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A promising advance of bioengineering consists in the development of micro-nanoparticles
as drug delivery vehicles injected intravenously or intraarterialy for targeted treatment.
Proficient functioning of drug carries is conditioned by a reliable prediction of pharma-
cokinetics in human as well as their dynamical behavior once injected in blood stream.
In this study we aim to provide a reliable numerical prediction of dynamical behavior of
microparticles in human arteriole focusing on the crucial mechanism of lateral migration.
The dynamical response of the microparticle upon blood flow and arteriolar distensibility
is investigated by varying main controlling parameters: viscosity ratio, confinement and
capillary number. The influence of the hyperelastic arteriolar wall is highlighted through
comparison with an infinitely rigid arteriolar wall. The hydrodynamic interaction in a
microparticle train is examined. Fluid-structure interaction is solved by the Arbitrary
Lagrangian Eulerian method using the COMSOL Multiphysics software.

Keywords: Human arteriole; arteriolar distensibility; lateral migration; microparticles;
drug delivery.

1. Introduction

Microparticles are artificial microstructures used a drug delivery vectors 12 to rem-
edy the limitations of chemotherapy and invasive treatments. Therapeutic appli-
cations include targeted treatment of cancerous tumour 3 and thrombus 4. These
microparticles consist of a thin-walled membrane made of lipid, protein or polymer
enclosing a small amount of liquid drug and having common physical properties



with Red Blood Cell (RBC) and very similar dynamic in flow >, enabling their use
as a simplified model of RBC. The dynamical behavior of the drug carries and phar-
macokinetic behavior of the coated drug is investigated in vivo 7 and in vitro 8. The
validation and optimisation of microparticles functioning to successfully meet higher
therapeutic demands require a robust prediction of their dynamical behavior under
blood flow and constraints imposed by vascular walls. The inertial lateral migration
of microparticle in microfluidic devices in the absence of external force field is a phys-
ical phenomenon related to intrinsic hydrodynamical forces and channel geometry.
The prominent microfluidic applications are bio-particle manipulation, particularly
bioparticle fractionation (e.g. pinched flow fractionation and Dean flow fractiona-
tion ?), filtration '° and focusing !!'. Lateral migration is a relevant blood viscosity
determinant in microvessels (diameter less than 500 ym) where RBCs migrates to-
ward vessel centreline owing the creation of a cell-free layer, thereby decreasing the
blood apparent viscosity (Fahreeus effect). The lateral migration of microparticles
in the absence of inertia or in finite inertia is an intriguing phenomenon that comes
with broken microparticle symmetry (fore-aft asymmetric rigid microparticle or de-
formable microparticle). Numerous studies dealt with non-inertial lateral migration
for artificial deformable microparticle '>'3 and for RBC 4. The lateral migration
of RBCs and artficial microparticles in a wall-bounded Poiseuille flow results from
an interplay of four lateral forces: wall-induced lift force resulting from the distur-
bance of flow field induced by the presence of the microparticle and its reflection
at the wall (the confinement induced repulsive wall force), shear-gradient lift force
due to the curvature of undisturbed fluid velocity profile, Rubinow-Keller lift due
to slip-rotation lift force and Saffman lift force due to the interaction of slip velocity
and shear. Besides aforementioned lateral forces, a viscous drag acts in stream-
lines. Drag results from the relative velocity of the microparticle to the fluid. First
revealed in 15, the deformability induced lift force is responsible of migration of elas-
tic microparticles in the absence of inertia 1. Deformability-induced lift is the key
biomarker factor in malaria diagnosis since malaria-infected RBCs get stiffer and
undergo a sidewalls margination while healthy RBCs migrates toward the centreline
17 (artificially hardened RBCs mimic the same behavior ). A controlling parame-
ter in migration is the particle Reynolds number Re, which determine if migration
is of inertial or viscous origin. For particle Reynolds number much less than unity,
viscous forces dominates and the microparticles drift from streamlines due to their
asymmetry while for greater Re,, the microparticle migrates due to inertial forces.
The migration path, velocity and the equilibrium positions are found to depend on
elastic properties of the microparticle 1220, inertia 21,22, viscosity contrast between

internal and external fluids 2324, confinement 2924 and on the initial microparticle

position?®.
In 26, Beaucourt and co-workers have studied the migration of an artificial mi-
croparticle as a RBC simplified model confined in a capillary, for the sake of sim-

plicity, authors limited the contribution of the deformable capillary wall to a local



