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Homeostasis plays a critical role in maintaining the delicate balance between preventing excessive
bleeding and enabling clot formation during injuries. One pivotal aspect of homeostasis involves the
development of platelet clots. In this study, we analyze numerically the behavior of platelet margina-
tion as a function of the adhesion energy between red blood cells (RBCs), driven by the presence of
plasma proteins. We examine scenarios encompassing both physiological conditions and patholog-
ical states, such as those seen in patients with diabetes. Employing a two-dimensional simulation
(2D), we utilize rigid particles and a vesicle model to simulate platelets and RBCs, respectively.
We employ the Lattice Boltzmann method (LBM) to solve the underlying model equations. We
first demonstrate that platelet margination is primarily determined by lift forces and is not notably
affected by whether the cells undergo tank-treading (TT) or tumbling (TB), as often reported.
Specifically, we unveil instances where cells exhibit TT or TB behavior, yet their platelet concentra-
tion profiles closely resemble each other. Furthermore, we present a striking result concerning the
impact of RBC adhesion. In microcirculation the hematocrit is in the range of 5-20%. A moderate
adhesion energy (falling within the physiological range), boosts platelet margination in microcircu-
lation. However, this effect becomes small for larger hematocrit encountered in macrocirculation
(e.g. 40 %). This boost is more significant for a viscosity contrast (viscosity of cytoplasm over that
the suspending fluid) equal to a known value for RBC, as compared to the case without viscosity
contrast. As we increase the adhesion energy (the pathological range), a noteworthy decline in
platelet margination is found, albeit that for some flow strength the platelet margination reaches a
minimum and increases again at higher adhesion energy. These results can be attributed to a com-
bination of lift generated by the bounding walls and the formation of RBC clusters. Notably, our
study sheds light on a critical consequence of excessive adhesiontypically observed in pathological
conditions like diabetes mellitus.
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I. INTRODUCTION

Red blood cells (RBCs) are essential for the delivery of oxygen and nutrients to tissues and organs. RBCs are the
predominant blood cells, they occupy about 45% of the total blood volume, while plasma occupies about 55% and
other cells (platelets, white cells) less than 1%. The permanent mutual interaction between RBCs and vessel walls
as well as among RBCs dictate the overall blood flow properties. Platelets -Thrombocytes- are the smallest blood
cells in the human body. Their number is approximately 150.109 platelets per liter, and their diameter is between
2µm and 4µm (significantly smaller than RBC diameter which is about 8µm) [59]. The main functions of platelets
are to recognize and repair damaged endothelium ( monolayer of endothelial cells lining the internal surface of blood
vessels)[61]. This monolayer of cells is responsible for the control of vascular permeability and intervenes in immune
responses at places of infection or injury [51]. Another important role of platelets is to activate the process of blood
clotting to stop bleeding[30]. More precisely, blood clotting in this process consists of a platelet-plug formation, and
is the most important step in homeostasis (process of stopping bleeding due to an injury).

An important question, regarding platelets, which has been thoroughly addressed in the literature pertains to their
margination by RBCs: RBCs have a tendency to push platelets towards the vessel periphery [11, 54, 60]. If this is
the case in-vivo, this effect would mean that platelets are often located close to vessel walls and ready to initiate
homeostasis in case of an injury, or to contribute, via a complex pathway, to repairing damaged endothelium.

Before describing the main focus of the present work, let us first recall the main results regarding margination
of platelets. Under physiological conditions, platelets tend to move toward vessel walls, this phenomena is called
platelets margination [54]. It is known that the platelet’s margination rate is affected by the shape and the size of
platelets [11, 54]. Unactivated platelets can be considered as rigid discoidal particles. Activated platelets change their
shape from a discoid shape to a spherical shape. This shape change is caused by the contact between platelets and
endothelial cells or by their exposure to circulating agonists [43]. According to in vitro study, platelet margination
is caused by the hydrodynamic interaction between RBCs and platelets [11, 60]. Moreover, RBCs properties may
impact the platelet margination. In a numerical study, Danviel et al [54] modeled RBCs and platelets flow in three
dimension using lattice Boltzmann method (LBM), and found that the increase of RBCs deformability as well as the
increase of the hematocrit enhance platelet margination. They also reported that the inner viscosity of RBCs affects
inversely the platelet margination [54]. Furthermore, it has been shown that there exists an optimal wall shear rate
value corresponding to maximum of the platelet’s margination rate [30, 35]. Moreover, it has been reported that this
critical shear rate value depends on the tube diameter[30]. Besides platelet margination, margination of white blood
cells[17, 18, 21, 40] as well as rigid RBCs have also been studied[45].

