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The non-inertial migration of red blood cells (RBCs) in microchannels, one of the main structuring
factors in blood circulation is investigated experimentally. The migration of RBCs is a consequence
of their deformability and is due to the combined effects of hydrodynamic wall repulsion and the
curvature of the velocity profile. From our analysis, we derive a migration law that is valid in the
whole range of channel sizes relevant to the microcirculation. The effect of the dispersion in cell
mechanical properties which is suspected to induce segregation and variability in flow properties is
also discussed.
INTRODUCTION

Blood is a dense suspension of essentially RBCs in
plasma, a Newtonian fluid. RBCs have the particularity
to be highly deformable in physiological condition which
leads to complex flow patterns in confined environment
due to several mechanisms.
One of the most famous features, first observed by
Poiseuille [1], is the presence of a cell-free plasma layer
near vessels walls [2–4] inducing a decrease of the apparent viscosity referred to as Fåhræus-Lindquist effect [5]
as well as a decrease of the hematocrit in small vessels
compared to large ones [6, 7]. Two complementary
phenomena can be invoked to explain this cell free layer,
one being geometrical: the presence of a capillary wall
implies that the centers of RBCs must lie at least one
RBC half-thickness away from the wall. This means
that, on average, there will be more RBCs near the
center of the capillary than very near the wall. The
second one is hydrodynamical: at low-Reynolds number
the deformability of RBCs allows a symmetry breaking
that leads to transverse migration from the wall to the
center of the channel [8, 9]. This symmetry breaking
can also be obtained through the elastic deformation
of the glycocalyx brush covering the endothelium [10].
Transverse migration also plays a role in the so-called
margination effect: contrary to RBCs which are concentrated around the centerline, other blood elements
like white cells or platelets are marginated against the
wall [11–17], which helps them to accomplish their
function (e.g. in immune response, inflammation...).
The centering of RBCs also influences the repartition
of RBCs at bifurcations: due to the heterogeneity of
the RBC concentration in vessels and the existence of
a cell free layer, an heterogenous distribution of the
hematocrit takes place in the microcirculation [18–24].
The importance of understanding this migration is
not limited to in vivo microcirculation but also has
important possible applications in the design of Labon-Chip devices for particle separation. Geislinger et
al. [25] presented a device capable to separate a dilute

suspension of RBCs and platelets: the less deformable
platelets migrate less than RBC and by controlling the
position of the two outlets it is possible to separate
the two populations. Important works are also done
on a device named deterministic lateral displacement
(DLD), which is made of a dense network of small
pillars. The trajectory of particles inside this network
is highly dependent on their properties, resulting in the
possibility to separate different entities like RBCs [26],
or different types of white cells [27].
To date, there exist no experimental measurement and
no quantification of the migration of RBCs in confined
Poiseuille flow (but in the pioneering work of Goldsmith
[8]). The main objective of this paper is therefore to
describe the migration of RBCs in physiological condition with different confinements by using a simple general scaling law which could be used to validate numerical
simulations and/or design future microfluidic devices.

Transverse migration in simple shear flow

Among biomimetic models, giant vesicles are closed
lipid membranes exhibiting in certain conditions, dynamical properties that are similar to those RBCs, though
they do not have cytoskeleton providing in plane shear
elasticity. Their migration dynamics was theorically described by Olla in [9]. For a vesicle with fixed ellipsoidal
shape, the drift velocity when the distance to the wall is
large compared to vesicle size reads

ẏ = U γ̇

R03
,
y2

(1)

where y is the distance of the center of mass to the
wall, γ̇ the shear rate, R0 the typical size of the vesicle
and U a dimensionless parameter that depends on vesicle
properties: the viscosity contrast λ between the√inner and
outer fluids and the reduced volume ν = 6 πV/S 3/2
where V is the vesicle volume and S its surface area.
In the following, R0 will be taken as the radius of the
sphere of same volume V as the considered particle: R0 =