elastic response. Authors had shown that the elastic capillary wall exerts a normal
force compensating the lift force acting on the studied RBC model, guaranteeing
equilibrium of the mechanical system. More recently in 27, authors had studied the
effect of the arterial wall distensibility on deformation and velocity of a single mi-
croparticle, without any consideration of lateral migration. To our knowledge, apart
from the two aforementioned studies none of published papers involve the contri-
bution of vascular wall, let alone the influence of its complex mechanical behavior
on lateral migration of microparticles. This paper aims to fill the lack of numerical
studies on dynamical behavior of microparticle confined in blood vessels in liter-
ature, in particular on the migration process. To achieve this aim, the migration
and the overall dynamical behavior are numerically investigated for a single iso-
lated microparticle and for a train of three microparticles confined in a hyperplastic
arteriolar wall and in an infinitely rigid arteriolar wall, while varying the confine-
ment, the viscosity ratio and the capillary number. The numerical investigation is
performed in COMSOL Multiphysics software package, the 2D fluid-structure in-
teraction FSI non-linear problem is solved using the Arbitrary Lagrangian FEulerian
method, with a monolithic approach.

2. Mathematical model

The computational domain (Figure 1), consists of a thin hyperelastic circular mem-
brane enclosing an internal fluid, freely suspended in a confined external Poiseuille
flow (blood). External and internal fluids are similar and the microparticle is neu-
trally buoyant since there is no contrast between both fluid densities. The idealized
straight arteriole L = 900 pm is represented by a rectangular channel on which we
distinguish the lumen (the interior space of the arteriole through which blood flows)
H; = 30 pm and surrounding arteriolar wall H, = 20 um. The coordinates of the
centre of mass (z,y.) are monitored over simulation. At the initial time, the mi-
croparticle is placed at x./L = 0.5 and y./H; = 0.27. The inlet velocity v; and the
outlet normal stress are applied at (T';) and at (I',), respectively. Two FSI interfaces
are identified : fluid domain-membrane (Tt ) and fluid-arteriolar wall (T'¢,).

2.1. Arteriolar wall

Arterioles are muscular blood vessels that are able to dilate for purposes of regu-
late the vascular tone and maintain vascular permeability. Arteriolar wall comprises
three layers (intima, media and adventitia) composed of smooth muscle cells, en-
dothelial cells and collagen fibres. These components are dynamically interconnected
making the frontiers blurred between the three layers. We limit the arteriolar wall
to the inner layer (the intima) which is modeled as a nearly-incompressible hyper-
elastic material 28 following the neo-Hookean solid model (Eq. (3)). The equation



describing the motion of the arteriolar wall is given by :
o%ul@
- V.o
paw =V o' (1)
where p, = 960 (Kg/m?) is the arteriolar wall density, u(® the displacement vector
and ¢(®) the Cauchy stress tensor :

ow .
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Here J is the dilatation ratio, F the deformation gradient tensor, E(®) the Green-
Lagrange strain tensor and W (%) the strain energy density function whose nearly-
incompressible form is written as

(o =3)+5 (=17 (3)

where G(®) = 6.2 (MPa) is the shear modulus, I; , the first invariant of the iso-
choric right Cauchy-Green deformation tensor and k = 124 (MPa) the initial bulk
modulus. The deformable arteriolar wall that follows the neo-Hookean law (Eq. (3))
is denoted DAW while the infinitely rigid arteriolar wall is denoted RAW. roman.

2.2. Blood flow

In arteriolar blood circulation the shear rate exceeds 100 (s’l) and blood is New-
tonian 2%. In a physiological context, the Womersley number a measures the ratio
of unsteady inertial forces to viscous forces, for a < 2 unsteadiness is neglected and
the flow is parabolic (o < 0.04 in the arteriole), the profile is blunted (plug flow)
for o < 10 (see 3%). A fully-developed Poiseuille flow is imposed at the inlet of the
arteriole

v = 4vmax%l (1 - I?j[l) at T; (0<y<H) (4)

External fluid (p, )

Internal fluid (p, An) .

QOO |

Arteriolar wall

e
T

L

Fig. 1. Schematic drawing of the numerical model. Abbreviations Lg, Md and Ld denote the
lagging, the middle and the leading microparticle, respectively. The single isolated microparticle
configuration corresponds to an isolated middle microparticle.



where y is the ordinate. The maximum velocity vmax = 17 (mm/s) located at y =
H;/2 is the peak velocity in human arteriol 3!.

