 50-250 pm [3], [4], [41]. Fibroblasts tend
to colonise smoother surfaces [10], [17]. In this study,
powders in the range of 90-250 pm were used. The
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settings of the proposed surface modification covered
obtaining a coating of more than 200 um thickness with
a high roughness coefficient and complex morphology.
The tests were performed with flat cylindrical samples
initially with a diameter of D = J14 + 0.02 mm and
a height of 7 =3 £+ 0.02 mm. In the first step of materi-
als testing, specimens covered with two particle types
and three sizes were characterized using scanning elec-
tron microscopy (SEM/Quanta 250 FEG, FEI Co., Hills-
boro, USA) and digital microscope ZEISS Smartzoom 5
(Carl Zeiss Microscopy, Jena, Germany). Next, an evalua-
tion of the mechanism of cell attachment was docu-
mented using SEM microscope.

The contact angle of the samples was tested by
optical goniometry on the Mdller-Wedel Optical instru-
ment (Mdller-Wedel Optical GmbH, Wedel, Germany)
at room temperature (approx. 20 °C). Distilled water
with a measuring droplet volume of 1.5 pl was used to
moisten the surface. Before each measurement, the
samples were cleaned and dried from residual water
by compressed air.

The surface roughness of the samples was meas-
ured using both contact profilometry and optical pro-
filometry in accordance with applicable standards
— ISO 21920-2:2021. In the case of contact profilo-
metry, a MAHR XR1 (Mahr GmbH, Géttingen, Ger-
many) semi-automatic device was used, equipped
with a BFW A 10-45-2/90° measuring arm. The sur-
face topography was assessed based on the Ra and Rz
parameters, following the statistical principles. In the
case of optical profilometry, the Keyence VR-5000
(Keyence Co., Osaka, Japan) 3D optical profilograph
was used and the attention was focused mainly on the
Sa parameter and the qualitative topographic assess-
ment. The Sa parameter is an extension of the Ra pro-
file parameter in the context of surfaces. This pa-
rameter determines the absolute value of points in
space as the difference in height with respect to the
arithmetic mean value.

2.2. Numerical models

The models included in this paper meet the criteria
for numerical models given in [14]. Performed simula-
tions were run using Ansys Fluent 2022 R2 software.

2.2.1. FVM and DPM models
of impact-R test

In the Ansys Fluent, three different Euler—Euler
multiphase models are available. In the present paper,
the mixture model has been selected to simulate the

two phases of blood: plasma and red blood cells. As in
the Eulerian approach, the phases are treated as inter-
penetrating continua. The mixture model [7] can simu-
late phases by solving the momentum, continuity and
energy equations for the mixture, the volume fraction
equations for the secondary phases, and algebraic
expressions for the relative velocities. The momentum
equation for the mixture can be obtained by summing
the individual momentum equations for all phases. It
can be expressed as a:

0
—(pV )+V-(pV V
- —~T - =
==V, +V-[u,(VV, +VV)]+p,g+F
+V(Z L PV iV i) (3)

where n is the number of phases, F is the body force,
and g, is the viscosity of the mixture:

M = le“kﬂk H (4)
Vi 1s the drift velocity for secondary phase &
Vark =Vi =V - (5

Mixture model simulations were performed for the
impact-R test with and without cubes on the base
plate. Parameters applied in computations for a two
phase blood model are presented in Table 1. Mixture
model uses Schiller-Naumann drag coefficient.

Table 1. Parameters applied in a two-phase blood model

Parameters Red blood Blood

cells plasma

Density [kg/m®) 1090 [33] 1040 [33]

Specific heat [J/g°C) 0.87 [31] 3.93 [6]

Thermal conductivity 2.36 [33] 9.93 [33]

[W/mK]

Viscosity [kg/ms] 0.0075 [33] 0.0015 [30]

Molecular weight [kg/kmol] 0.0004 [20] 0.018 [1]

The &~ SST turbulent model is focused on the
precision of the k—w model in the areas close to the
wall. The &~w SST model’s transport equations which
are used in the Ansys Fluent code are [23]:

a(pk) 0

0 Ok
+—(pku,))=—| L, — |+ 4, - B,, (6
or Oxi(p u;) Ox{ kax:| i — B, (0)

J J

o o, o, | ax,

! J

(7
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where: u; — mean velocity, 4; — production terms of £,
B— production terms of k, A, — production terms of w,
By — dissipation terms of &, B,, — dissipation terms of w,
L, — effective diffusivity of k, L, — effective diffusiv-
ity of w, and C,, — diffusion term.