2
(3V/4π)1/3 . For RBCs of typical volume 90 µm3 [28], this
leads to R0 = 2.8 µm.
This law has been confirmed later by 2D [29] or by 3D
[30–32] numerical simulations and by theoretical analysis [32]. In the past years, several experiments in microgravity condition were conducted to measure this drift
velocity [33, 34]. The overall scaling for the drift velocity
as well as the value of the prefactor U are in agreement
with simulations and theory (even though Olla assumes a
fixed shape), for λ = 1 [31, 32] or higher values of λ [34].
Note that in Ref. [31] the y −α scaling with α = 2 seems
to be valid for y/R0 & 2 and that for 1 . y/R0 . 2,
α is smaller than 2, in agreement with the experimental
near-wall study of Ref. [35] where α = 1 is suggested.
Finally, similar y −2 scalings for the lift velocity were
found for elastic capsules through numerical simulations
[36, 37].
In physiological conditions, in terms of external fluid
(plasma) viscosity and shear rates, isolated RBCs are far
from a tank-treading regime [38–42] where they would
adopt a fixed orientation relatively to the flow. It was
recently showed, however, that the scaling proposed for
vesicles is still valid and a mean drift velocity (which
corresponds to a drift velocity averaged over one body
rotation period) characterized by U R03 = 0.36 µm 3 was
measured [43]. We are aware of no direct theoretical or
numerical validation of this measurement.

The alternative empirical law that we propose in this
paper,
ẏ = ξ

R0δ+1 γ̇(y)
,
yδ

(3)

is formally simpler and allows for comparison between
different situations with no need to take into account
the detail of the near-wall interactions. This formulation
is the one generally used in the literature and we shall
consider it in the following. Indeed, RBCs are so
deformable that y0 can be very small and discussing its
very precise value is not relevant from an experimental
point of view, due to the dispersion in cell properties,
initial cell orientation and the precision we can reach in
its determination.
In confined situations where the channel size is equal
to a few cell radius, the effect of shape changes is strong
and non-monotonous time variation of position can be
observed with 2D capsules [47, 48] or 2D vesicles [49].
We show here that scaling law such as Eq. 3 can appropriately describe RBC migration in a confined channel
and provide values for δ and ξ that are valid in a wide
range of parameters.

EXPERIMENTAL SET-UP AND METHODS
Transverse migration in a channel

In a channel, the shear rate of the unperturbed flow
is not uniform. This sole symmetry breaking is sufficient
to induce migration of lipid vesicles even in the absence
of walls [32, 44, 45]. In a realistic channel, wall lift and
shear rate gradient contribute to migration in a complex
way, in particular near the centerline where cell shape or
dynamic depends a lot on its position close to this zero
shear rate centerline. Over a wide range of confinement
degree(2 < w/R0 < 10, where w is the half width of the
channel), reduced volumes and viscosity ratios, it was
shown experimentally in Ref. [46] that for lipid vesicles
the migration velocity may be written as

ẏ = ξ

R0δ+1 γ̇(y)
,
(y − y0 )δ

(2)

where δ is close to 1 and ξ a dimensionless parameter that depends on the vesicle properties, similar to U
for the drift under simple shear rate and y0 is the position of the center of mass when the particle is as close
as possible to the wall. For the quasispherical vesicles
considered in [46], y0 ∼ R0 but in general it may depend
on particle deformability. This scaling was confirmed by
2D numerical simulations [46].

The considered microfluidic channels are straight and
of rectangular cross section. The width and the height of
the section are respectively denoted 2w and 2h, the useful
length of the channel is 2.7 cm. RBCs flow along the Ox
direction and migrate laterally along Oy. The walls are
located at y=0 and y = 2w in the Oy direction and at
z = −h and z = h in the Oz direction (Fig. 1). Before
the channel of interest, the flow is established over a long
time resulting in a preliminary centering of the RBCs in
the Oz direction (z = 0). The suspension then reaches
a T intersection. At this intersection the control of the
flow in the daughter branches allows to create an initial
condition where the incoming RBCs are near the wall
(y = 0) in one of the T outlets.
The channel is produced by soft lithography in
polydimethylsiloxane (PDMS) bonded to a glass slide
by plasma treatment. Channels with different sizes are
used: w = 3.9, 6.2, 10.6, 12.5, 17.4, 27 µm with respective h = 4.8, 4.8, 6.5, 10, 10, 10 µm. The ratio between
the characteristic channel size and the characteristic
radius of the RBC (w/R0 ) varies between 1.5 to 10.
The flow is controlled thanks to a pressure controller
(Elveflow™ Mk3).
Blood is supplied by the Etablissement Français du
Sang (EFS) and is taken from healthy volunteers. Blood
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FIG. 1. (a) Sketch of the experimental channel. The separation line of the incoming flow is indicated by the violet dashed
line. (b) Trajectory of a RBC migrating at high confinement (one single window). (c) Position of different RBCs in succesive
windows for a smaller confinement. RBCs are chosen to represent the median trajectory (see bottom middle panel in Fig. 4).