Many studies on platelet margination by RBCs have been based on numerical simulations [5, 11, 30, 35, 49, 52–
54, 62, 64] or on in-vitro experimental studies[1, 14, 16, 56, 60], and focused on physiologically-inspired situations.
There are, however, several pathological situations which have not been yet addressed. One typical example is the
case where RBCs form more or less robust aggregates. Under physiological conditions, aggregates are reversible, that
is, they form and they dissociate in the course of time. There are pathological situations where aggregate can form
in an irreversible way. It is known, for example, that patients suffering from diabetes can have robust aggregates
that may even lead to blood occlusions in microcirculation [20]. Our aim here is to analyze platelet margination
in the presence of RBC aggregates. Fibrinogen is believed to be the main protein responsible for RBCS aggregates
formation. It is often reported that fibrinogen within diabetic patients has higher concentrations (6, 56±1, 30mg/ml)
than normal range (3, 24± 1, 39mg/ml) [6], a fact that can enhance aggregation.

In the present work, we analyze systematically the platelet margination process by means of 2D simulation in
the presence of RBCs aggregation. Our simulations consists of a confined binary suspension of rigid particles and
deformable 2D particles (vesicles, a widely adopted simple model for RBCs) mimicking platelet and RBCs respectively.
We find that, when the adhesion force between RBCs is not too strong, the platelet margination is boosted for
hematocrits relevant to microcirculation (lying in the range 5-20%[7, 29, 34, 38]). However, for higher hematocrits
the effect is less pronounced. For a high enough adhesion energy (mimicking pathological situations), the RBCs tend
to form stable aggregates. This leads to a reduction of platelet margination, but for some flow strengths we observe a
second increase of margination at high adhesion energies. In order to dig further into the link between adhesion force
and the platelet margination, we explore the behavior of cell free layer as a function of the adhesion energy between
RBCs and we find that the cell free layer thickness decreases upon increasing the adhesion energy between RBCs.
Finally, we analyze the role of viscosity contrast. When the viscosity contrast is high enough, we find a decrease in
the margination. Contrary to previous claims[30, 54], it is not the decrease of tank-treading of the membrane (which
is reduced upon increasing the viscosity contrast) which reduces directly the margination, but it is rather an indirect
effect: the transverse migration (or lift) of RBCs is reduced due to an increase of viscosity contrast , and this leads,
in turn, to a decline of the margination effect.
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II. METHODOLOGY

Two dimensional simulations (2D) are performed to carry out our study. The simulation is based on Lattice-
Boltzmann method (LBM). The 2D model was selected for computational efficiency. In 2D simulation, the membrane
is considered as a contour instead of a surface. It has been reported that 2D model captures many shapes and
phenomena observed in three dimensions. Indeed, the parachute and slipper shapes[22, 23], multilobe shape[3, 33, 42]
are observed both in 2D and 3D. In addition, the shapes of aggregated RBCs doublets at equilibrium [19] share strong
similarity between 2D and 3D. In addition, the phase diagram (in the plane of flow strength and adhesion energy) of
the aggregates (a topic of the present study) obtained in 2D is quite similar to that found in 3D[2].

RBCs and platelets are modeled here by 2D vesicles and rigid particles respectively. A suspension of vesicles and
rigid particles is set in a straight channel of length L and width W . A long enough tube is needed to simulate the
process of margination (A tube length of about 330µm was necessary), due to the length and time scales necessary
for the margination process to show up in a significant manner[54]. The suspension is subjected to a Poiseuille flow,
by applying a body force in the LBM, briefly recalled below. The schematic of the system is illustrated in Fig. 1.

FIG. 1. Binary suspensions of RBCs and platelets under parabolic flow.

The imposed velocity (in the absence of cells) along x and y axes reads:

Ux =
4Umax

W 2
(Wy − y2),

Uy = 0,
(1)

where Umax is the maximum velocity, which is attained at the center line located at y = W
2 . The total flow field (the

imposed one and that induced by the presence of the cells) of internal and external fluids obeys the Navier-Stokes
(NS) equations:

ρ

(
∂u

∂t
+ u.∇u

)
= −∇p+ η∇2u + f, (2)

∇.u = 0, (3)

where ρ,u and p are respectively the density, velocity and pressure. η is the viscosity of the fluid, where η=ηin will
denote the viscosity of the fluid inside the vesicles and η=ηex that of suspending fluid. f is the force applied by the
vesicle on the fluid, to be specified below.

The membrane energy contains three contributions, the bending energy, the membrane incompressiblity condition
[65], and the adhesion energy between all vesicles (which will be modeled by a Lennard-Jones potential). The cell
membrane is indicated by Γ. In 2D, the energy of the membrane is given by :

E =
∑
i

Eb
i +

∑
i 6=j

Eadh
i,j , (4)

where

Eb
i =

k

2

∮
Γi

c2ds+

∮
Γi

ζds (5)

is both the bending and incompressibility energy of the ith vesicle, and

Eadh
i,j = ε0

∮
Γi

ds(mi)

∮
Γj

ds(mj)φ(|mi −mj |). (6)
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is the adhesion energy between the ith and jth vesicles. ds corresponds to the distance between two adjacent membrane
points, c and k are respectively the local curvature of the membrane and the membrane bending rigidity (taken to
be k = 4.10−19J), ζ is a local Lagrange multiplier associated with the constraint of local perimeter inextensibility,
φ = −2( h

rij
)6+( h

rij
)12 is the Lennard-Jones potential which describes attractive interaction at long ranges and repulsive

interaction at short ranges. h is the equilibrium distance between two different points located on two different vesicles
i and j. In the literature[12], it has been reported that the intercellular distance is about 25 nm for RBCs in plasma.
In our simulation, due to a compromise between computational time and spatial resolution, we have set h = 400
nm. The chosen distance ensures a good agreement between simulation and experiments, as reported in previous
studies[8, 13, 19]. ε0 is the minimum energy associated to this distance. rij = mi −mj , is the vector between two
points setting on two different vesicle membranes, where mi and mj are the two position vectors of the two points of
the ith and jth vesicles.