The fluids inside and outside microparticle are treated as incompressible, and
therefore the mass conservation equation is written in the following form :

V-v=0 (5)

Note that the presence of microparticle has no effect on the density and viscosity
of the fluid phases inside and outside microparticle. In addition, the total stress in
the fluid is expressed as :

o=-—pl+n|Vv+ (VV)T] (6)

where p denotes the fluid pressure, I the identity tensor, v the velocity field and
n = 0.00345 (Pa-s) the dynamic viscosity of the external fluid. The product An
denotes the internal fluid dynamic viscosity where A = 0.5 — 2 is visosity ratio. Here
the fluid domain is governed by the following Navier-Stokes equation in the absence
of body forces :

p r;‘t/ +(v-V) v} = —Vp+1nViv (7)

where p = 1060 (kg/mS) is the fluid density.

2.3. Microparticle

The membrane is assumed to be homogeneous, isotropic, impermeable and incom-
pressible. As in 3233, the membrane is treated as a very thin hyperelastic surface
of thickness h devoid of bending stiffness. With neglecting the bending stiffness, we
consider that membrane deformation occurs only in-plane and thus the normal vec-
tor to the surface remains normal during the deformation. In the absence of bending
moment, transverse shear forces vanishes. The bending of a membrane is primarily
governed by two elastic parameters: its spontaneous (or preferred) curvature and
its bending stiffness k. For artificial microparticles with a thin homogeneous wall,
the bending stiffness k; is directly related to the membrane thickness h :

E(Mmp3
- " 8
T 01— ) ®)
The dimensionless form proposed in®* :
_ h?
"7 121 - 12)R2 ©)

Ry is the inverse of the Foppl-von Karman-number. The product E(™h refers to
surface Young modulus, R denotes the initial microparticle radius and v the Pois-
son ratio. In this paper £, = 0.0001, this value is in concordance with experimental
values of artificial microparticle membrane (£, ~ 0.00005 — 0.01) 343% and with



RBC (K ~ 0.0001) 3. As in 2936 the membrane hyperelasticity follows the strain-
softening neo-Hookean law, which is found to appropriately model the mechanical
behavior of protein-reticulated membranes 37. Since the membrane is incompress-
ible, Eq. (3) becomes :

Gqm) _
we == (I, -3 10
1 -9) (10)
and Cauchy stress :
oW (m) T
(m) _ gp(m) (m)
o F SR F (11)

Microparticle dynamics is controlled by dimensionless numbers: confinement ¢ =
2R/H;, particle Reynolds number Re, = PUmax 2/ (nH;) which gives the relative
importance of intertial and viscous forces, viscosity ratio A between the internal
and the external fluids and the capillary number Ca = nvpax/ G™) /h which mea-
sures ratio of viscous forces to the elastic resistance of membrane, the time in
non-dimensionlized by the shear rate t* = 4t.

2.4. Boundary conditions

A zero-displacement constraint is applied at outer ends of arteriolar wall. The FSI
pertaining the fluids satisfies the kinetic continuity

oulm
v = u at I'em
ou(® r
= t a
A" 8t a f.

representing mass conservation throughout the interface, and the FSI for the solids
satisfies the dynamic continuity
oc-n=c™ .n at T
_ (a) (13)
o-n=c%%-n at I'g
describing the equivalence of fluids stresses and solids stresses. Furthermore, let v,,
denotes the dynamic mesh velocity and n the outer unit normal vector. At FSI
interfaces mesh velocity satisfies

Vg rn=v-n (14)

2.5. Numerical method

The ALE was developed to combine the advantages of the purely Eulerian descrip-
tion and the purely Lagrangian description (see 38). The fundamental equation for
ALE gives the variation of a physical quantity f for a given particle X as :

of _of  of

E|X = ot o (Vin — V) (15)



where x identifies referential gird coordinates and X denotes the spatial coordinates.
The equations of the system are integrated over time using a first or second order
accurate multistep implicit Backward Differentiation Formula scheme. The variables
are updated at each time-step using a damped Newton nonlinear method 3°. The
discretisation of the fluid domain is done with P2/P1 element that gives a quadratic
basis for velocity and linear for pressure. In order to prevent numerical instabili-
ties, two consistent stabilisation methods were introduced: streamline diffusion and
crosswind diffusion. The first adds artificial diffusion in the streamline direction
whereas the second adds diffusion in the cross direction. The mesh deformation is
calculated using different nonlinear smoothing approaches : Winslow, Hyperelastic
and Yeoh. The smoothing method is selected depending on divergence problem that
occurs and element distorsion. Hyperelastic and Yeoh smoothing are both inspired
by hyperelastic mechanical laws (neo-Hookean and Yeoh, respectively). A remeshing
is automatically generated when mesh quality falls below a specified mesh quality
threshold based on equiangular skewness or distortion.