samples are first washed 3 times in a solution of
phosphate-buffered saline (PBS tablet Sigma™ : 10 m
phosphate buffer, 2.7 m potassium chloride and 137 m
with pH 7.4). Then samples are suspended at a low volume fraction (0.1%) so that RBC/RBC interactions become negligible in an isodense solution made of 70mL of
Optiprep™ (iodixanol aqueous solution), 130mL of ultrapure water and a PBS tablet [50]. The buffer has a density of 1.112 ± 0.001 which prevents the sedimentation
of the RBCs and a viscosity of ηe = 1.9 × 10−3 Pa s at
20◦C which is a little higher than plasma viscosity (1.54
mPa s at 25◦C [51]).
Furthermore, for one experiment, density-fractionated
RBCs were prepared using discontinuous gradients with
Optiprep. The gradient was built up in four layers
of 2 mL, containing ultra pure water and respectively
40% (1.128 g mL−1 ), 37% (1.118 g mL−1 ), 33% (1.106
g mL−1 ), 31% (1.099 g mL−1 ) of Optiprep, buffered with
a PBS tablet. 2 mL of blood sample initially washed
using the method explained above are layered on the
top of the gradient solution following a centrifugation
at 3,000 rpm for 30 minutes at room temperature. After
the centrifugation, two subpopulations are extracted and
suspended in a density matched solution. The first population corresponds to RBCs having a density between
1.099 and 1.106 and represent the first ' 5% of the total
population, the second population has a density included

between 1.118 and 1.128 representing the last ' 10% of
the total population.
Images are acquired with a 32X objective mounted on
an inverted microscope ( Olympus™ IX71) using a CMOS
camera (ImagingSource™ , DMK UX174) at a rate of 30
frames/s. RBCs are not followed directly, measurements
are made on windows of size L=350 µm at different positions x; about 200 RBCs are observed by windows (see
Fig. 1). A custom Python software using the library
OpenCV™ [52] determines the center of mass of the projected shapes of RBCs. Using the trajectories of the
RBCs obtained in each window, velocities vp (y, 0) are
computed using a simple tracking program. Depending
on the confinement, the probability density function of
the position y of the RBCs is calculated on a part or on
the entire window. To reduce the influence of the outliers the median trajectory y(x) is chosen to describe the
trajectory of the RBCs. The dispersion yd is defined as
the mean between the position of the 33 rd and 66 th percentile. All lengths dimension are rescaled by w and are
denoted with a ∼.

RESULTS

Longitudinal velocity — Fig. 2 shows the measured
velocity vp of RBCs as a function of their position ỹ (grey
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FIG. 2. Grey points: measured velocity of RBCs, rescaled by vmax from Eq. (6) which is obtained from the fitting of
experimental data using Eq. (8). The dashed line represents the velocity of the fluid vx without RBC at z = 0 using Eq. (5)
and the full line represents the fitted velocity using Eq. (8).