In the CFD computations, the applied general power
law has the form of:

n=ky"", ®)

where: 7 is dynamic viscosity, & is the flow consis-
tence index — 0.013 Pa, y is the shear rate and » is the

power law index — dimensionless flow behaviour co-
efficient — 0.7 [37]. The higher the consistency, the
higher the viscosity of the fluid. The closer to 1 the
power law index is, the more non-Newtonian are the
properties of blood.

Discrete phase model [19] was applied in the An-
sys Fluent and under assumption that RBCs can inter-
act with blood plasma. The force balance equates the
particle inertia with the forces acting on the particle,
and can be written (for the x direction in Cartesian
coordinates) as [19]:

g.(p,—p)
e

ou,,
——=Fy(u-u,)

ot Fes ©)

x
P

where: u is the fluid phase velocity, u, is the particle
velocity, F, is the additional acceleration (force/unit
particle mass) term, p is the fluid density, p, is the
density of the particle, Fp (u — u,) is the drag force per
unit particle mass and:

Fy- 18;12 N CpRe
p,d, 24

) (10)

where: u is the molecular viscosity of the fluid, d, is
the particle diameter and Cp is the drag coefficient,
Re is the Reynolds number.

Thus, in the Ansys Fluent software, the particles are
modelled as spheres with ascribed density and a particle
size distribution based on the experimental distribu-
tions. The discrete phase is modelled using the La-
grangian approach with Fluent’s DPM. The Lagran-
gian tracking method is used to solve the individual
trajectories of the theoretical particles by equating
their inertia with external forces.

Two-way coupling, i.e., the exchange of momentum
between the particles and fluid, is accounted for. The
framework of the model also involves particle-wall colli-
sions, particle—particle collisions and structure dependent
drag. The spherical drag proposed by Morsi and Alexan-
der is used to model the particle behaviour. Particle—
particle collisions are accounted for by using the Nanbu—
Babovsky collision model. This is a stochastic collision
approach where the probability of a collision between

proach where the probability of a collision between par-
ticles is based on the volume of particles within a cell
and their relative velocities.

2.2.2. FVM and DPM model assumptions

FVM (finite volume method) models were devel-
oped in the Ansys Fluent 2022 R2 software to com-
pare the effect of applying different blood models and
roughness of base plate of impact-R test with the aim
to investigate their influence on blood velocity and
shear stress.

The developed simulations were run on a standard
PC (Processor Intel® Core ™ {7-3770 CPU, 3.40 GHz,
24 GB RAM). The simulations lasted for 0.083 s
(1000 iterations) with time step of 8.3:10 s. The
FVM (finite volume method) mesh of impact-R test
without cubes was composed of 497 557 cells and
147 379 nodes. The mesh quality parameters (skew-
ness — 0.09, orthogonal quality — 0.9, element quality
— 0.8) were very good and there were 6 layers of
prism elements near walls of the FVM model. The aver-
age element size was 0.276 mm. The FVM mesh of
impact-R test with cubes was composed of 477 553 cells
and 122 159 nodes. The average element size was 0.26
mm. The mesh quality parameters (skewness — 0.08, or-
thogonal quality — 0.8, element quality 0.7) were very
good and there were 6 layers of prism elements near
walls of the FVM model. The views of developed FVM
meshes of impact-R test models without and with cubes
are shown in Fig. 1. The developed FVM model of im-
pact-R test uses non-Newtonian power law [26] and the
following coefficients of blood are assumed to be: den-
sity 1059 kg/m’ [13], specific heat 3617 J/kgK [22] and
thermal conductivity 0.52 W/mK [46].