Before proceeding further, a remark is in order. Neu and Meiselman[46] proposed initially a quite involved model
for interaction energy between RBCs. Their model was successfully confronted with experimental data [10]. It has
also be shown that the Neu and Meiselman model can be well approximated by a Morse potential[39], which is
well approximated by a Lennard-Jones potential[37]. Other experimental data based on AFM measurement seem
consistent with a Lennard-Jones like potential[57], albeit no systematic attempt was made there.

The membrane force can be obtained by the functional derivative of the energy Eq. (4). The total membrane force
is expressed as:

F(mi) = Fb(mi) + Fadh(mi), (7)

where

Fb(mi) = k

[
∂2c

∂s2
+
c3

2

]
n− cζn +

∂ζ

∂s
t (8)

is the functional derivative of the bending energy supplemented with the membrane incompressibility condition, n
and t are respectively the normal and tangential unit vector. More details can be found in reference [28].

The adhesion force takes the form

Fadh(mi) = −ε0

∑
j 6=i

∫
Γj

[
dφ(rij)

drij

(
rij
rij
.n(mi)

)
+ c(mi)φ(rij)

]
n(mi)ds(mj), (9)

obtained by the functional derivative of the adhesion energy between ith and jth vesicles.
The dimensionless form of the forces can be written as:

F̄
b
(mi) =

[
∂2c̄

∂s̄2
+
c̄3

2

]
n− c̄ζ̄n +

∂ζ̄

∂s̄
t, (10)

and

F̄
adh

(mi) = −ε̄0

∑
j 6=i

∫
Γj

[
dφ̄(r̄ij)

dr̄ij

(
r̄ij
r̄ij
.n(mi)

)
+ c̄(mi)φ̄(r̄ij)

]
n(mi)ds̄(mj). (11)

The dimensionless variables are defined as follows:

F̄ =
R3

0F

k
, ε̄0 =

R3
0ε0

k
, c̄ = cR0, s̄ =

s

R0
, r̄ij =

rij
R0

, φ̄(r̄ij) = φ(r̄ijR0). (12)

Let us recall that ε0 is the minimal energy between two points belonging to two different vesicles. In fact, the adhesion
energy between two planes (like when two vesicles adhere to each other with a straight shape in the adhered region),
the minimal energy is different from ε0, denoted as ε, and is equal to [2] :

ε = 1.6862hε0 (13)

In the spirit of LBM, the force acting on the membrane is treated in an immersed sense la Peskin [50]. The force
action is defined in the 2D domain (not only at the membrane). For any given point of coordinate r of the fluid
domain we define the force as

f(r) =

∫
Γ

F(mi)δ
2D(r−mi)ds (14)

Where δ2D is the 2D smeared Dirac function. More details about the mathematical model can be found in [55] .
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A. Lattice-Boltzmann Method (LBM)

Fluid flow simulation is performed using the Lattice Boltzmann Method (LBM). In LBM, the fluid is considered
as a set of pseudo-fluid particles, which can collide with each other and propagate. The spatial position and the
velocity of pseudo-particles are discretized. This means that every pseudo-particle is allowed to move just along
specific directions with given discrete speeds.

A distribution function fi(r, t) is associated with each single pseudo-fluid-particle. fi(r, t) gives the probability of
finding the pseudo-fluid-particle at time t, at position r (the discrete lattice nodes position vector) having velocity
ci in the i-direction. The time evolution of fi(r, t) is governed by the Boltzmann equation (composed of streaming
operation (left ) and collision (right) operation) expressed as:

fi(r + ci, t+ 1)− fi(r, t) = −1

τ
[ fi(r, t)− f

(0)
i (r, t)], (15)

where τ is the relaxation time and f
(0)
i (r, t) is the equilibrium distribution obtained from an approximation of

the Maxwell-Boltzmann distribution. In this study, we use the D2Q9 lattice, where D2 stands for two-dimensional
space and Q9 represents the total number of discrete allowed velocity vectors. The hydrodynamical macroscopic
quantities describing the flow are given by: (i) the local mass density ρ(r, t) =

∑8
i=0 fi(r, t), (ii) the local fluid

velocity u(r, t) =
1

ρ(r, t)

∑8
i=0 fi(r, t)ci and (iii) the local fluid pressure p(r, t) = ρ(r, t)c2s (cs =1/

√
3 is the lattice

speed of sound). In order to impose a Poiseuille flow, a constant term, Fi, representing a volumic force, is added
on the right hand side of (15). Further details on this issue, and in general on the LBM can be found in references
[25, 26, 32].