point). The maximum velocity is at ỹ = 1 as for the
fluid but the experimental plots show that vp converges
to 0 before ỹ = 0. A straightforward explanation is the
influence of the finite size of a particle compared to the
size of the channel. There is no simple solution for this
complex flow due to the presence of walls. Furthermore
the deformability and the complex shape of the RBC
eliminate the possibility of a simple analytical solution.
A description of vp is necessary in the continuation of
this paper to translate the migration velocity (Eq. 3) into
a description of the trajectory (Eq. 9). By considering
RBCs as solid spheres, an analytical solution was proposed in 2D Poiseuille [53] flow but this approach cannot
be easily extended to 3D flow. We approximated vp by
the mean velocity of the flow without RBC averaged on
a square area of size (2r)2 and of center of mass y and
z = 0.
The mean velocity is thus written as an integral:

y+r
z+r Z
Z
vx (Y, Z)dY dZ,

1
vp (y, z) = 2
4r

(4)

z−r y−r

with vx the velocity of the fluid without RBC:



cosh bn (y − w)
 cos (bn z),
vx (y, z) = v0
an 1 −
cosh (bn w)
n=1,3...
∞
X



(5)
where

vmax

a
1−
n
n=1,3...

v0 = P
∞

1
cosh (bn w)

,

(6)

with vmax = vx (w, 0) the maximal velocity of the fluid
and
n−1
2

(−1)
an =
n3

, bn =

nπ
.
2h

(7)

This yields:
∞
X
an
sin (bn r)
n
n=1,3...


sinh (bn r) cosh bn (y − w)
r −
 . (8)
bn cosh (bn w)

h
vp (y, z) = v0 2
πr


Despite our rough assumption, the fit using Eq. 8
with vmax as a free parameter and r = R0 , gives a
correct approximation of the experimental values (see
Fig. 2). The model brings to light the effect of the
confinement on the difference between vp and vx : an
increase of the channel width induces a reduction of
the difference between the two velocities. Discrepancies
with the model appear near the wall and come from
the fact that the model does not take into account the
non negligible influence of the RBC on the flow. This
influence being stronger near walls, the discrepancies
should be stronger near walls as shown by Goldman
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FIG. 3. Trajectory of RBCs in a channel with w = 10.6 µm
(red). Fitting curves (black) using different couples of param1 all parameters are free, giving at the end
eters (δ, ξ, y0 ), in ○
2 ○,
3 ○
4 are fits using a fixed δ giv(0.14, 4.1 × 10−3 , 0.38), ○,
ing respectively (0, 3.7 × 10−3 , 0.38), (1, 7.7 × 10−3 , 0.37), (2,
−2
1.6 ×
P10 , 0.36). The surface plot in insert shows the residual
|(ỹ − y˜th )/y˜d | in the (δ, ξ) parameter space. Dark blue
color represents the minimal residual.

[54]. vmax obtained from the fit using Eq. (8) is between
0.5 and 3 mm s−1 which is in the range of typical
values observed in microcirculation. A capillary number
Ca = ηe γ̇e R0 /µs can be introduced, with γ̇e = vmax /w
a characteristic shear stress and µs = 3 µN m−1 for the
RBC shear elasticity [55]. Ca is found to be between 1
and 7.
Transversal velocity — Fig. 3 shows an experimental
result for w = 10.6 µm. RBCs move away from the wall
and migrate towards the center. Eq. 3 describes the
migration velocity and from this equation the theoretical
trajectory yth (x) obeys the differential equation:
∂yth
=
∂x

Rδ+1 γ̇(yth , 0)
ξ 0δ
.
y vp (yth , 0)

(9)

γ̇ and vp are respectively obtained from Eq. 5 and Eq.
8. Both expressions are proportional to vmax , therefore
the trajectory does not explicitly depend on v0 . Consequently, the potential inaccuracies in its determination
through the cell velocity will not affect the determination
of the lift parameters. The data are fitted using Eq. 9.
A first step consists in integrating it numerically and in
a second step consists the residual of a cost function is
computed. The problem has three free parameters ξ, δ
and the initial value of y denoted y0 . The minimization
of < |(ỹ − ỹth /y˜d | > is based on a global method named
differential-evolution [56]. In Fig. 3 different fits of the
same dataset are shown, all of them giving reasonable results. The value of y0 found from minimization is pretty