The pressure-based solver and absolute velocity
formulation were selected for computational purpose.
The pressure-velocity coupling scheme of solution was
selected with spatial discretization using gradient (least
squares cell-based) and transient formulation was also
used. Finally, the SST /i turbulence model [20],
[47] was applied in all simulations.

The cubes generated on the base plate of impact-R
test model had dimensions of 180 um and the distance
among them was 500 pm. In the Ansys Fluent, three
different Euler—Euler multiphase models were avail-
able. In the present study, the mixture model has been
selected to model the two phases of blood: plasma and
RBCs. Parameters applied in computations for the two
phase blood model are presented in Table 1 [1], [6],
[20], [30], [31], [33].

DPM models were developed to compare the effect
of application of cubes on the base plate of impact-R
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test model as well as to compute distributions of RBCs
mass concentration and velocity magnitude, etc. A DPM
model of backfilling a morphologically complex sur-
face by RBCs was developed to investigate the behav-
ior of the RBCs from a Lagrangian view and a discrete
perspective. Blood behavior in Lagrangian view was
examined on the basis of a particle tracking of a RBC
of blood plasma flow whereas blood plasma behavior
was considered in Eulerian view based on the assump-
tion of a finite volume element in the fluid flow path. In
modeling of RBC — primary blood plasma interaction
a two way approach was considered, in which RBC
fluid flow and carrier blood plasma flow interact with
each other simultaneously.

The diameter of RBCs was assumed to be 5-10 um
using the Rosin—Rammler diameter distribution method.
The rotation of RBCs was enabled. The density of
plasma was 1040 kg/m’, specific heat — 3930 J/kgK,
thermal conductivity — 9.93 W/mK and viscosity was
0.0015 kg/ms [6], [31]. The density of RBCs equaled to
1090 kg/m® and specific heat equaled to 870 J/kgK [31].
Viscosity of red blood cells was set to 0.0075 kg/ms and
their surface tension to 5-10°° N/m [2].

Particles and plasma were injected in full volume
and the system had no other physical inlet. In simula-
tion, particles were injected into the entire volume of
the medium, just like in the performed experiment. This
allowed the behavior of particles to be observed with-
out imposing additional boundary conditions at the
inlet, i.e., helped to eliminate it directly. The total flow
rate of RBCs was 1-10"° kg/s. The DPM model is
characterized by an interaction with continuous phase
and a particle track with fluid flow time step. The
boundary condition of RBCs phase is assumed as es-
cape, however RBCs can be reflected from the ground.

3. Results

In the case of digital microscopy, the tests were
carried out with the use of 500x and 1000x magnifi-
cation with the use of the 3D stitching module. As far
as scanning microscopy is concerned, the observa-
tions were carried out in high vacuum conditions with
a maximum value of 3.5 x 10~ Pa using an ETD de-
tector (Everhart-Thornley Detector) with an acceler-
ating voltage of 5 kV. In the present study, the regular
structure of titanium powders has inspired the devel-
opment of the numerical models with modified sur-
face. The modification of the surface was introduced
by cutting 180 um cubes in the lower layer with
a distance of 500 um between them, what was based

on the experimental observation made using digital
microscopy (side view, 100x magnification, Fig. 2) and
SEM (200, 250, 500 and 600x magnification, Fig. 3).
The selected results of SEM analysis shown in Figs. 3c—¢
represent surface of regular structure of titanium pow-
der after contact with blood what is manifested by
RBCs adhered on the spheres, in surface imperfec-
tions and between spheres. The attachment of blood
morphotic elements was observed mainly in the cor-
ners of the structures between the powder grains.
Thus, it confirms the validity of developing coatings
with a high degree of differentiation or porosity.

Fig. 2. Microscopic analysis of materials
with modified surface using digital microscopy techniques
for surface with regular structure for magnification 100x

Changes in the contact angle during 60 sec for
each measurement were determined based on the
image analysis. All samples after modification with
the vacuum powder sintering method for the pro-
posed powders are characterized by a contact angle
of 6=103° 4.