3. Results and discussion
3.1. Validation

In this section we report the validation of the present numerical model by compar-
ing our results to 2°, where microparticle deformation is calculated using a mixed
finite-difference/Fourier transform method for the flow solver and a front-tracking
method for the deformable interface. The neo-Hookean membrane is incompressible
and internal and external fluid are similar (Newtonian and incompressible). The mi-
croparticle is confined in a rigid microchannel and migrates upon a pressure-driven
Poiseuille flow v; :

1 dp

e 2

where dp/dx = cte is the pressure gradient and = the abscissa. The migration
history is plotted over a range of capillary numbers Ca = 0.1 — 0.8 in Figure 2. The
discrepancies in temporal evolution of migration between the present work and the
work of 20

|Present — Ref. [20]|

1
Ref. [20] x 100

are presented in Table 1. Qualitatively, results are in excellent agreement with 2°.
Quantitatively, discrepancies are found to increase with increasing microparticle
stiffness (decreasing C'a) but remain acceptable (11.16% at most).



Table 1. Validation: comparison® of microparticle lateral position at specific dimensionless times.

t*
Ca 2 4 6 8 10
0.1 0.38% 2.88% 5.63% 844% 11.16%
0.2 071% 082% 1.94% 337T% 4.97%
0.4 1.13% 057% 0.18% 0.78% 1.40%
0.8 003% 0.71% 0.04% 035% 0.19%

a comparison with 20,

3.2. Lateral migration in human arteriole
3.2.1. Lift and drag

The lateral migration results from an intricate interplay of wall-induced lift fy,
shear-gradient induced lift fgg, deformability induced lift force fp.s, deformable
wall force fpw and drag firag-

The wall exerts a repulsive translational force perpendicular to flow stream on
the microparticle that is pushed away from the wall toward the centreline, this
force is known as wall-induced lift fy. The wall repulsive force originates from the
stresslet field induced by the microparticle in presence of the wall 40 (the symmetric
component of the first moment of the force per unit area at the microparticle sur-
face). The stresslet contribution is decomposed into viscosity ratio contribution and
particle shape contribution. In *! authors had shown the existence of a viscoelat-
sic contribution in stresslet. The migration velocity near a rigid wall is inherently
dependant on the stresslet since the migration velocity is the wall reflection of the

0.3 i i
—Ca=0.8
—Ca=04
—Ca=0.2
—Ca=0.1

0.15

t*

Fig. 2. Microparticle lateral migration history in a pressure-driven flow.



disturbance velocity (stresslet) of the spherical microparticle.

The migration away from the wall leads to a pressure gradient across the mi-
croparticle membrane and hence, in a relative velocity magnitude that is higher
near the wall where the shear is maximal. This results in an extra lift force directed
toward the nearest wall, known as shear-gradient lift force fgg. The contribution
of shear gradient is a function of the channel width and distance to the wall, with
no dependence on the magnitude of the shear rate or the shear gradient 4.

Microparticle deformability takes indirectly part in migration via fore-aft sym-
metry breaking. The presence of the soft microparticle near the wall broke the fore-
aft symmetry, thus permitting the micorparticle to undergo migration in Stokes
flow!6. The fore-aft asymmetry is a generic feature of living organisms and active
matters systems that influence the collective and individual properties *>43. Due
to the reversibility principle of Stokes equations, a single neutrally buoyant rigid
microparticle fore-aft symmetric cannot undergo a lateral migration and remains at
a unchanged distance from the wall. In contrast a single rigid fore-aft asymmetric
shaped rigid microparticle is able to undergo a lateral migration (Purcell’s scallop
theorem for micro-swimmers). This theorem states that in a Newtonian fluid a time-
reversible motion cannot produce any net force (lift) or net flow. However, in the
presence of non-linear rheological fluid properties, a reciprocal swimming pattern
can lead to a net displacement in a shear thinning/thickening) fluid 44 and in a vis-

coelastic fluid 4°. The deformability lift force is given by the analytical expression
46

R\?> [ d
fpep X NVavg R (Hl> (-Hl) (17)

Where v,y is the average velocity. Here d denotes the distance between micropar-
ticle and vessel centreline. For the other lift forces, numerical values of Re, and
Ca used in this work are not within the range of validity of analytical expressions
available in literature. The contribution of Saffman and Rubinow-Keller forces are
neglected since the microparticle is neutrally buoyant 4748 and the particle Reyn-
lods numbers Re,, are much less than unity ! (Re, ~ 1073 and ~ 1072 for ¢ = 0.5
and ¢ = 0.15, respectively).