B. Dimensionless parameters

Several dimensionless parameters enter our problem (Dimensionless parameters are calculated relative to RBC
dimensions and characteristics):

• The Reynolds number:

Re =
ργ̇R2

0

ηex
(16)

• The capillary number, which quantifies the flow strength over bending rigidity of the membrane (in our study,
we maintained the capillary number within the range of 30 to 70, which corresponds to shear rate values ranging
from 550s−1 to 1000s−1 measured in the arterioles):

Ca =
ηexγ̇R

3
0

k
= τcγ̇, (17)

where τc = ηexR
3
0/k is the shape relaxation time of the vesicle.

• The confinement which describes the ratio between effective vesicle diameter and channel width:

Cn =
2R0

W
(18)

• The viscosity contrast, which is the ratio between the viscosities of internal ηin and external ηex fluids:

λ =
ηin
ηex

(19)
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• The reduced area which combine the vesicle perimeter P and its enclosed area A:

τ =
4Aπ

P 2
(20)

τ = 1 for a circle, and is less than unity for any other shape.

• The Hematocrit, which refers to the total area percentage of RBCs within the channel:

φ(%) =
nA

WL
∗ 100, (21)

where n is the number of cells within the computation domain.

• The dimensionless macroscopic adhesion energy, which is defined as:

ε̄ =
εR2

0

k
, (22)

where k is the bending rigidity of the membrane (taken to be k = 4.10−19J), R0 taken to be R0 = 3µm, is the effective
vesicle radius, γ̇ is the applied shear rate, W is the channel width and ε is the adhesion energy between two vesicles
(directly related to the concentration of fibrinogen [8]). The interaction energy between two RBCs was quantified
using single cell force microscopy at various fibrinogen and Dextran levels by Brust et al [8]. Table I summarizes
their results. From Table I,we can estimate which range of protein level corresponds to our simulation condition and
whether our condition is physiological or pathological.

TABLE I. Fibrinogen concentration and their associated interaction energy and dimensionless macroscopic adhesion energy [8].
Physiological values are indicated with blue color, pathological values with red color and intermediate state with orange color.

Fibrinogen concentration (mg/ml) 0.898 2.391 4.197 5.402 6.597 8.098
Interaction energy (µJ/m2) 1.884 2.719 3.748 4.655 4.922 −6.566
Dimensionless macroscopic adhesion energy ε̄ 42.38 61.17 84.33 104.73 110.74 147.73

The Lattice Boltzmann Method (LBM) by using the Immersed Boundary Method (IBM) were adopted to perform
our 2D simulation [31, 32]. The Reynolds number is set to Re = 0.1, which is a value that ensures a good balance
between numerical efficiency and good precision for the Stokes regime [58]. The value of the reduced area is set to
τ = 0.64 for RBC (This value provides a biconcave equilibrium shape and inspired by that of human RBCs) and τ = 1
for platelets (a circular shape). The confinement value was set to Cn = 0.2 during simulation. Table II presents the
simulation parameters used in this article.

III. RESULTS

In this section we present the main results by analyzing the effects of the three main parameters: i) Capillary
number, ii) viscosity contrast, and iii) adhesion energy.

TABLE II. Simulation parameters inspired from human RBCs.

Parameters Physical unit
R0 3µm
ηex 1mPas
k 4.10−19J
τc 0.067s
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A. The effect of the capillary number on platelet margination

The present subsection is dedicated to the examination of how the capillary number affects the platelets distributions
near walls. For that purpose, we performed simulations of RBCs and platelets flowing through two channels of different
confinements Cn = 0.2, 0.4 (corresponding channel widths D = 15µm, 30µm, respectively). Once the particles are
prepared inside the channel, we applied a parabolic flow with different capillary numbers Ca = 5, 30, 70, these values
are in the wall shear rate range of arterioles and venules.

10 20 30 40 50 60 70
Ca

0.275

0.300

0.325

0.350

0.375

0.400

0.425

0.450
t m

[s
ec

]

Cn = 0.4
Cn = 0.2

FIG. 2. The average time needed by a half of platelets to reach the cell free layer for Cn = 0.2, 0.4 as a function of Ca.

Figure 2 presents the average time needed by a half of platelets to reach the cell free layer (CFL). Figure 2 shows
that the increase of the capillary number from Ca = 5 to Ca = 70 in case of Cn = 0.2 does not affect the margination.
In contrast, for a confinement Cn = 0.4 platelets spend less time to reach the CFL (Cell Free Layer). Moreover,
increasing the capillary number, the platelets need less time to reach the CFL.