Based on the roughness test an increase in Ra/Rz
and Sa parameters was observed with an increase in
the grain size of the powders used during the modifica-
tion. The Ra parameter was in the range of 2048 pm,
and the Sa surface roughness parameter for the spheri-
cal modification was in the range of 28-58 pum, and
for the irregular modification — 25-56 pum. Thus, no
significant influence of the powder morphology on the
degree of surface roughness was observed. With the
use of a digital microscope and scanning microscopy,
a high degree of differentiation of the topography of the
coatings was observed due to the morphology of the
powders used, i.e., spherical and irregular powder. The
coatings formed as a result of the S modification had
a regular structure with rounded shapes. Modification
I resulted in the formation of a coating with numerous
irregular elevations and craters. Based on the cross-
sectional analysis, the thickness of the formed coatings
was estimated to be in the range of # = 265-526 pm for
modification S and 4 =202—735 um for modification I.
Moreover, with the use of image analysis software,
it was possible to assess the degree of porosity of
the obtained coatings and the dependence resulting
from the influence of the powder sizes. The analysis
of the coating porosity and the presence of open and
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closed pores as well as their size are key issues re-
lated to the potential of cells and tissue anchoring for
permanent integration with the implant. The direct
increase in porosity is visible along with the grain
size of the powders used. In the case of the S modifi-
cation, the obtained coatings are characterized by
a greater porosity than the samples after modifica-
tion I, in the range of 41-47%. The coatings ob-
tained with the use of irregular powders had a po-
rosity of 29-37%.

The results of computations shown in this section
are independent either of time step, number of itera-
tions and density or quality of computational mesh.
Introduction of cubes in the DPM model were preced-
ed by analysis of its influence on the CFD simula-
tions. The comparison of CFD and DPM simulations

HFW | det ' mode
45 ym _ ETD SE

Fig. 3. Microscopic analysis of materials with modified surface
using SEM techniques for surface with regular structure
before contact with blood for magnification: a) 200x,

b) 500x, and after contact with blood for magnification 600x
with RBC located c) on the surface of regular spheres,

d) in surface imperfections, e) between regular spheres

of blood flow for models without and with cubes on
the base plate of impact-R test are shown in Figs. 4
and 5 for selected cross-sections of the blood flow do-
main (planes 1-3: base plate, middle plane and plane
under cone, Fig. 1b) considering averaged blood ve-
locity (Fig. 4) and shear stress (Fig. 5). In Figure 6, the
results of blood velocity and shear stress computed for
planes 1-3 of the following versions of model of im-
pact-R test named briefly as “models 1-6”, are shown
as following: model 1 — applying single phase blood
model and base plate without cubes, model 2 — apply-
ing single phase blood model and base plate with cubes,
model 3 — applying two phase blood model and base
plate without cubes, model 4 — applying two phase blood
model and base plate with cubes, model 5 — applying
DPM model without cubes, and model 6 — applying
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Fig. 4. Distributions of blood velocity of impact-R test model computed on plane 1 under cone in:
(a) model 3, (b) model 4, (c) model 5, and (d) model 6
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Fig. 6. Graphs of maximum values of: (a) blood velocity and (b) wall shear stress of impact-R test model
computed on planes 1-3 under cone in models 1-6
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Fig. 8. Distributions of RBCs velocity magnitude in: (a) model 5, and (b) model 6

DPM model with cubes. Global DPM results such as
RBCs mass concentration and RBCs velocity magni-
tude in the models 5 and 6 are shown in Figs. 7 and 8.
The results presented in Figs. 7 and 8 are generated
according to the procedure — Lagrangian Particle
Tracking.

4. Discussion

A qualitative analysis of the results obtained for
the selected planes under the cone of impact-R test
shows that for each of the models the blood velocity
decreases from perimeter towards the center of the
model where it reaches minimum values (Fig. 4). For
example, in model 3, on the base plate, the maximum
velocity is 0.1187 m's™' (Fig. 4a) and in model 4, the
maximum velocity is 0.154 m's” (Fig. 4b). Model 5
on the base plate results in the maximum velocity of
0.08818 m's' (Fig. 4c) and model 6 results in the
maximum velocity of 0.0691 m-s' (Fig. 4d). The
most significant reduction in values of blood velocity
occurs in the DPM model with cubes, especially on
the base plate. The use of multiphase blood models
does not affect the character of distributions of blood
velocity. The introduction of the cubes on the base
plate of impact-R test leads to larger velocity gradients
around the circumference (Figs. 4b, d). It is because the
flowing blood washes the cubes. Applying a model of
impact-R with a greater density of cubes than presented
in this paper (less than distance of 500 pm among
cubes), results in blood reflection from the surface of

cubes and stop of the blood flow under the cone con-
sistent with its rotation.