The drag arises from the difference in fore and aft velocities of the microparticle
49 The wall induces a flow disturbance around the microparticle and tends to ac-
celerate fluid around the microparticle increasing firqg by a factor given by Faxen’s
correction (see °°). The drag decays as the microparticle moves away from the wall
(relative velocity decreases). Theoretical analysis of drag acting on deformable par-
ticle (bubble) is provided in 5.



3.3. Single isolated microparticle
3.3.1. Deformation

In response to the parabolic blood flow start the microparticle elongates in the
streamlines direction and tilts. As Ca increases, the microparticle stiffness decreases
and the microparticle is easily deformed. For ¢ = 0.5 and for both arteriolar walls,
this deformation enables the development of a pointy tail (cusp-like instability) at its
rear-end and the tear-drop shape is observed for the DAW (Figure 3) and the RAW
(Figure 4(a)). Since this cusp tend to extend closer to the wall, the microparticle
is decelerated. As the microparticle moves away from the wall, the cusp relaxes
and a roughly ellipsoidal shape is observed. At the vicinity of the centreline, the
microparticle exhibits the famous slipper-shape (see Figure 3). The slipper shape
observed for RBCs 5253 and artificial microparticles 4, is found to results from a loss
in stability of the symmetric shape %> and allow the RBC to move faster in highly
confined zones. The fore-aft asymmetry is much less pronounced for ¢ = 0.15 and
the microparticle remains roughly ellipsoidal. In fact, due to its size, the smallest
microparticle moves at a greater distance from the RAW (even if at ¢ = 0 both
centers of mass are placed at the same distance to the wall), the influence of the
RAW (i.e. asymmetry) on microparticle dynamic is consequently diminished.

Cu=10.02 Ca=0.1 Ca=10.5
=310 O p
Tear-drop shape
N &
SO
£=28.33 )
'=31.73

Slipper-shape

Fig. 3. Image sequence of deformed shapes at specific times for ¢ = 0.5, DAW. Green color is for
A = 0.5, red for A = 1 and blue for \ = 2.



3.3.2. Migration

In the presence of the DAW, the initially straight arteriole dilates and develops
symmetrically an upper and a lower fusiform-liked bulges (Figure 5). The max-
imum arteriolar dilation is of 66% which is in the range of experimental values
reported in®® for human coronary arteriole. As a consequence of arteriolar dilation,
the microparticle is temporarily downward aspired due to its vicinity with the lower
wall, thereby, the migration is delayed (Figure 6) .

During the aspiration, fpw and fsg are prominent forces. The aspiration ends
at t* = 2.5 and t* = 15 for ¢ = 0.5 and ¢ = 0.15, respectively, reflecting that the
smallest micorparticle is more sensitive to wall distensibility (i.e. to fpw ). This ef-
fect becomes noticeable in Figure 6(d). For ¢ = 0.5 the zone marking the transition
from the aspiration to the effective migration get sharped as Ca increases (Figure
6(a)). Magnification of this zone reveals that the highest the Ca, the shortest the
aspiration (Figure 6(b)). As shown in Figure 6(c), this trend is not observed for
¢ = 0.15 and the effective migration is observed to start at a common threshold
(t* = 15). The influence of A on migration alititude is accentauted for ¢ = 0.5 and
is shown to increases with C'a (see Figure 6(a)). In the presence of the RAW, the
migration starts quasi-instantaneously. The smallest microparticle migrates quasi-
linearly whilst the migration history shape of the largest one is similar to that of
a logarithmic function (refer to Figures 6(a) and 6(c)). The plateau observed for
different C'a corresponds to the equilibrium position morphologically indicated by
stable deformation states (i.e. symmetrical parachute shape). The largest micropar-
ticle migrates beyond the arteriole centreline (0.510 < y./H; < 0.596). Note that
the centreline (y./H; = 0.5) is not a stable equilibrium position since a little de-
flection will never return the microparticles back 57. For both walls, the largest
microparticle moves closer to the arteriole centreline. Regarding the influence of
A, obtained results confirm that A restricts microparticles deformation and has an
effect on the time required to reach the equilibrium shape (not on the equilibrium
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Fig. 4. Microparticle velocity magnitude (A = 2,¢ = 0.5,Ca = 0.5) at t* = 1.7,7.94 and 15.86.



shape itself). The influence of A on migration altitude increases with increasing Ca
and c.