Figure 3 shows the local concentration averaged over time of platelets (φplt) and of RBCs (φRBCs) in the channel.
For confinement Cn = 0.2 (Fig. 3(a)), the increase of shear rate does not affect the margination. In contrast, when
Cn = 0.4, margination becomes fast and strong when the capillary number varies from Ca = 5 to Ca = 30 (Fig.
3(b)). In both cases Cn = 0.2 and Cn = 0.4, the concentration of platelet near wall is roughly same for Ca = 30 and
Ca = 70, because Ca = 30 is sufficient to ensure the maximum of margination. These observations are in line with
Krüger et al [30]. In their study, they studied the dependency of the platelet’s margination on the channel diameter
and capillary number. They used three-dimensional simulations with deformable and nearly rigid particles mimicking
RBCs and platelets respectively. They figured out that the margination is fast for high capillary number with channel
diameter up to 20µm. However, there is no strong difference in platelet margination in the case of channel diameter
greater than 20µm. Our two dimensional model of RBC, which takes into account the RBC membrane proprieties
without cytoskeleton, capture these features and constitutes a interesting test before embarking on the main question
of this study.

B. The importance of wall lift on platelet margination

The aim of this section is to highlight the importance of the migration due to the walls (named lift) in the process
of margination.Generally, the cross-streamline migration of RBCs can be due both to the presence of bounding walls
as well as to to the flow curvature[9]. The case of vesicle in a semi-bounded channel was investigated by Kaoui et
al[28]. As a conclusion, they found that the lift due to the presence of the wall dominates over that due to flow
curvature. A more systematic study by Nix et al[47] showed that the wall lift force often dominates, except for high
enough viscosity contrast (λ = 5) where the two forces become of comparable order, provided that the cell is far away
from the wall (at a distance of about 20 times the radius); for smaller distances the wall lift dominates. Note also
that far away from the center, and fotiori, in the vicinity of the wall the flow field is rather linear, so that we expect
the wall lift force to be the dominant factor in creating the CFL.

The results of this section will be useful in interpreting the effect of adhesion energy on the margination process.
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FIG. 3. Time-averaged concentration profile of platelets (φplt) and RBCs (φRBCs) for Ca = 5, 30, 70, λ = 1, Cn = 0.2, φ = 0.20,
and ε̄ = 0. (a) Cn = 0.2; (b) Cn = 0.4. The dotted, dashed and solid Blue/Red lines represent the time-averaged concentrations
profile of platelets and RBCs respectively. The dotted and dashed blue lines in Fig. (b) are superposed.

It is known that at low viscosity contrast value, vesicles under shear flow undergo tank-treading (TT) dynamics ( the
vesicle adopts a fixed orientation and the membrane rotates around the inner fluid in a tank-tread fashion), whereas
at high enough value of viscosity contrast vesicles exhibit tumbling (TB) dynamics where the vesicle rotate as a rigid
body[24, 27]. The critical value of the viscosity contrast that corresponds to the transition between tank-treading
and tumbling depends on confinement and reduced area [44]. In the TT regime, and at low enough viscosity
contrast, the angle made by the vesicle with the flow direction is large enough, so that there is a strong upstream-
downstream asymmetry, leading to a large enough lift. When the viscosity contrast is close to the critical value
for TT-TB transition, the vesicle orientation angle is close to zero, leading to a a very small upstream-downstream
asymmetry, and thus to a very small lift (owing to the Stokes reversibility upon time reversal). In the TB regime,
on an average over a period of TB, there is upstream-downstream symmetry, and thus the lift is almost zero. Thus,
the lift (migration due to wall) critically depends on the type of dynamics. Since lift is small in the TB regime, it is
natural to expect a decline of platelet margination in this regime. Actually, Krüger et al.[30] have found that in the
TT regime the margination is significantly stronger than in the TT regime. It has also been reported that decreasing
viscosity contrast enhance [54]. Here we stress that the key point that influences margination is not TT or TB in
itself, but rather the evolution of the lift due to walls, as will be seen below.

We performed simulations by fixing the confinement and the capillary number to Cn = 0.2 and Ca = 30. We
selected three values of viscosity contrasts, two for which a single vesicle undergoes TT (λ = 1 and λ = 5) and one
value for which a single vesicle undergoes TB (λ = 10). The main difference between the cases λ = 1 and λ = 5 is
that for λ = 1 the vesicle inclination angle is significantly larger than that corresponding to λ = 5.

We investigated the platelet margination for the three values of λ.
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Figure 4 illustrates more clearly the dependence of the margination phenomenon on λ. It is seen that margination
is quite ample for λ = 1, as compared to the cases λ = 5, 10. Notably, the distributions of platelets for λ = 5 and
λ = 10 are quite close to each other despite the fact for λ = 5 the vesicle exhibits TT whereas for λ = 10 it undergoes
TB. In conclusion, the margination effect is not associated to TT or TB, but is rather dictated by the importance of
lift. As mentioned above, for both λ = 5 and 10 the lift is small, but in the first case it is due to the small orientation
angle of the vesicle with the flow direction (leading to a weak upstream-down asymmetry), whereas in the second case
it is due to the fact that in the TB regime (and over one TB period) the upstream-downstream asymmetry is very
weak (implying a small lift). Note that the platelet concentration increases in the RBCs core region for λ = 5, 10, as
shown in Fig. 4. This is attributed to a decrease of lift force, which results in a decrease of CFL, leaving thus more
space in the core region where platelets can be trapped. This implies that platelet margination is reduced.