Presence of the porous surfaces result in greater
adhesion and activation during the blood flow. The
rebound effect does not depend on topography, but
rather on the chemical and physical properties of the
surface. As for the physical properties, it is the contact
angle that determines the reflection phenomenon in
the first place. All samples after modification with the
vacuum sintering method for the proposed powders
are characterized by a contact angle of = 103° + 4,
what can be attributed to their hydrophobic character.
RBCs adhere in various places on the modified sur-
face, both regular and irregular. After blood incuba-
tion, coatings were analyzed by SEM to evaluate the
mechanism of cell attachment to the textured surface.
As a result, the attachment of blood morphotic elements
was observed mainly at the corners of the structures
connecting adjacent powder particles (Fig. 3). Therefore,
it confirmed the necessity to determine the correlation
between topography surface diversity and cells attach-
ment. In the case of the S modification, the obtained
coatings are characterized by a greater porosity than
the samples after modification I, in the range of
41-47%.

In the case of simulations of impact-R test without
cubes, the shear stresses occur only on the circumfer-
ence of the base plate. In model 3, on the base plate,
the maximum shear stress is 0.81 Pa (Fig. 5a) and in
model 4 the shear stresses reach large gradients on
the perimeter where maximum shear stress is 1.4 Pa
(Fig. 5b), and much lower values in its center where
the maximum shear stress is 0.02 Pa, which is due to
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location of the cubes. In model 5, on the base plate,
the maximum shear stress is 0.0021 Pa (Fig. 5c) and
in model 6, the shear stresses reach large gradients on
the perimeter where maximum shear stress is only
0.0069 Pa (Fig. 5d), and much lower values in its center
where the maximum shear stress is only 0.0002 Pa. The
most significant reduction of shear stress occurs in the
DPM model and especially in the model with cubes.
In the DPM models, the closer to the surface under the
cone, the lower the shear stress. This fact is similar to
the observation done in [48].

The quantitative analysis of the results obtained for
the 3 planes (compare Section 3) in 6 versions of im-
pact-R test models shows that the highest blood veloci-
ties (just over 0.3 ms ', Fig. 6a) are present in model 4
under cone. The simulations of impact-R test developed
using single phase blood model show the maximum
shear stresses (about a dozen Pascals, Fig. 6b), while
the simulations with two-phase blood model (model 3
and 4) present shear stresses significantly lower (about
a few Pascals, Fig. 6b) and their distributions are uni-
form starting the analysis from plane 1 to plane 3. In
the case of the simulations of impact-R test developed
using the two-phase blood model and cubes (model 4)
on the base plate, the shear stresses are slightly higher
(shear stress of 4 Pa under cone) than in the analogous
simulations without cubes (model 3, shear stress of
2 Pa under cone). In the case of the simulations of
impact-R test developed using the DPM model and
cubes on the base plate, the shear stresses are very low
and the differences in computed results between the
model 5 and 6 are less significant, as well as among
different planes for a given DPM model. In the devel-
oped DPM models, the hematocrit is high, the con-
centration of blood cells is high, so the viscosity also
increases. This also has to do with the reduction of
shear stress (increased viscosity).