constant and appears to be independent of the two other
parameters. In contrast δ and ξ seem correlated as an
increase of one induces the increase of the other one.
By fixing y˜0 = ỹ(0), the residual can be explored in
the (δ, ξ) parameter space, as shown in the insert of Fig.
3. The blue zone corresponds to < |(ỹ − ỹth /y˜d | >≤ 0.5.
Thus parameter values (δ, ξ) present in this zone give an
error inferior to yd . This zone varies from confinement to
confinement and no clear law relating the 2 parameters
can be extracted. In more simple geometry [43] or
with simpler objects [33, 34, 46], these two parameters
were instead shown to be independent from each other.
We consider here that the apparent correlation for a
given confinement is the result of the specific migration
function combined with the noise in the data that
prevents a more accurate fit. Aiming at finding a (δ, ξ)
couple of values that gives the best fit over a wide range
of parameters, we thus take into account the whole set
of results in different channels. For each experience,
for a fixed value of y0 = y(0) and δ ranging from 0 to
2 with a step of 0.05, the value of ξ minimizing the
residual is determined. By considering all the channels
a mean
p < ξ > and a normalized mean square error
∆ξ = < (ξ− < ξ >)2 >/ < ξ > as a function of δ can
be computed. From the minimum of the mean square
error (see Fig. 4, top left) we extract the most probable
value for δ and ξ: δs = 1.30 ± 0.05 and ξs = 1.1 × 10−2
± 0.2 × 10−2 .
The RBC trajectories ỹ(x̃) are shown in Fig. 4 for
five different confinements. RBCs always move from
the wall to the center of the channel and the migration
velocity decreases as RBCs approach the centerline. The
fit obtained from (3) with δ = δs , ξ = ξs and y0 free give
good results even at high confinement where the lateral
migration is mainly the result of the deformation of the
RBC.
We also investigatde the influence of RBC mechanical
properties by isolating the most and less dense fractions
of RBCs in a density gradient (see Experimental Set
up and Methods). Fig. 5 shows that less dense RBCs
migrate faster than denser RBCs, the comparison of
their respective ξ obtained from the fit of Eq. (9)
when δ = δs is fixed show a clear difference: 1.4 × 10−2
for the less dense and 6.5 × 10−3 for the denser ones.
Denser RBCs are usually considered more aged than
less dense RBCs [57]. Different interpretations can be
found in the literature about the effect aging on RBCs,
either through a dehydration of RBCs that leads to
an increase of hemoglobin viscosity, or to modification
of membrane properties [58, 59]. Netherless, there are
strong indications that older cells have a higher density
and lower deformability [60] (eventually leading to their
elimination in the spleen [61]). Our study also indirectly
suggests that denser cells are less deformable.
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FIG. 5. Fit of experimental data for the lift in Poiseuille flow
(channel size of 25µm) of two different populations of RBCs.
The red color represents the median trajectory of the less
dense RBCs (points) and its fitting curve using Eq. (9) with
a fixed δs , free ξ and y˜0 (dashed line). The blue color denotes
the trajectory and its respective fit for the denser RBCs. The
black curve is the general trajectory found previously using
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For comparison, the insert in Fig. 5 shows that
artificially hardened RBCs using glutaraldehyde (at a
concentration > 0.1% so that proteins are completely
crosslinked and RBCs become rigid [62]) lose their capability to migrate and behave like rigid particles. The
deformability is thus an important parameter in the mi-