FIG. 4. Time-averaged concentration profile of platelets and RBCs for λ = 1, 5, 10 , Ca = 30, Cn = 0.2, φ = 0.20, and
ε̄ = 0.The dashed and solid Blue/Red lines present the Time-averaged concentration profile of Platelets/RBCs for λ = 1 and
λ = 10 respectively.
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C. The effect of the adhesion energy between red blood cells on platelet margination

In-vivo, fibrinogen is believed to be the main actor for adhesion between RBCs. In the case of diabetes, pregnancy
and cardiac diseases, the concentration of fibrinogen is higher than the usual physiological concentration [20], which
should enhance the aggregation process[8, 41]. In this section we analyze the effect of the adhesion energy between
RBCs on platelets margination.

Figure 5, shows snapshots of RBCs and platelets configurations in the absence and in the presence of adhesion
energy between RBCs. The snapshots are taken at the early stage of simulation and at the end of the simulation.
Simulation time t is scaled by τc (τc = ηexR

3
0/k) which is the typical time needed for the vesicle to return to its

equilibrium shape after cessation of flow.

FIG. 5. Snapshots of simulation domain with both RBCs and platelets for different values of adhesion energy between RBCs
ε̄. The cell free layer is denoted by horizontal dashed line.

A close inspection of the platelet concentration profile reveals a non trivial behavior (see Fig. 6). For varying
hematocrit levels, a remarkable feature is that a moderate adhesion energy among RBCs (ε̄ = 15, corresponding to
the lower range of physiological adhesion energy; see Table I) increases the platelet margination. This increase is quite
significant for φ = 0.2 than for higher hematocrits.. More precisely, for φ = 0.2, the platelet concentration in the
cell-free layer is increased by about 20% in the presence of modest adhesion, ε̄ = 15, as compared to the free-adhesion
case. This increase is , however, smaller for φ = 0.3 and φ = 0.4. We will examine in section IV the behaviour in
microcirculation where hematocrit is in the range 5 − 20%[7, 29, 34, 38], and we will see that the effect of adhesion
energy on margination is even ampler. When the adhesion energy among RBCs is significantly increased, there is a
decline in platelet margination (Fig. 6). In summary, the platelet margination is non monotonic with respect to the
adhesion energy between RBCs. Figure 7, illustrates the time-averaged concentration profile of RBCs for different
hematocrit levels, φ = 0.20, 0.30, 0.40. For a modest increase of adhesion energy from ε̄ = 0 to ε̄ = 15 RBCs tend to
accumulate more towards the center (green line in Fig. 7) as compared to the case without adhesion energy (blue line
in Fig. 7). The fact that RBCs accumulate towards the center for a moderate adhesion energy is correlated with the
increase of margination discussed above. Increasing further the adhesion energy leads to more accumulation of RBCs
towards the periphery. This leads to a decrease of margination. In order to quantify these effects we have calculated
the width of the cell-free layer (CFL) as a function of adhesion energy. Figure 8 confirms the results reported in Fig.
7. There are different ways to define the CFL. Here we follow the method of [63]. We first calculate the time and
space (along x) average concentration profile of RBCs, which depends on y only, φRBCs(y). Then we integrate this
function over y from 0 to a certain y starting from the bottom channel wall and normalize it with the total integrated
value over the entire channel width. Then, we define the cell-free layer boundary as the location y where only 5% of
the total RBC concentration is present from the lower channel wall to that point.

The CFL shows a non monotonic behavior (Fig. 8) as a function of the adhesion energy for both hematocrit
φ = 0.20 (Fig. 8a) and φ = 0.40 (Fig. 8b) . This non monotonic behavior is correlated with the non monotonic
platelets margination reported in Fig. 6. The platelet margination mostly occurs after the cell free layer (CFL)
has fully developed [15]. Platelets are trapped in the CFL during their first visit [64]. For different channel widths
we investigated the effect of the adhesion energy between RBCs on cell free layer thickness Fig. 8. For hematocrit
φ = 0.20, capillary number Ca = 30 and for different channel widths W , the CFL thickness is found to decrease with
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FIG. 6. Time-averaged concentration profile of platelets for (a) φ = 0.20; (b) φ = 0.30; (c) φ = 0.40. ε̄ = 0, 15, 60, 90, 120 ,
λ = 1, Cn = 0.2 and Ca = 30.

increased adhesion energy after an optimum value of ε̄ = 15. In addition to the weak number of RBCs undergoing
tank treading (which facilitate the transport of platelets into the CFL) in case of high adhesion energy between RBCs,
the CFL thickness is smaller. Therefor, platelets come back to the RBC core before reaching the CFL. According
to Figs. 7-6, the increase of adhesion energy between RBCs decreases the tendency of platelets to move towards the
walls. The increase of RBCs aggregation (due to an increase of adhesion energy between RBC) decreases the number
of cells in the middle of the channel as well as free RBCs undergoing tank-treading. This section results validates the
previous section results about the importance of RBCs lateral migration for platelets margination.