3.3.3. Lateral velocity

Lateral velocity or migration velocity V,, refers to y-component of membrane veloc-
ity. For ¢ = 0.5, the "hook” in Vj, time evolution in the presence of the RAW is
due to fse that predominates other lift forces at early-times. Interestingly, in the
presence of the DAW, V,, history is characterized by a "bump” as the microparticle
migrates rapidly (2.5 < t* < 5) before it decelerates (see Figure 7(a)). For ¢ = 0.15
and as previously noticed, the smallest microparticle is more sensitive to fpw and
Vy evolves smoothly for both walls (RAW and DAW), expect for t* < 2.5 where
numerical instabilities are relatively important for DAW (Figure 7(b)). For both
confinements, V, tends to vanish as the microparticle moves closer to the equilib-
rium position.

3.4. Microparticles train

In this section we consider a train of three microparticles. The main purpose is
to study the influence of the deformable wall on the hydrodynamic inter-particle
interaction aiming to assess the risk of inter-particular clustering and/or micropar-
ticles adhesion/accumulation near the the wall and to clarify the interplay of main
parameters in particle-to-particle dynamics for drug-delivery vectors design. Such
situations could severely impede the blood stream and eventually, results in a non-
targeted release of the drug, thus, toxifying healthy tissues. Let s; stands for the
centroid-centroid distance between the middle and the lagging microparticle and

15
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Fig. 5. Maximum arteriolar dilation.



5o the centroid-centroid distance between the middle and the leading micropar-
ticle (see Figure 1). At initial time both spacing are set to s; = so = 20 (um)
and s;1 = s3 = 6 (um) for ¢ = 0.5 and ¢ = 0.15, respectively, keeping the ratio

0.27 -
--A=05
—A=1
0.26 —A=2
0.25 Enlarged
Ye
H;
0.24
0.23
0.22 =
1 2 4 5

0.5

5 10 15 20 25 30 35

Fig. 6. Microparticle migration time evolution (a) ¢ = 0.5 (b) ¢ = 0.15 (d) DAW. Red color is
for Ca = 0.5, black for Ca = 0.1 and blue for Ca = 0.02.
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Fig. 7. Microparticle lateral velocity history (a) ¢ = 0.5 and (b) ¢ = 0.15.



a/s1,2 = 0.75 similar for both confinements. For ease of reading, the main results
are presented and discussed separately for each confinement in dedicated subdi-
vision (¢ = 0.15 and ¢ = 0.5), each one is divided into two paragraphs, the first
belongs to the migration/deformation and the second deals with the inter-particle
spacing evolution. The section will be concluded by comments related to strain
energy density.

3.4.1. ¢=0.15

An intriguing mechanism is observed for all C'a and A, the lagging microparticle
overtook the middle one. This kinetic consists of an approach phase t* = 15 —
20, a binary collision t* ~ 19.5 — 22.66 and a separating phase t* > 24 (Figure
8). During the approach phase isolines of pressure distribution has shown a high
pressure area between both microparticles resulting in a repulsive force ®8, this force
combined with the microparticle position (the lagging microparticle experiences
a high flow strength and hence moves faster) and microparticle size (due to its
relative small size, the space is large enough to permit the overtaking process) is a
propitious combination to this kinetic. During the binary collision, microparticles
lose symmetry and their curvature vanishes at opposite faces (Figures 8(b)-(d)).
The consecutive deformations observed during the binary collision are in excellent
agreement with deformation of colliding cells in linear shear flow 6. The overtaking
behavior is indicated on curves by bumps mirrored to each other. For the lagging
microparticle, the bumps widens with C'a while for the middle one, the bumps width
seems to be independent on Ca (see Figure 9(a)). For both positions, the apparition
of the bumps appears later as C'a decreases and the gap between the studied \ is
diminished for Ca = 0.1. Upon closer examination of A\ effect, for Ca = 0.02 and
0.1 the inflection point appears sooner for the less important A and later for A = 2.
Conversely, the inflection in the bumps for Ca = 0.1 first occurs for A = 2 followed
by A = 0.5,1 (refer to Figure 9(b)).