An exponent different from δ = 2 may be interpreted
in several ways. Except when the vesicle is close to the
center, its migration velocity in an unbounded Poiseuille
flow is constant (δ = 0). An exponent between 0 and
2 might be seen as a kind of average between the contributions of wall-induced lift and migration due to nonconstant shear rate. Still, the weight of these contributions is not the same depending on the position of the
particle [63, 64], so it is not clear whether such a scaling
with a δ exponent independent from the cell radius to
channel size ratio would hold.
In Ref. [15], 3D RBCs were simulated in a 2D
Poiseuille flow; the cells membrane have the same
properties as that of red blood cells but the viscosity
of the inner fluid is taken to be equal to that of the
external fluid. In addition, the capillary number is quite
large such that the dynamics of the cells resembles that
of vesicles, with tank-treading like motion accompanied
by some small oscillations. They find that for a channel
width of 12 and 18 cell radius, a scaling law such as Eq.
3 is found with δ in the range 1.2-1.3 on average, with
ξ in the range 0.04-0.07. We thus find a similar range
for δ, but smaller valuers for ξ. This may be explained
by the value of the viscosity contrast, which is not 1
in reality. Increasing the viscosity contrast generally
leads to a decrease of ξ in Poiseuille flow [46] or of U
in simple shear flow [9, 34]. In Ref. [43], we found a
factor 9 for the U values between the physiological case
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and a viscosity contrast close to 1. The similarity in the
range for δ shows that the found values well describe
the interplay between wall and shear gradient effects, in
that range of confinement. To the contrary, our results
are in contradiction with the model proposed in [16]:
it is proposed that because of shape change with the
shear rate, therefore with the y position, ξ may also
depend on y [16]. This may somehow be transcripted
into a different exponent δ, as long as the migration
velocity is confronted to numerical or experimental data
that spans on a limited range and/or are associated
with noise. In Ref. [16], δ is set to 2 and the proposed
modeling implies that ξ is a decreasing function of y,
which implies that the velocity decreases much more
strongly with y then in Eq. 3 with ξ constant and δ ∼ 1.3.
The structure of a RBC suspension is the result of
two counterbalancing effects, lift and multiple collisions
between cells, that lead to transverse diffusion [43]. This
controls in particular the width of the cell free layer near
the walls.
In Ref. [16], a good agreement with the literature is
found for the gap size for a suspension simply sheared
between two walls, using two approaches: direct numerical simulations of cells, or a theoretical approach
solving the lift+diffusion equation. The simulations are
run with elastic capsules whose mechanical properties
are such that are essentially in tank-treading regime.
Agreement with the theory is obtained by considering
a fitting parameter U/f of order 0.5, where U is the
dimensionless prefactor of Eq. 1 and f that of the
diffusive flux written as −f R02 γ̇Φ ∂Φ
∂y . This makes sense,
since this value of the parameter is quite close to that
obtained for lipid vesicles in tank-treading regime: in
[33] we found U to be of order 0.1 and in [34] f is shown
to be of order 0.06, which makes U/f ∼ 1.7. It was
also argued in [16] that the crowded environment in
which these interactions take place justify to consider
an effective viscosity of the carrying fluid higher than
that of the plasma. Indeed, from [43], one can see
that for RBCs in plasma, U/f2 ' 0.016/2.8 ' 0.006,
which would certainly not be sufficient to create a cell
free layer. Of course, it is clear that a cell lifting in
a crowded environment will not lift the same way as
an isolated cell, because the neighbors may modify its
dynamics and response to flow, and will screen the
wall. Considering tank-treading capsules for mimicking
the collective behavior of red blood cells as in [16] or
[15] appears thus as relevant for obtaining accurate
predictions, though the choice of the effective viscosity
contrast must be debated, as in Ref. [3]. Still, it hides
the subtle modification of lift mechanisms by cell-cell
interaction processes.
Our estimation of the lift velocity allows to estimate
a typical time after which stationnary distribution is

reached. It reads
τL =

wδs +2
.
ξs vmax R0δs +1

(10)

Shear-induced diffusion also contributes to equilibration,
with an equilibration time deduced from the expression
of the diffusive flux above,
τD =

w3
,
f vmax Φ0 R02

(11)

where Φ0 is a typical volume fraction in cells.
For w = 10 µm and Φ0 = 30%, one finally finds
that the corresponding equilibration distances vmax τL
and vmax τD are equal to around 17 mm (see also Fig.
4 bottom left) and 150 µm, respectively. While this may
indicate that diffusion is the regulating process in the
suspension structuring, one must keep in mind that this
is a non linear phenomena that vanishes at vanishing concentration and that cannot be responsible, by its nature,
of the creation of the cell free layer. The found typical
distances indicate that, in the microcapillary network,
equilibration is likely not to happen between two succesive bifurcations, which are often very close to each other
[1, 24, 65, 66]. Non stationnary dynamics must therefore
be considered when looking at network flow. The factor
2 that we found in the ξ values for the more dense (less
deformable) and less dense (more deformable) cells also
indicates that uneven distribution of cells depending on
their age may also occur in the microvasculature.
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