In the case of no-slip boundary condition applied
in the impact-R test, we only deal with shear stresses
resulting from the interaction of cell adhesion mole-
cules with surface what has been also shown in other
experiments [12], [44]. The maximum wall shear
stresses obtained in literature for the impact-R test are
from 0.3 Pa in [8] to 7 Pa in [39] for models without
roughness. So, in this work, the computed wall shear
stresses from 0.0021 Pa to 13 Pa are almost in the
range of literature data, however these models of im-
pact-R test comprise roughness. In the present paper,
the obtained tangential distributions of wall shear
stress and velocity distributions increasing from the
center of the model to its edge coincide with ex-
perimental and literature observations [8], [39]. The
impact-R test model developed in the present study

comprises roughness of the sample and blood flow tur-
bulence, thus the presented results show output of the
blood-material interaction. Introducing roughness in
the impact-R test model affects the increase of wall
shear stress (Fig. 6b), therefore, such model of im-
pact-R test better anticipates distributions of velocities
and shear stresses.

A comparative analysis of single-phase blood mod-
els, two-phase blood models and RBCs models shows
that the influence of particles on the computed pa-
rameters is significant and the selection of the model
with particles is appropriate in the context of micro-
level phenomena, which one or two-phase models are
unable to account for.

The global DPM model results (RBCs mass con-
centration and RBCs velocity magnitude) computed
for the model with cubes (model 6) show lower values
than the DPM model without cubes (model 5), what is
presented in Figs. 7 and 8. The highest velocities and
mass concentrations of RBCs are calculated on the
upper surface of the rotating cone in the impact-R test
(Figs. 7 and 8). Both RBCs velocities and RBCs mass
concentrations are not maximum under cone. The
local increase in RBCs mass concentration (model 6,
Fig. 7b) also takes place between the cubes in the
middle part of the model, as in the zone close to its
inner wall. Such local mass concentrations can result
in local deposition of red blood cells, what was ob-
served in the experiment. Local RBCs mass concen-
trations also occur in the model without cubes (model 5,
Fig. 7a), so they are most likely being the direct result
of the flow itself.

As it concerns the blood contact devices, it is im-
portant to better understand the relationship between
shear stress, exposure time and blood damage. An ex-
ample of blood damage is not only causing the he-
molysis or activation of platelets, but also thrombosis
and embolism as well as the destruction of von Wille-
brand factor (vWf). According to the literature, he-
molysis occurs at shear stress level (SSL) > 150 Pa,
activation of thrombocytes > 50 Pa and degradation of
von Willebrand factor > 9 Pa [15]. In vitro testing for
hemocompatibility remains a challenge because the
background of interactions between blood and foreign
material is not fully explained [18]. It is generally ac-
knowledged that initial and rapid adsorption of plasma
proteins can establish further biocompatible properties of
the material [16], [36]. The process can be quite selec-
tive, as evidenced for PS surface, which covers with
large proteins, including von Willebrand factor, a major
docking molecule for platelet. From the practical point
of view, quality of the surface of the material is also very
important. During blood flow any rough surface, its
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protuberances or cavities, can result in non-laminar flow,
and precipitate cells activation and adhesion. Physiologi-
cal endothelium has very smooth surface, because the
cells are flattened to much less than 1 pm thickness. The
major limitation of in vitro tests for hemocompatibility is
due to a short time of the experiment.

5. Conclusions

The introduction of cubes on base plate of impact-R
test model leads to increased velocity gradients around
the circumference. The highest values of the blood
velocity were obtained in the simulations with two-
phase blood model and cubes on the base plate.

The simulations of impact-R test developed using
single-phase blood models show the highest values of
shear stresses. The simulation of impact-R test devel-
oped using the two-phase blood model and cubes on
the base plate results in the shear stresses slightly
higher (shear stress of 4 Pa under cone) than the analo-
gous simulation without cubes. The most significant
reduction in shear stresses occurs in simulation with
the DPM model and especially applying cubes.

The shear stress level obtained from the simula-
tions of impact-R test is below critical, which is dan-
gerous for blood morphotic elements. However, appli-
cation of single phase blood model and cubes in the
simulation of impact-R test results in shear stress
above the safety level given by von Willebrand factor.

The powders’ morphology has no significant ef-
fect on the degree of surface roughness. However,
a strong differentiation of the coating’s topography
was observed due to the varying morphology of the
used powders. One of the outcomes was an increase in
porosity noted along with the growing powders’ parti-
cle size. After modification with the vacuum sintering
method for the proposed powders all samples showed
hydrophobic character.
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