Unlike the single isolated configuration, microparticles migrate non-linearly in
the presence of the RAW and unexpectedly, the lagging microparticle hardly mi-
grates. Its migration is even more difficult as C'a decreases and we observe a net
aspiration (as in the presence of the DAW), suggesting that in this particular case
fw like fpw, acts as a suction force (Figure 9(c)). Curiously for Ca = 0.5, the
lagging microparticle combines upward and downward migration.

The lateral velocity of the leading microparticle evolves quiet similarly to that
of the single isolated one, whichever the arteriolar rigidity (RAW or DAW). The
same does not apply to the two other microparticles. For the RAW, the lateral
velocity changes its monotony and this, more frequently for the lagging microparticle
reaffirming its arduous upward migration (Figure 10(a)). As for the migration (i.e.
mirror bumps ) V, time-evolution of the middle and the lagging microparticle are
rough reflections to each other (Figure 10(b)). The inflections in each curve (V,, =
f(t*)) depict the balancing between the kinetic and the potential energies.



In the presence of the DAW, s; and sp diverge at t* = 10. As for ¢ = 0.5, s2
manifest an exponential growth. For s1, the curves slightly decrease with decreasing
Ca till the overlapping at t* &~ 21.6 (see Figure 8(c)) and starting from this point,
they rise similarly to so. Plots shown in (Figure 11(a)) reveals less membrane shear
resistance, less spacing growth. This influence is maintained but minimized for s;
(t* > 21.6). For the RAW, both spacing are growing with time (exponential or
logarithmic-like growth) and are observed to expand the most with the highest Ca
and the less for the intermediate C'a. In stark contrast to other studied combinations,
s1 widens more rapidly than so (Figure 11(c)).

3.4.2. ¢=0.5

Unsurprisingly, we found that the migration altitude is important for the lead-
ing microparticle (the middle microparticle is hampered by the presence of too
microparticle on its both sides, the lagging one is restrained by too in-front mi-
croparticles) (see Figure 12). The discrepancies in middle and lagging migrations
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Fig. 8. Overtaking behavior (¢ = 0.15, Ca = 0.5, DAW) (a) Isolines of pressure contour at

the approach phase, color legend is for microparticle velocity. (b)-(e) Sequential snapshots of
overtaking, green color is for A = 0.5, red for A = 1 and blue for A = 2.
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are barely discernible. For the sake of conciseness, we confine ourselves to present
the combination Ca = 0.1, A = 1 in order to evaluate the risk of accumulation near
the rigid wall. Plots in Figure 9(d) confirm the upward migration. Because of the
important asymmetry, we chose to quantify the deformation of the microparticles
through the deformation gradient F("™) (instead of the geometric Taylor parameter)
that gives information about the local deformation with respect to the non-deformed
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Fig. 9. Microparticles migration histories (a) (A = 1, ¢ = 0.15, DAW) (b) ¢ = 0.15, DAW (c)
(A=1, ¢=0.15, RAW) (d) Solid lines are for ¢ = 0.5 and dashed lines for ¢ = 0.15 (A = 1, RAW).
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(referential) state. The main result is microparticle’s position influence on arteriolar
wall rigidity effect. In fact, the divergence between the deformation gradients for
each arteriolar rigidity model widens as the microparticle is placed far from the
arteriole entrance (Figure 13). Qualitatively, quite a few uncommonly observed are
characterizing morphological evolution of the largest microparticle. The middle mi-
croparticle develops a sharp cusp-like instability as a results to a combination of
important softness, quasi-null bending rigidity, infinite wall rigidity and a favorable
position. This important local deformation lead to the appearance of a singularity
and hence, to convergence issues. We believe that the singularity is a consequence
of infinite stress at the cusp that could be fixed by increasing the bending rigidity
and/or modeling the membrane mechanical behavior using a strain-stiffening law
(e.g. Skalak al. law), as both restrict microparticle deformation. We opt for a simpler
alternative consisting in decreasing the capillary number to Ca = 0.4 (by increasing
G(m)). As for the single isolated configuration, the cusps relax with time (except for
the singularity-related case). For Ca > 0.4, the lagging and middle microparticles
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Fig. 11. Inter-particle spacing time evolution for A = 1, dashed lines are for s; and solid ones for

s2 (a) ¢ = 0.15, DAW (b) ¢ = 0.5, DAW (c) ¢ = 0.15, RAW (d) ¢ = 0.5, RAW, green color is for
Ca=04.