FIG. 7. Time-averaged concentration profile of RBCs for (a) φ = 0.20; (b) φ = 0.30; (c) φ = 0.40. ε̄ = 0, 15, 60, 90, 120 , λ = 1,
Cn = 0.2 and Ca = 30.

We have investigated the role of the capillary number on platelet margination, as shown in Fig. 9. It is seen that
increasing the capillary number from Ca = 5 to Ca = 70 notably enhances platelet margination in the presence of
adhesion among RBCs. In contrast, when ε̄ = 0, the concentration of platelets near the wall is quite insensitive to the
capillary number. For both Ca = 30 and Ca = 70 we observe the non monotonic behavior of platelet margination.
When Ca is large enough in comparison to unity most of cells reach their maximal deformation (saturation due to
membrane inextensibility. When Ca is small enough (Ca = 5 in the studied case, which corresponds to speed far
below those encountered in microcirculation), the lift is small (and so is the CFL) leading to a moderate margination.
In addition even for a small adhesion energy the aggregate do not significantly break, and provides more space in the
core region to trap platelets. Overall, the platelet margination decreases and remains weakly sensitive to an increase
of adhesion energy. Finally, Fig. 10 compares platelets trajectories for two values of adhesion energy between RBCs,
respectively ε̄ = 0 and ε̄ = 90. In the absence of adhesion energy, platelets migrate rapidly and the majority reach
the outer layer after traveling an average distance of 400µm, but, for ε̄ = 90, platelets stay in the vessel core during
their travel through the vessel.
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FIG. 8. Cell free layer thickness as function of adhesion energy ε̄ for all investigated confinement Cn for (a) φ = 0.20; (b)
φ = 0.40.

FIG. 9. Time-averaged concentration profile of platelets for (a) Ca = 5; (b) Ca = 30; (c) Ca = 70. ε̄ = 0, 15, 60, 90, 120 , λ = 1,
Cn = 0.2 and φ = 0.20.

IV. FOCUS ON MICROCIRCULATION WITH A REALISTIC VISCOSITY CONTRAST

In this section we summarize our results relevant for hematocrit in microcirculation, by adopting a viscosity contrast
inspired by that of RBC, namely λ = 5. Indeed, in microcirculation hematocrit lies within 5%-20% [7, 29, 34, 38]
range. We have thus run simulations with φ = 0.1, 0.15, 0.2 and λ = 5. We have also explored two typical values of
flow strength, measured by the capillary number , namely Ca = 30 and Ca = 70. Figure 11 shows the platelet profiles
and the RBC profiles for Ca = 30 for φ = 0.1, 0.15, 0.2 and λ = 5. Figure 12 shows the results for Ca = 70. Both for
Ca = 30 and Ca = 70 we see a non monotonic behavior of the platelet profile as a function of adhesion energy. At
small and moderate energies the platelet profile peak is boosted by adhesion energy.

A more precise way to show the effect of the adhesion energy on platelet margination is to plot the integrated
platelet concentration in the CFL. The result is shown in Fig.13 for both Ca = 30 and Ca = 70. In the case of
Ca = 30, except for φ = 0.1 where the boost is moderate, the impact of adhesion is quite significant for φ = 0.15 and
φ = 0.2. In the first case there is about 30% platelet in the CFL in the absence of adhesion, a value that reaches
about 50% for adhesion energy ε̄ = 15. In the second case the platelet proportion in the CFL goes from about 35% in
the absence of adhesion to about 58% for ε̄ = 15. For higher Ca = 70 the increase of platelet in CFL is even stronger,
going (for φ = 0.1) from 33% (in the absence of adhesion) to 53% for ε̄ = 15, and (for φ = 0.15) from 30% to about
77% for ε̄ = 90. These results clearly show an important impact of adhesion energy on platelet margination.

A peculiar behavior is observed for the case of Ca = 70 where the platelet concentration in the CFL (Fig. 13)
shows a minimum at a certain adhesion energy and increases again at higher adhesion energy. Note the value of the
platelet concentration still remains smaller or close to that in the absence of adhesion energy. To dig further into this
effect we focus on the case φ = 0.15 and Ca = 70 where the platelet concentration in the CFL reaches a minimum
for adhesion energy ε̄ = 90 and then increases to a relatively larger value at higher adhesion energy ε̄ = 120 (orange
curve in Fig.13). A snapshot. of the cell configuration for each case is represented in Fig.14 . We see there that for
ε̄ = 90 the aggregate are quite rounded with large separation among aggregates, leaving thus ample free spce allowing
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FIG. 10. The Platelets trajectories (a) ε̄ = 0; (b) ε̄ = 90. Ca = 30, φ = 0.20, λ = 1, Cn = 0.2.

to platelet to explore the central region of the channel. For ε̄ = 120 larger aggregates form and, due to confinement,
the aggregate are more elongated leaving less free space for platelet to explore the central region. As a consequence
due to this geometric configuration the margination is relatively higher for a higher adhesion energy.