flatten in a significant way in the immediate vicinity to the RAW, in addition to
cusps formation (Figure 14). The flatness disappears progressively as microparticles
move away from the wall. As illustrated in Figure 15, wall deformability also brings
about a localized flatness and cusp formation, the novel observed behavior is the
trend to ’raise’ for Ca = 0.5 (t* = 4.53) which relatively restricts the flattened
zone in close contact to the wall. This deformation mode is propitious to lateral
migration as it helps to circumvent the fpw and the constraints imposed by nar-
row spacing from neighboring microparticles (i.e. hydrodynamic pressure). Besides
giving information about morphological changes in microparticle shape, Figure 14
also serves to concretely describe the evolution of spacing s; and s, and to show the
clustering while Figure 15 highlights the influence of C'a on microparticles lateral
velocities.

In the presence of the DAW, s; and s2 fall below 20 (um) and diverge at t* = 5,
above this point, s, increase in an exponential fashion while s; evolve quasi-steadily
and oscillate between 15.22 (pm) and 17.64 (um). Apropos of the influence of Cla, it
is observed that the higher C'a the less sa, this influence is not obvious on s; (Figure
11(b)). As regards to the RAW, s, evolve in a concave fashion and in contrary to
previously noticed for the migration of the lagging and the middle microparticles,
the inflection points in sy evolution are found to occur sooner as Ca decreases.
Surprisingly, the temporal evolution of s; and s for Ca = 0.4 and C'a = 0.5 depict
an outright concavity change (Figure 11(d)). The corresponding descending curves
are a sign of microparticle clustering. Microparticle deformability plays a major
role in clustering and in inter-particle spacing decrease. In fact, a hydrodynamic
flow forces amount is absorbed by microparticle deformation, reducing the repulsive
force that acts to keep microparticles apart. While the clustering of RBCs is protein-
induced and results from an intricate balancing of ”cross-bridging” and depletion
forces 59, the clustering of artificial microparticles is due to the presence of ahead
converging vortexes and rear diverging ones 0.

The elastic strain energy W™ increases with microparticle deformability,
thereby with elastic resistance ' and microparticle position. The wall rigidity is ob-
served to significantly increase W™ since the flow strength is exclusively directed
toward the microparticle which stores the elastic energy through deformation (Fig-
ure (17(a)). The temporal evolution of W (™ during the three phases composing the
overtaking kinetic (15 < t* < 24) has a trend similar to microparticle shear stress
evolution %2 (Figure (17(b)).

4. Conclusion

In this work we had studied the influence of arteriolar hyperelasticity on artifi-
cial microparticle deformation, trajectory and velocity during the process of lateral
migration. Furthermore, we examined the same influence on inter-particle hydrody-
namic interactions. Results have revealed the presence of a lift-compensating suc-
tion force fpw that modifies the overall microparticle dynamic in flow and brings



about a risk of accumulation near the wall. Deformation modes observed for the
DAW are in good agreement with those reported in literature for rigid microchan-
nels (i.e. tear-drop, ellipsoidal and slipper shapes). The suction force magnitude is
confinement-dependent and stiffness-dependent, for larger microparticle the force
is also viscosity ratio-dependent. Larger microparticle (¢ = 0.5), relatively stiff
(Ca = 0.02) and whose viscosity is less than the carrying blood flow viscosity
seems to be less sensitive to the aspiration and migrates easily.

Regarding the influence of the arteriolar distensibility on inter-particle interac-
tions, the main findings include the process of overtaking (¢ = 0.15) and an extra
deformation mode (¢ = 0.5). Interesting observations are also made for the RAW
like clustering (¢ = 0.5), the highly pointed rear-end that tends to subdivide into
two cusp-like instabilities and the presence of a suction force even in the absence
of arteriolar distensibility (¢ = 0.15). Prescribing combinations of microparticle
mechanical and rheological properties is necessary in microparticle design to antici-
pate risky situations in a medical context, in particular clustering and accumulation
near the wall. Drawing on obtained results, the risk of aggregation could solely be

0.5

--A=0.5
A=
A =2

0.4

Ye
— 03
H,

0.2

0.1

0 5 10 15 20 25 30
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discarded for ¢ = 0.15 in the presence of the RAW. For this same combination,
the risk of microparticles adhesion to wall is unexpectedly present and increases
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with increasing microparticle stiffness. Blood heterogeneity, larger amount of mi-
croparticles and various outflow conditions would provide a deeper knowledge of
microparticle dynamics in human blood vessels.
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