V. DISCUSSION

The margination of platelet can be viewed as follows. Suppose we have initially a random distribution of RBCs and
platelets within the channel. When the flow is applied, RBCs have a tendency to be pushed away from the walls thanks
to the lift mechanism, leaving a CFL close to the walls. At the same time platelets (as being rigid) do not experience
a significant lift. The platelets which were located initially in the core region, will undergo collisions against RBCs
and undergo a diffusion-like process (of hydrodynamic origin). This diffusion will cause platelets to spread across
streamlines. Once a platelet reaches the CFL it will be trapped there, owing to the absence of a significant lift. This
process is efficient for a large enough hematocrit, as reported in Ref.[30]).

For a modest adhesion energy (middle panels in Fig. 5) some RBCs, initially at the extreme peripheries, will be
weakly attracted by some RBCs setting in the next files of RBCs, leading to a small fraction of small clusters (while
there are single many RBCs), like RBCs doublets (see middle panel in Fig. 5). This increases the CFL width. This
will naturally enhance the margination process. For a larger adhesion energy (see lower panel in Fig. 5, large enough
clusters form. This has two consequences: (i) the clusters often rotate (as described in details for doublets in Ref.
[3]), and as for a tumbling RBC, the lift is reduced, leading to a reduction of the CFL, (ii) the formation of many
clusters in the core region, increases free-cell spaces, allowing thereby platelets to visit more easily these regions, even
for those initially in the CFL, thanks to collision with RBCs clusters. These two mechanisms lead to a decline of
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FIG. 11. Top: the platelet profiles, and Bottom: RBC profiles for Ca = 30, λ = 5 and for different adhesion energies.

FIG. 12. Top: the platelet profiles, and Bottom: RBC profiles for Ca = 70, λ = 5 and for different adhesion energies.
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FIG. 13. Top: the integrated platelet profile for Ca = 30, λ = 5 and different hematocrits as a function of adhesion energy.

FIG. 14. Snapshots of RBCs configuration for ε̄ = 90 (top) and ε̄ = 120 (bottom). φ = 0.15, Ca = 70, λ = 5, Cn = 0.2.

platelet margination.

There are several diseases which are known to lead to robust aggregation among RBCs. A well known situation is
that encountered in diabetes mellitus [20]. The precise origin of enhanced aggregation for patients suffering diabetes
is not yet completely elucidated, albeit the formation of robust clusters of RBCs is beyond any doubt. It is well
documented that these patients suffer from uncontrolled bleeding for which several factors have been reported in [36],
such as coagulation disorders, hypofibrinolysis and changes in platelet number and activation . It will be an important
task for future investigations to elucidate if the mechanisms reported here may contribute efficiently to uncontrolled
bleeding for diabetic patients. There are, however, several cautions. It has been reported that the channel length must
be of the order of 300 µm before full platelet margination to take place [54]. Those studies, as well as the present one,
pertain to microvascular networks, in which the vessel length rarely exceed this length, before meeting a bifurcation.
Several studies have explored the process of platelets and other blood cells marginating within bifurcations [4, 45, 48].
Bächer et al. [4] showed that a bifurcation does not significantly impact platelet margination, provided that the
initial configuration corresponds to platelets which are close to the channel walls in the mother branch. In contrast,
a confluence is found to reduce the margination[4]. Noguchi et al[48]reported that a distance of 5 mm is necessary
after a confluence for platelets to marginate again[48]. It is important to study the margination process in a realistic
network (containing bifurcations and confluences) where platelets are initially randomly positioned in a mother vessel,
and analyze the influence of various parameters (flow strength, hematocrit, RBC aggregation, viscosity contrast) that
could affect platelet behavior.



16

VI. CONCLUSION

We have investigated the platelet margination in a simple straight channel in the presence of adhesion energy
among RBCs. We have first clarified the role of the lift in the process of margination, by showing that even if RBCs
undergo tank-treading (TT) the platelet margination an be as weak as in the case when they exhibit tumbling. If the
orientation angle of the RBCs is weak enough the effect of margination can be as weak as in the case for a tumbling
(TB) cell. This is attributed to the weak upstream-downstream asymmetry, and not to the fact that a cell is in
the TT or TB regime. We have then investigated the role of adhesion in the process of margination. A remarkable
feature discovered here is that the margination is non monotonic with respect to the adhesion energy. A modest
adhesion energy, as encountered under normal physiological conditions, is found to boost the margination process,
whereas a strong enough adhesion leads to a decline of margination. We have provided an intuitive explanation to this
behavior. As highlighted in the previous section, the typical channel length for a complete margination of platelets is
several hundreds of micrometers, a length which generally exceeds that of vessels in microvascular networks. In order
to have a complete picture of margination in vivo a simulation in a realistic vascular network is necessary. Finally,
our simulation has a limitation since it is based on 2D, which serves at least as a guide. While it has been shown
in different works that the 2D model captures several features observed in 3D [2, 3, 19, 22, 23, 33, 42], a full 3D
simulation is necessary before drawing definite conclusive answers. It is hoped to investigated this matter further in
a future work.
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